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Abstract: Ci 

The biogeographical pattern of the brown macroalgal genus Sat-gassum as well 

as the phylogeography of selected Sargasswii 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. Multidimensional scaling techniques based on the species composition of 

Sargassum species within each OGU was then applied and three main biogeographic 

clades were recognized. The highest species richness was found in southern China 

and southern Japan. The degrees of compositional difference of Sargassi‘…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 the most critical parameter in structuring 

biogeographical patterns of Sargassum in this region. 

Two allopatrically distributed varieties of S. hemiphyllum, v. chinense and v. 

hemiphyllum, 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 
9 

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. hemiphyllum, 

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



TmW I spacer. Hybridization between the two varieties may still be ongoing since 

the concerted evolution of ITS2 is not yet saturated in the Korean population located 

geographically in-between the distribution of ihe two varieties. In contrast, no 

variation in ITS2 and Rubisco spacer is revealed in S. muticwu, including the native 

Asian populations and introduced populations in Europe and North America. There is 

a fixed one-nucleolide difference in the TmW I 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. muticiim 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 Yangtze 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 {Sai-gassum iJiunhergii and S. 

muticum) or discontinuous (5. hemihyllum and S. fusifornie) distribution patterns 

along the Chinese coast. The results showed discontinuously distributed species to 

exhibit more haplotypes (e.g. four in TmW I spacer) among their populations than 

those with continuous distribution (two in TmW I 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 distributed 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 I sequences, but the 



geographical region associated with this genetic break between the two lineages in 

eastern and southwestern Japan is different from that of S. hemiphyllum. 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 S. hempliyllum’ reduced salinity as the suspected genetic barrier was 

investigated directly in the laboratory to elucidate its effcct on the growth and 

survival of S. hemiphyllum van 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 ppl. 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. hemiphyllum 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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摘要： 

本論文利用「分析生物地理學」和「比較親緣地理學」的方法，M明大勒揭 

藻屬馬尾藻(5̂ 7/¥̂ 7.、’.、1////)，在西北太平洋的生物地理分佈及親緣地理分佈。首先 

根據地理邊界如河口、島喚等，把西北太平洋地區劃分為四十七個「地理學運 

算單位」（geographical operational unit)，就單位之間馬尾藻廳各品種出現的 

相似度建構多元尺度（imihidimensional scaling )，並與由運算單位之問的地理 

距離及環境參數計算出來的相似度作「相關分析」（corre丨ation anaJys i s )�分析’ 

結果指出馬尾藻在西北太平洋海岸有三個主要「生物地理分佈支」，而中國南 

邊與日本南邊則擁有最高的物種豐富度(species richness)：運算單位之間的馬尾 

藻相似度差距，跟冬天平均最低海面溫度、緯度和每年平均盤度的綜合作用有 

最大的相關糸數，比起馬尾藻相似度與地理距離的相關系數；以及馬尾藻相似 

度與所有環境糸數綜合作用的相關系數為高。「回歸樹分析I (regression tree 
analysis)顯示冬天海面平均最低溫度，是構成馬尾藻地理分佈最重要的環境參 

馬尾藻屬的半葉馬尾藻 ( & � ¥ ^ ^ 7 / / � /7c�m>/?y/ i�� )是西北太平洋海岸的優勢 

種，共有兩個變種一一半葉變種及中國變種。，它們分別分佈於日本、南韓地區 

及南中國地區，以潮海、黃海和東海等受黃河、長江影響的區域作邊界。本論 

文 根 據 葉 綠 體 染 色 體 内 的 雙 憐 酸 核 酮 糖 翔 化 晦 大 小 單 位 的 間 隔 序 列 

區，及細胞核内第二内轉錄間隔區(ITS2)，發現半葉變種和中國變種有明顯的 

基因區別，這個基因區別與地域分佈有關。從粒線體染色體内TmW和Tml的間 

隔序列區，顯示有粒線體基因渗入(imrogression)的痕跡，這可能是由南向北經 

西太平洋黑潮(Kuroshio Current)傳遞。由未完成的第二内轉錄間隔區的協同進 

化(concerted evolution)，可看出這兩個變種的邊界種群一一南韓南面地區，仍 

有雜交的情況發生。 

相反地，另一西北太平洋優勢種海黍子(5̂〃¥̂ /.、《.、1〃〃 muticum)，無論於西北太 

平洋本土原生地，或是北美西岸及歐洲海岸等入侵地，都未錄得/?^//)/、’〜間隔序 

列區和第二轉錄間隔區内的變異。日本東部海岸的海乘子，在TmW和Tml的間 

隔序列區上，與其他地方的種群有固定的基因差距，相距為一個驗基對。這証 

明海黍子的入侵源頭，為日本西南部至瀨戶内海地區；估計海乘子的繁殖幼 

體，依附在太平洋的牡蠣外穀上，由於早年加拿大、英國及法國等，均從曰本 

進口太平洋牡蠣的養殖籽苗，於是海乘子可能因此而被意外地引人北美西岸及 

歐洲海岸。 

為了解黃河、長江的大量淡水流注對馬尾藻進化的影響，本論文利用親緣地 

理 分 析 比 較 四 種 馬 尾 藻 的 進 化 歷 史 。 鼠 尾 藻 心 ’ 和 海 乘 子 

連續分佈在日本、南韓和中國沿岸，而半葉馬尾藻(S. hemihyllun服羊 

棲菜〃〃；e)則常見於曰本、南韓到南中國一帶，卻不見於潮海、黃海等 

受黃河、長江淡水影響的地區，呈現間斷的分佈模式。分析結果指出呈現不間 

斷分佈的鼠尾藻和海黍子，都顯示較少的單型(haplotypes)，種群分化現象較輕 

微；可能由於這兩個品種擁有能忍受低憩環境的特性，所以可於潮海、黃海等 
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河口地區出現。呈現間斷分佈的半葉馬尾藻及羊棲菜，除r展現較多不向的單 

型外，種群間也有很明顯的趨異(divergence)�雖然半葉馬尾藻與羊樓菜都分別 

有兩個主要譜糸(lineage)，但羊樓菜的兩個譜系分佈於曰本柬邊及西南邊，這 

與半葉馬尾藻的兩個譜糸分佈不同(見上文）。分子方差(AMOVA)的結果顯示， 

黃河、長江的淡水流注，與維持半葉馬尾藻譜糸的分佈有關，但與羊樓菜譜糸 

的分佈無關。 ： 

由於馬尾藻的進化可能與河•淡化有關，本論文利用實驗室養殖方法，測定 

低盤度對半葉馬尾藻的中國變種在生長及生存1:的影響。養殖在不同盤度的營 

養小枝，在相對生長率上有顯著分別，它的最佳生長盤度在33 ppt，'而致死界 

限則在Oppt到10 ppt之間。至於繁殖幼體生存率最高的盤度為15 ppt，最佳生 

長驢度是25 ppt，而致死界限則在0 p p t和5 ppt之間。在低離的環境下(5 ppt)， 

繁殖幼體的假根未能正常發肓，這可能是半葉馬尾藻在河•低鞭的野牛.環境中 

不能‘固定在基質上的原因，所以河•流注可能成為兩個.變種之間S因流動的障 

礙。另外，從半葉馬尾藻和海乘子的最佳生長和致死界限相比可見，無論是營 

養小枝或繁殖幼體，半葉馬尾藻和海乘子的致死界限都在丨Oppt以下，而海黍 

子營養小枝的最佳生長鞭度為27 ppt ,比半葉馬尾藻的33 ppt為低，故此半葉馬 

尾藻不能於低憩環境出現，而海乘子則見於潮海、黃海等地。 

本論文是太平洋西北地區内第一篇，有關海洋主要藻類的親緣分佈研究， 

本論文之結果有助我們更深刻地了解此區海洋生物的進化歷史。 
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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 thai this 

distribution pattern is not a general trend for marine benlhic 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 

biogeographical 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, 

2001). 

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 vicariance 

biogeography, cladislic biogeography and phylogeography. Methodologies and 

approaches applied in these fields have advanced significantly through critical and 

comprehensive debates and discussion (Crisci 2001). The lack of a standard 

approach, however, continues 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 Oceans. 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 

2 
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empirical evidences. More direct evidences, such as those obtained by molecular 

phylogenetic or comparative phylogeographic studies, would certainly help lo 

consolidate his ample accounts of current phycogcography. 

1.2.2 Ecological biogeography 

In contrast with historical biogeography, ecological biogeography appears to 

be the dominant approach taken lo explain the present day phycogcography. Many 

ecological factors have been proposed to be the driving force in structuring algal 

communities. Some of these included seawaler temperature (van den Hoek 1984, 

Peters & Breeman 1993, Schils & Wilson 2006)，salinity (Russell 1987a, Chcang et 

al. 2008)，irradiance (Liining & Dring 1979), photopcriodicity (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 algae (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) 

Kiitzing and Eupogodon 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 

3 
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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 lo 

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 thcrmo-rcquircmcnts of almost all of the 60 algal species 

investigated in the North Atlantic Ocean. All these studies showed thai those studied 

algae evolved differential responses to lempcralure (Breeman & Pakker 1994, Pakkcr 
% 

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 (Back et al. 1992, Slromgren 1994), which in turn, may affect their 

biogcography. Caloglossa lepricurii (Montagnc) G. Martens var. Icpheurii 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. nutans 

(Linnaeus) Gaillon, was more stenohaline than the inlerlidal 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. ceranoides Linnaqus, which is found in esluarine area, died at 

full salinity (34 ppt) (Khfaji & Norton 1979). In South America, distinct genetic 
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difference in various marine organisms, e.g. sea urchin and shrimp, has been detected 

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 ecological 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 estuarinc environment (Russell 1987a). 

1.2.2.3 Irradiance and photopcriodicity 

Solar irradiance serves two functions for the benthic macroalgac (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 macroalgac, which 

rely on the solar energy for photosynthesis. Many algal species have minimum light 

requirements in order to survive (Liining 1990) and the deepest range of distribution 

of algae like Halimeda was determined by this requirement (Hillis-Colinvaux 1986). 

Similar to many terrestrial plants, day length serves as an environmental 

signal in marine macroalgac for the onset of various developmental activities such as 

the formation of new frond for Laminaria hyperhorea (Gunnerus) Foslie in winter 

(Liining 1986). The presence of photoperiodic ecolypcs in different geographical 

populations among species, like Scytosiphon lomentaria (Lyngbye) Link (Liining 

1980), may reflect the importance of pholoperiod in affecting macroalgal 

distribution. This factor was found to be effective only when it interacts with the 

temperature (Breeman 丨 988). 
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1.2.2.4 Desiccation tolerance and tidal amplitude 

Desiccation tolerance is one of ihc most severe problems for the inlerlidal 

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 niches (the lower tidal zone only). The time of 

emergence at low tide was found to be the prime factor attributing to this difference 

(Schonbcck & Norton 1978). Due to their high surface area to volume ratio, the 

sheet-like algae like Ulva and Porphyra were more vulnerable to desiccation (Luning 

1990). They would thus usually grow in dense population so that the underneath 

layer could remain moist (Luning 1990). In contrast to desiccation thai 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 distribution 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). 

6 
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1.3 Phycogeography in NW Pacific 

1.3.1 Present environmental 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 and the Indo-Wesl 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 

eastern Taiwan and the Ryukus (Liining 1990, Briggs 1995). Liining (1990) 

indicated thai the seawater temperature is warmer and the latitudinal gradient change 

is steeper in NW Pacific than in the NW Atlantic Ocean. Adey and Stcneck (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 Tsushima 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 
Luning 1990). The gray region refers to the possible extent of the area exposed 
during the period of lowering of sea level in the Pleis^cene (After Xu & Oda 1999). 
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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 especially during the summer wet 

season (Cheang 2003). ‘ 

1.3.2 Past geological event 
* 

No major .tectonic movement was recognized in NW Pacific during Miocene 

to Holocene (Briggs 1995). Instead, fluctuations in sea level throughout Pleistocene 

to Holocene (Xu & Oda 1999, Voris 2000) were postulated to significantly affect the 

phylogeographic pattern in this pari of the world (Briggs 1995). The continental shelf 
\ 

in northeastern China was believed 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 fS^reate fragmentation in 

the ancestral populations such thai diversification or genetic population 

differentiation was detected in several marine fishes (Liu et al. 2006, 2007). 

Similarly, genetic population differentiation was also observed in the brown alga, 

Sargassum hemiphyllum (Turner) C. Agardh (Cheang et al. 2008). Two genetically 

distinct varieties of S. hemiphyllum could be recognized which could have originated 

from the fragmentation of their distribution 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. 

9 
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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 
z 、 

biogeographical pattern, the hypolhetico-deductive approach is more objective and 

desirable tq infer Uie 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 biogeographical 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 Hoek 1984, Carballo et 

al. 2002，Baez et al. 2004, Bolton et al. 2004). Multivariate clustering and related 

ordination methods, which analyze the information of species occurrence in different 

geographical regions by sophisticated statistical analyses in order to reveal 

biogeographical pattern (Warwick et al. 1990), have seldom been used in 

phycological studies {cf. Carballo et al. 2002，Baez et al. 2004) and yet are powerful 

in identifying the underlying influential factors in biogeography (Warwick et al. 

J 990, Clarke & Ainsworth 1993). 

1 0 
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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 provides 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 among 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 ai 2000) 

and restriction fragment length polymorphisms (RFLP) of nuclear ribosomal 

intergenic spacer (e.g. van Oppen et al. 1994) have been used to e luc ida^ the 

phylogenetic relationships among species. Random amplified polymorphic DNAs 
^ ‘ I ‘ 

(RAPDs) (e.g. van Oppen et al, 1996, Ho et al. 1995) and amplified fragment length 
c -

polymorphisms (AFLP) (Kusumo & Dmehl 2000)，on the other hand，were 

performed to investigate the intra-specific variation and large-scale biogeographical 
I 

population variation. 

11 
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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 ai 1999, McCourt et al. 1999, Serrao et ai 1999, Yotsukura et ai 1999, Phillips & 

Fredericq 2000，Stiger et ai 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 et al. 1999，Yotsukura et al. 1999, Stiger et al. 2000, 

2003). The ITS2 divergence of the Sargassum species in subgenus Bactrophycus 

demonstrated the affinity of the section Phyllocystae to the subgenus Sargassum 

rather than to the subgenus Bactrophycus, suggesting the suitability of ITS2 as the 

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

Ribulose-1 -5-bisphosphate carboxylase/oxygenase {RhdRuhisco) 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 & Fredericq 2000，Sasaki et al. 2001). Rhc is a protein-coding gene with 

three regions. The middle region, called RbcL-S spacer, between the two protein-

coding regions, RhcS and RhcL, is evolutionarily more variable compared to the 

protein-coding regions due to its non-coding nature. The RhcL gene is used for the 

study of the relationship among samples at the higher taxonomic levels such as order 

and genus (McCourt et al. 1999, Sasaki et al. 2001). In contrast, RhcLS 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 RhcLS 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 RhcL-S spacer is a suitable 

genetic marker in the phylogeographical study of Sargassum. 

Mitochondrial markers have recently been used to 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 ai 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 j(Delile) Trevisan de Saint-Leon were recognized based 

on this mitochondrial marker (Andreakis et al. 2007). Voisin et al. (2005) also 
‘ ~ 

revealed 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 atp8 and 

trnS genes as well as trn W and trni 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 et 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" primer was not successful (Engel et al. 2008). 

13 
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1.5 The Genus Sargassum 

The brown macroalgal genus Sargassum C. Agardh (Fucales, Phaeophyceae) 

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'!995). It is ecologically 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 

.functionally 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 China, the Yellow and Yangtze Rivers 
f 

(Cheang 2003). A clear divergence between two varieties of Sargassum 
‘ V 

hemiphyllum, allopatrically distributed in Japan, Korea region and the southern 

Chinese region, was demonstrated by the PCR-RFLP data of Rubisco spacer 
» 

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

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 ai 

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 Sargassum species in NW Pacific, like S. 

thunhergii 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. hemiphyllum. The hyposaline 
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Figure 1.2 The distribution of Sargassum hemiphyllum (A)，S. fusiforme (B), S. 
thunhergii (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 ihe southern 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 provide 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 macroalgal genus Sargasswn as well as the phylogeography of selected 
* 

Sargasswn spp. in the northwestern Pacific 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 Sargasswn in NW Pacific. 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 Sargasswn spp. Additional experiments to assess the 
X 
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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 lo verify whether reduced salinity 

could serve as a selecting force for this Sargassum species. The importance of this 

environmental factor in structuring the phylogcographical pattern of this spccics 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 occurrences of different Sargassum 

species in operational geographical units (OGU) in NW Pacific were analyzed in 

Chapter Two using multivariate statistical tests in order to elucidate the 

biogeographical pattern of Sargassum in NW Pacific. Phylogcographical 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 {S. muticum 

and S. thunhergii) with a continuous distribution pattern along Bohai region and 

those species {S. hemiphyllum and S. fusiforme) which have a discontinuous 

distribution pattern. In Chapter Six, salinity as one of the important environmental 

factors influencing algal biogeography was evaluated by testing its effects on the 

growth and survivorship of vegetative branches and germlings of S. hemiphyllum 

var. chinense. Finally，based on information on 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 

18 



CHAPTER l;Ggngral IntrQ l̂uction 

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

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

and different phycogeographic regions have been recognized based on the 

compositional differences among the algal communities in these localities (see 

Luning 1990 for review). Temperature is believed to be the primary structuring factor 

of global algal distribution (Luning 1990) while many other factors have also been 

proposed to' be the driving force in structuring algal communities, including 

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

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

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 proposed based on temperature regimes (Luning 1990). This difference in 

» 

temperature regimes is mainly a result of the interaction between two main oceanic 

2 0 



- ” • • CHAPTER 2: Analytical Biogcouraphv o fSar^assum in NW Pacific 

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 
/ 

biodiversity and distribution patterns of the marine flora (and also fauna) in this 

region. 

To elucidate the underlying structuring forces on algal biogeography, the 

t 

conventional descriptive and narrative approach in documenting and analyzing the 

phycogeographic data appears highly dependent on the researchers' own experiences 

and expertise (Baez at 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, Lindstrom 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 identifying 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 (cf. Carballo et al. 2002, 
•K ‘ 

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, Phaeophyceae) consists of 577 recognized species 

(Guiry & Guiry 2008 in AlgaeBasc) 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 (Omellas & 

Coutinho 1998，Ng 2009)，from the intertidal to the subtidal and from tropica丨 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 

M ^ 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 
I 

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) 
：• 4 , 

based on this' information, to elucidate the potential underlying 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 .2 .1 Distribution data of Sargassum 

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 

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 and ecological studies of Sargassum in 

w 

套 % 

N)V Pacific region were reviewed as part of the effort to compile the distribution data 

of this genus. An attempt was made to collate the most comprehensive information 

on Sargassum distribution in different areas of the region, including northern 

Vietnam (Nguyen et al. 1993) Taiwan (Shen & Fan 1950，Chiang 1960’ Chen 1986, 

Huang 1990’ Yang 1994, 1995, Wang & Chiang 2001，Huang 2002, Tsai at al. 2004， 

Hwang et al. 2004), mainland China including Hong Kong and Macau (Setchell 

.t •• 

1931a, b, 1933, 1936, Tseng 1983, 1996; 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, 

Tokuda et al. 1994, Kitayama 1996，1998, Kawai 1997, Kurihara & lima 1999，Sato 

& Wada 2000, Yoshida et al. 2000, Ishizuka & Tanaka 2004, Konishi & Hayashida 

2004), South Korea (Kang 1966，Kim Y. H. et al. 1995, 1997’ 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, 
» 、 » t 

Choi & Kim 2004，Kim B； J. et a/. ‘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 
I « • 

were too few ecological surveys and reports of Sargassum for that area. 

2 4 



(9 

% 

： CHAPTER 2: Analytical Biogcopraphv ofSar^assum in NW Pacific 

、 ’ ‘ 

Operational geographic units (OGU) were defined (Baez et al. 2004) based on 

groups of islands and the current political boundaries. The latter was the basic unit on 
‘ 广 ] . 

which most records and checklists of algae were based (Fig. 2.1). The size range of 
- / 

• • , , * 
OGU varied from ten乡 of kilometers (mainly fo / remote and isolated islands) to 

�r , 
hundreds of kilometers. The presence/absence data of various species of Sof^assum 

» 广 

• 

were compiled for each OGU. 

The taxonomy of Sargassum has gone through several major revisions or partial 
t ‘ « 

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 

、 、 

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

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

t • ‘ 

I -
/ , ‘ 

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

for their synonyms and converted to the valid basionyms as listed in the database. 
t 

Questionable species records, “ for instance species name with incorrect or no 

- \ 

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

* . 

, . 汉 -
taxonomic status were combined to form species-complexes. Since the recognition of 

« • ( 

• � _ ^ � 
subgenus is'less problematic than the species identification. The subgeneric grouping 

- . . ’ " I . 、 

of eacK species compiled in the dataset was also identified based on the review of 

sr 
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it 

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 et al. (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 analysis 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.6.0 (Clarke & 

- ) 

Gorley 2006). Pairwise Jaccard coefficient is one of the most suitable proximity 

coefficients for binary data (Shi 1993), wheiaeas Bray-Curl is 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 anal� 

“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 

“isolation 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 

the 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 OGUs. 

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 (hltp://www.osdpd.noaa.gov/ 

PSB/EPS/SST/al_climo—mon.html). The tidal amplitude was modified after Le 

Provost et ai (1995). All these parameters were averaged for each OGU. These data, 

representing the major environmental factors thai potentially affect Sai-gassum 

J 

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 parameler(s) influencing the biogcographic 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 out to 

assess the significance of the branching pattern. 

2 9 
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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 level (Appendix 2.1). 

Incorrect authorities were found in the records of five species (�30/�)’ and records 

with correct authorities were used in the analysis of the species concerned. This 

compilation also yielded 15 species complexes (10%), constituting 30 Sar^assum 

species in total. 

2.3.2 Geographical distributions of species and subgenera 

On average, 17 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 Sea region (OGUs 29». 30, 31, 

32, 33) and the Hokkaido and Russian region (OGUs I, 2, 3, 15, 16’ 17’ 18). When 

converted into per unit coastline, the richness appeared highest in the regions of 

• 

southern China, Taiwan and Korea (Fig. 2.2). 
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OGU 
Figure 2.2 Richness per unit coastline across different OCiUs. Refer to Fig. 2.1 for 
the geographical location of these OGUs. 
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With'respect to the distribution of Sar^assum species, each specics 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 OCiUs 

(Fig. 2.4). Sargassum ihunhet-gii (Merlens 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. siliquastrwn (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 Bactrophycus, while one specics could not be assigned to 

any subgenus. Members of Bactrophycus were found almost throughout ihe NW 

Pacific (46/47 OGUs), but a higher number was concentrated in the northern NW 

Pacific (Fig. 2.5). Members of the subgenus Sargassum occurred in 32 OGUs that 

ranged from tropical to temperate areas except the boreal region and Bohai Gulf. 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 OGUs. 
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Figure 2.4 The number of OGUs recording the top 20 
Sargassum species in the NW Pacific. Species marked * 
Sargassum, others to the subgenus Bactrophycus 
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105。E 
• — 

Figure 2.5 The distribution of the subgenera of Sat-gassum 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 OGUs. 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 datasels were 

essentiailly consistent. There were four statistically significant biog^Ographic clades 

recognized based on the subgenera dataset (Fig. 2.6). Cladc 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 range 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). 

3 6 



Clade A 

！,,—r
 

Clade B 

Clade C 

Clade D 

40 60 80 100 100 80 ^ 60 40 
Similarity 。。。 Similarity 

Figure 2.6 Dendrograms generated by species (left) and subgenera (right) datasets. 
Solid lines refer to iVt^ branches with significant statistical support {P < 0.05, 
SIMPROFF Permutalion= 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 Sat.-gassum species a m o n | 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 
- . > 

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 coefficients, 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 that gave the highest R values. P < 0.001, Â  = 1081 for all R-values. 

Biogeographic matrix' 

Species Subgenera 

GeoMatrix 0.550 0.495 

EnvMatrix 0.472 0.519 — � 

‘ 0.667 0.668 

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

combinations of 0.665 0.665 
environmental factors' (winLSST + L A T ) ‘ (winLSST) 
showing the highest 0.637 0.658 
R-value (winLSST f sumHSST + (winLSST + LAT + SAL) 

LAT + SAL) 

‘ L A T : latitude of the ccntroid of OGU, AnnSST: the average annual sea surfacc temperature, SAL: 

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

between 1984 and 199X, SurgHSST: the average highest SST in summer between 1984 and 1998. 

广 
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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, m^an highest summer 

SST, latitude and annual salinity (Table 2.1). 

Similar results were obtained in the correlation lest using the subgenera datasel 

* 

as the biogeographic matrix (Tabic 2.1). The mean lowest SST in winter, latitude and 

annual salinity were the main components in the best-correlated combinations, while 

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 datasels 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 mean lowest SST during winter was higher than 19"C in all OGUs of clade A, 

while it was lower than 1 7 T in all other OGUs (Fig. 2.7, Tables 2.2 & 2.3), 

4 0 
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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 

Node R-valve B% Factor(s) and the criteria' 
. A * # 0.89 95 WinLSST(°C)>19(<17) 

B# 0.56 64 
SumHSST(°C)>30(<28)/ 
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 . 8 2 61 MeanSST(°C)<13.8(>15.4)/ LAT(°)>37.8(<35.8) 
F 0.70 39 WinLSST(°C)>5(<4)/ SumHSST(°C)<26(>26) 
G 0.67 32 TIDE(cm)>10(<5) 

H 0.57 18 
SumHSST(°C)<17(>22)/ 

n 0.57 18 
MeanSST(�C)<6.4(�l 1.4)/ LAT(°)>44.3(<43.3) 

i# 0.97 87 SAL(ppt)<31.3(>31.4) 
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) 

0 0.51 19 WinLSST(°C)>7(<6) 
P 0.52 5 TIDE(cm)<80(>100) 

Q 

R 

0.52 
0.79 

4 

3 

SAL(ppt)<33.8(>33.9) 
TIDE(cm)>25(<15) 

S 0.92 11 TIDE(cm)<5(>30) 

T 0.75 
SumHSST(°C)<26(>27)/TIDE(cm)<40(>5())/ 

1 0.75 J LAT(°)>34.8(<33.3) 

Symbols as in Tabic 2.1 
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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 

N o d e R-valve 
1 1 • 

Factor(s) and the criteria 

A * # ‘ 0 .74 WinLSST(�C)>19(<17) 

B# 0 .47 LAT(°)<47.8(>47.8) 

C林 0 .43 WinLSST(°C)<6(>7) 

D 0 .82 SumHSST(°C)<26(>26) 

E 0 .74 LAT(°)>35.8(<33.3) 

F 0.31 . WinLSST(°C)>2(<0) 

G 0 .76 LAT(，o)>37.X(<35.8> 

H 0 .93 .SumHSST(°C)<26(>26) 

I 

J 

K 

0 .84 

1 

0 

McanSST(°C)< 13.8(> 16.3)/ TIDE(cm) > 10(<5)/ WinLSST(X)>6(<'6) 

TIDE(cm)<50(>125)/ WinLSST(''C')<4(>6) • 

SAL(ppt)<32.8(>34)/ WinLSST(®C)<2(>4) 

L# 0 .49 
SumHSST(°C)<28(>30)/McanSST(°C)<24.7(>25.4)/ 

L# 0 .49 
SAL(ppt)<34.5(>34.6)/ WinLSST(�C>< 17(> 17) 

_ 0 .42 TlDE(cni)>120(<100) 

0 .64 SAL(ppt)<33.3(>33.6) 

O 0 .73 McanSST(°C)<20.3(>2 丨.6) 

P 0 .55 TIDE(cm)>100(<S0) “ ‘ 

Q 0 .77 SumHSST(°C)<22(>25)/ LAT(°)>39.8(<38.3) 

R 0 .78 SumHSST(�C)<25(>26) 

S 0 .34 • SumH�SSTTO<27(>27) 

T 0 .38 MeanSST(°C)> 1 S.5(< 17)/ WinLSST(%)> 10(<9)/ LAT(")<35.8(>36.3) 

U 1 TIDE(cm)<30(>40) 

V 1 SumHSST(°C)<26(>27)/TIDE(cm)<40(>50)/ LAT(°)>34.X(<33.3) 

W 0 .78 
LAT(°)>35.3(<27.3)/SAL(ppt)<32.6(>33.7)/McanSST(°C)< 16.1 (>21.4)/ 

W 0 .78 
WinLSST(�C)< 11(>I4)/ SumHSST(°C)<26(>27) 

X 0 .83 SAL(ppt)<34.4(>34.5) 

Y 0 .77 TIDE(cni)<60(>70)/ LAT(°)<22.8(>23.8)/ Mean S^ ( °C)>24 .8 (<24 .6 ) 

Z 0 .76 McanSST(°C)<26.6(>26.7) 

A A 1 LATn>22.8(<21 .3) / WinLSST(�C>< 19(>20)/ MeanSST(�C)<24.8(>25.3) 

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 datasels respectively (Fig. 2.7), while OCiU 

27 was not grouped with other members of clade D. The cnvironmenlal parameters 

resolving clade D were almost the same for the two dalasels. These included the 

mean lowest SST in winter being between I6"C (7"C for the subgenus datasel) 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 validity 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 studii^s from different localities (Lewis 1990). The 

taxonomic status o f Sargassum as a genus is well established. Materials from the NW 

Pacific thai formed the basis o f 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 o f potential misidcnlificalion. 

Moreover, recent taxonomic re-evaluation o f members of the subgenus Bactrophycus 

using molecular tools (eg. Oak et al. 2002, Phillips et al. 2005) further strengthens 

the validity o f the taxonomic status of these species. The standardization of 

nomenclature, utilizing the web database AlgacBase, should also have helped resolve 

the problem o f synonymy, thus enhancing the reliability of the database used in this 

study. 

To deal with the problem o f sampling efforts, Lewis (1990) proposed two ways 

to obtain the “stable information，’ o f a particular region or laxon. 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 lo 

assess the number o f times the taxa have been reported. This will indicate whether a 
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certain laxon sampled w a s consistent ly recognized in the region. These approaches, 

wh ich invo lve the repeated sampl ing o f a locality, represent an ideal. However , ihcy 

arc not a lways feas ible for logistical or financial reasons. However , the problem is 

reduced to a manageable c o m p a s s if, instead o f looking at the w h o l e flora, only 

dominant algal genera are considered. In the case o f Sar^assum in the N W Pacific, 

large amounts o f information have been col lected in recent years by various workers, 

and comprehens ive rev iews , theses and monographs have been published based on 

these materials (e.g. Kang 1966, Yang 1995, Yoshida 1998, Tseng & Lu 2()()()). There 

is g o o d reason to be l ieve that these Sargassum records arc both comprehens ive and 

accurate. On the other hand, a large number o f n e w spec ies have been reported from 

the region, espec ia l ly from local it ies around southern China, perhaps prematurely 

(e .g . Tseng & Lu 2000) . Lack o f repealed records o f these new spec ies could be a 

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

Instead o f g o i n g back to the original co l lect ing sites to verify the spec ies record, 

espec ia l ly those o f n e w spec i e s [i.e. Approach 2 o f Lewi s (1990) ] , newly described 

• - spec ie s from the region were noted from the dalaset and analyst^s were carried out 

separately with or without these n e w species . Forty-four out o f the 151 

spec i e s / spec i e s c o m p l e x e s in N W Pacif ic were spec ie s first described by Tseng and 
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Lu less than two decades ago (reviewed in Tseng & Lu 2000) . Most o f these species 

(42 /44 ) be long to the subgenus Sargassim�and 4 0 o f these plus two other new 

species under Bacirophycus were found only in one 0 ( i U . N o n e o f these 44 specics 

have been reported e lsewhere since they were first described. 

While the validity o f these species may need further verification using other 

tools, e.g. molecular techniques, their exclusion did not change the general results o f 

multivariate analyses either at the subgenera or spcc ics levels (data not shown). The 

question o f the taxonomic validity o f these spec ies was therefore not a critical one as 

far as the purpose o f the present study was concerned. All data analyses in the 

present study and the subsequent discussion about the results, unless otherwise 

slated, were therefore based on the original data set thai included these new species. 

Nevertheless , the f inding that the subgenus Sar^assum was highly localized in 

the N W Pacific should be treated with caution, s ince 42 o f the specics recorded in 

only one O G U (around 60%) were spec ics described as new. Most o f these were in 

O G U s 44’ 45 and 4 6 (southern China). O f the remaining 30 species that occurred in 

only one O G U , 15 were distributed in other areas outside the geographical coverage 

o f this study. For instance, S. cymosum C Agardh, which w a s recorded in northern 
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Vietnam, w a s a lso recorded to be wide ly distributed in tropical areas o f the Atlantic, 

Indian and Pacif ic Oceans (Guiry & Guiry 2008) . Other spcc ies , l ike S. teniw J, 

Agardh (in east Guangdong , O G U 4 3 ) and S. vir^atum (Merl . ) C. Agardh (in north 

Vietnam, O G U 47) , are c o m m o n l y found in the Indo-Wcsl Pacif ic region. 

2.4.2 Species richness and distribution of Sargassum in NW 

Pacific 

The records o f the .present study e n c o m p a s s almost one fourth o f the total 

number o f spec ies o f Sai-^assum ( 577 species , Guiry & Guiry 2 0 0 8 ) , indicating thai 

the N W Pacif ic is a Sat-^assum rich area. This result is consistent with ihc f indings 

by Phil l ips ( 1 9 9 5 ) , albeit at a finer resolution, s h o w i n g thai both China and Japan are 

rich in Sargassum species. 

Based on the results o f both total r ichness and richness per unit coast l ine, two 

high diversity areas o f Sargassum in N W Pacif ic can be identified. Southern Japan 

and southern China exhibit higher total spec ie s richness than the rest o f Japan and 

China respectively. If spec ie s r ichness is standardized on a per unit coast l ine basis, 

southern China remains the region with the highest richness. The Taiwan region also 

has comparably high spec i e s richness. In the N E , on the other hand, Korea b e c o m e s 
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the region with the highest richness instead o f southern-Japan (Fig. 2.2). Phill ips 

( 1 9 9 5 ) ment ioned thai the subgenus Sar^assum has either not been r /corded in the 

Korean checkl ist or has been omiUed from it. This present study suppl ies this 

tf 

miss ing information, and has found records o f S. yendoi Okamura et Yamada under 

the subgenus Sargcissum a long the Korean shore (Kang 1966, Oak et al. 2002) . 

« 
The geographical areas covered by c ladcs B and C arc relatively large, 

encompass ing areas as far north as the Kurile Islands in northern Japan (CXiU 1) and 

i 

as far south as southern Fujian in mainland China ( O G U 42) . There is also no distinct 

environmental constraint thai del imits these two clades, in contrast lo c lades A and D 

(Fig. 2.7, Tabic 2 .2 & 2.3). This sugges ts that c lades B and C constitute a compos i t e 

b iogeographic c lade rather than a real b iogeographic region regulated by spec i f ic 

environmental constraints. The grouping o f s o m e distantly situated OCiUs (e.g. 

O G U s 1 & 4 2 ) into these two c lades may s imply be spurious, and may be due lo 

unrelated but similar b iogeographic properties associated with these O G U s , e.g. 

relatively low spec ies richness (Fig. 2 .1) and the high proportion o f members o f the 

subgenus Bactrophycus in these localit ies (Fig. 2.5). 
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The four b iogeographic c lades identif ied in this study (Figs . 2 .5 , 2 .6) are 

different from the p h y c o g f o g r a p h i c z o n e s proposed by Liming ( 1 9 9 0 ) for the N W 

Pacif ic (Fig. 2.8) . Whi le the areas covered by clade A correspond to those o f the 

tropical phycogeographic zone , the co ld and warm temperate z o n e s (western Pacif ic 

boreal and Japan z o n e s respect ively in Briggs 1974) were not matched by any 

biogeographic patterns based on Sat-gassum. Instead o f a distinct boreal zone , c lade 

B + C in this study is more heterogeneous , including not only regions o f the boreal 

area but also other non-boreal regions like the Bohai Gul f and the central Chinese 

coastal areas. The areas associated with c lade 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 wel l as most o f the Korean coast . 

This discrepancy in mapping the b iogeographic z o n e s o f the N W Pacif ic may 

have originated from di f ferences in the datasel on which these different studies were 

based. Liining ( 1 9 9 0 ) ’ s d iv is ion o f phycogeographic regions w a s mainly based on a 

summary o f previous works o f van den Hoek ( 1 9 7 5 , 1984) and Michanek (1979) . 

The major geographical areas o f concern in s o m e o f these works were the Atlantic 

Ocean only (van den Hoek 1975). The algal group under study, on the other hand, 

w a s also restricted on ly to the Rhodophyta (van den Hoek 1984) or w a s not 
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105 

Figure 2.8 The three phycogeographic z o n e s in bold and hatches proposed by 

Liining ( 1 9 9 0 ) after Br iggs ( 1 9 7 4 ) . The boundary b e t w e e n the t w o the imogeograph ic 

reg ions ( n a m e s in italics above and b e l o w the sol id l ine) proposed by A d e y and 

Steneck ( 2 0 0 1 ) are also shown. 

51 



CHAPTER 2: Analytical Biogcographv ofSai-^as.sum in NW Pacific 

ment ioned at all (Michanek 1979) . The results o f the present study, w h i c h w a s based 

t 

on an important eco log i ca l m e m b e r o f Phaeophyceae , m a y provide a sounder bas is 

for general iz ing the present algal b iogeography in N W Pacif ic . 

2.4.3 Geographical distances and environments且 parameters as 
• ' t. 

% 

explanations of the observed biogeographic patterns 

The compos i t iona l d i f ference a m o n g different O G U s w a s not wel l correlated 

with their geographical distances . Geographica l d is tances a lone m a y not be a g o o d 

explanat ion o f the compos i t iona l d i f ference observed. T h e result o f the overall 

correlation with environmental matrix a l so sugges t s that the distribution o f 

Sargassum is not we l l correlated with the c o m b i n e d e f fec t o f the environmental 

parameters cons idered in this study. The average lowest S S T in winter, latitude and 

annual salinity d i f f erences taken together, however , s h o w a much higher correlation 

with the b iogeographic patterns. Th i s impl ies that other factors such as lidifl 

ampl i tude might exert little e f f ec t on the c o m p o s i t i o n o f Sargassum spec i e s in the 

N W Pacif ic . 

Temperature has long been recogn ized as a major factor that a f fec t s the global 

b iogeography o f benthic a lgae (Li ining 1990, A d e y & Steneck 2 0 0 1 ) . It l ikely p lays a 
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similar crucial role in structuring the b iogeographic pattern o f Sargassum s h o w n in 

this study. The separation o f e lade A associated with the w i n L S S T in “LINKTREE，， 

analys is (Fig. 2 .7 , Tables 2 .2 & 2 .3) illustrates the importance o f this factor on the 

b iogeography o f Sargassum. The geographical boundary between clade A and clade 

B (Fig. 2 .5 ) a lso appears to co inc ide with the boundary between the two main 

thermogeographic zones , the Indo-Pacif ic and Californian Z o n e s suggested by A d e y 

and Steneck ( 2 0 0 1 ) for the N W Paci f ic (Fig. 2 .8) , underlining the importance o f 

temperature in af fect ing Sargassum flora in this region. Though f e w e x a m p l e s were 

avai lable for the N W Pacif ic (e .g . Taki & Ogish ima 1997, Shen et ai 2 0 0 4 ) , the 

b iogeography o f other marine organisms such as coral (Middlebrook et igl. 2 0 0 8 ) , 

» 

zooplankton (Southward et al. 1995) and marine snails (Tomanek & S o m e r o 1999) 

have also been s h o w n to be regulated by this eco log ica l ly important factor in other 

parts o f the world. 

The mean lowest S S T in the winter was suggested to have potentially a more 

profound e f f ec t on Sargassum b iogeography than the mean highest S S T in the 

、 

s u m m e r and the mean monthly SST. This may be reWted to the l ife history o f 
� 

Sargassum. Many spec ie s o f Sargassum grow act ively from late autumn (Murase et 

al. 2 0 0 0 , A n g 2 0 0 6 ) to early summer (Koh & Shin 2 0 0 4 , Shimabukuro et al. 2 0 0 7 ) 
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and reproduce from spring ( A n g 2 0 0 6 ) to early and mid-summer (Murase et al. 2 0 0 0 , 

Shimabukuro et al. 2007 ) . Comparable lo the 20 "C winter and 25 "C summer 

isotherms proposed by Stephenson ( 1 9 4 8 ) as the del imit ing condition o f tropical and 

warm temperate biogeographic zones , the differentiating condit ions o f \TC and 

19"C detected in this study (Table 2 .2) may represent the optimal growing or lethal 

temperatures o f different Sargassum spe t i e s . 

Van den Hoek ( 1 9 8 2 ) has suggested that the lowest winter temperature might 

4 

correspond lo the northern lethal boundary o f several ClacJophora species . Al though 

Claclophora and Sargassum be long to different algal groups, the northern lethal 

boundary concept may be equally applicable to members o f the tropical subgenus 

Sargassum. N o n e o f them were^found in the boreal region (Fig. 2 .5) and many o f 

them have been s h o w n not to be able to survive under cold temperature ( H w a n g et al. 

2 0 0 4 ) . In contrast, it has been asserted that members o f Bactrophycus arc 

eco -phys io log ica l ly incapable o f invading the tropical area (Phil l ips 1995). This 

assertion is only partially supported by this present study, s ince the distributional 

range o f different spec ies under the subgenus Bactrophycus varies wide ly in N W 

Pacif ic cover ing 1 to 37 O G U s (Fig. 2 .3) . The^e spec ie s may vary in their adaptive 

capability, e .g. be ing eurytheimal to a w i d e range o f temperature regimes in this 

54 



CHAPTER 2: Analytical Biogcoiizraphv of Sai-gcLssum in NW Pacific 

region. Sargassum thunhergii, wh ich is the most w i d e l y distributed spec ie s o f 

Bactrophycus (Fig . 2 .4) , w a s found to grow opt imal ly under a w i d e range o f 

temperature reg imes b e t w e e n 15"C and 25"C (Haraguchi et al. 2005 ) . Other spec ie s 

invest igated by Haraguchi et al. ( 2 0 0 5 ) , cons i s ted o f f ive Bactrophycus and two 

Sargassum spec ies , s h o w e d a relatively narrower range o f optimal growth be tween 

15"C to 20"C and 20"C to 25"C respectively. A m o n g the Sargassum spec i e s treated 

with the lowes t temperature ( 1 0 "C) in another study (Baba 2 0 0 7 ) , spec ie s o f 

Bactrophycus general ly p o s s e s s e d higher relative growth rate ( R G R ) o f 10%, 

compared to the R G R o f < 5 % for t w o spec i e s under the subgenus Sac^assuni. Other 

studies test ing the ef fect o f culturing temperature on the growth o f Sargassum 

‘ e 
s p e c i e s (e .g . O g a w a 1994, O g a w a et al. 1995) , however , were restricted to test ing 

on ly s ing le rather than several spec ies . Further studies are therefore needed to lest the 

hypothes i s on the role o f temperature in de l imit ing the distribution range o f other 
f 

Sargassum species. 

Latitude and salinity s e e m to be less s ignif icant in determining the 

b iogeography o f Sargassum than the mean lowes t S S T in winter. These variables 

appear on ly in the later part o f the serial correlation in the " L I N K T R E E " analys is 
h 

(Fig. 2 .7 , Tables 2 .2 & 2.3) . The photoperiod, wh ich 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 o f s o m e macroalgae (Terry & Moss 1980, 

Cunningham et a I. 1993). Salinity has also been shown to affect algal biogeography 

(Wilkinson et al. 1995). Since both factors (a mean annual salinity o f 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 o f clade D, they should sli'll be important 

in setting the Sargassiim biogeographic pattern. They may be playing a role at a finer 
i 

and/or localized scale, as they appear to do with other forms o f marine life (l^ligle & 

Summers 1999). 

2.4.4 The interplay between environmental and historical factors 

To properly account for the present distribution pattern o f Sargassiim species , 

their evolutionary histories should also be taken into consideration. Phillips (1995) 

suggested that the N W Pacific region was not a ‘‘water accumulation area", so that 

the high diversity o f Sargassum spec ies here may be explained by a recent radiation, 

rather than the accumulation o f spec ies transported by the oceanic current. The large 

spec ies number o f the subgenus Bactrophycus (Fig. 2 .5) may provide ev idence to 

suggest that the N W Pacif ic is the center o f diversity for this subgenus and its recent 
» 

radiation in this region (Phil l ips 1995). 
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Though several phylogenel ic studies have been conducted at the subgenus level 

o f Sargassum (Oak et al. 2002 , Stiger et al. 2003 , Phillips et al. 2005) , none has yel 

provided information about the radiation o f Bactrophyciis. The phylogenel ic 

relationship among the members o f the subgenus Sargassiim has not yet been fully 

elucidated (Stiger et al. 2003) , but the monophylet ic status o f either the subgenus 

Sargassum or Bactrophyciis has been recognized (Stiger et al. 2003 , Phillips et al. 

2005) . Another subgenus, Arthrophycus, which occurs only in Australia, is a sister 

group o f Bactrophyciis. These two form clades that are parallel lo the subgenus 

Sargassum (Phill ips et al. 2005) . The divergent time between the subgenera 

Bactrophycus and Sargassum was not considered in these phylogencl ic works. 

Phillips and Fredericq ( 2 0 0 0 ) recognized a Gulf o f Mexico/Caribbean cluster within 

the subgenus Sargassum, with spec ies in the Pacific as the sister group (Fig. 2.9). 

This divergence, as suggested by these authors, could be timed by the closure o f the 

Isthmus o f Panama ( m i d - P l i o c e n e , � 3 Mya, Briggs 1995). Assuming a similar and 

consistent evolutionary rate over time, the divergence o f Bactrophycus and 

Arthrophycus is probable to have taken place earlier than 3 Mya (mid-Pl iocene) , 

s ince this splitting occurred earlier than the branch-off o f the Gulf o f 

Mexico/Caribbean cluster (Phill ips & Fredericq 2000) . The radiation o f 

Bactrophycus may have begun after the separation from Arthrophycus, and probably 
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Outgroup 
Sargassum (Pacific Basin) 

Sargassum (Gulf of Mexico) 

Sargassum (Gulf of Mexico) 

Sargassum (Pacific Basin) 

Sargassum (Pacific Basin) 

Bactrophycus (NW Pacific) 
Anthrophycus (Australia) 

5 changes 

Figure 2.9 The phylogeny o f subgenera within the genus Sargassum. Numbers on 

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

Fredericq, 2 0 0 0 ) 
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occurred during the late Pl iocenc to Pleistocene. The evolution o f the subgenus 

t 

Sargassum might have occurred in the Miocene or even earlier, since this subgenus 

split basally in the phylogenel ic tree (Phill ips & Fredericq 2000) . • 

Given that the subgenera Bactrophycus, Arthrophycus and Sargassum arc 

mainly distributed in the N W Pacific, Australia and Pacific tropical region 

respectively, the most parsimonious explanation for their present distribution is that a 

c o m m o n ancestor o f Arthrophycus and Bactrophyciis, which may have sympalrically 

diverged from the subgenus Sargassum, once occurred in the tropical western Pacific. 

This c o m m o n ancestor spread as far north as the N W Pacific and as far south as 

Australia and its immediate vicinity. During the middle to late Miocene, a drop in the 

sea level by � 1 7 0 m (Lincoln & Schlanger 1991) may have resulted in the 

fragmentation o f the distribution range o f this c o m m o n ancestor, leading to the 

independent evolution o f Bactrophycus and Arthrophycus in their respective 

hemispheres. A s no species c lose ly related with Bactrophycus nor with Arthrophycus 

was present in the tropical area, the c o m m o n ancestor in this region might have 

b e c o m e extinct for s o m e reason, leaving these disjunctly distributed but 

phylogencl ical ly more related subgenera in the northern and southern hemispheres. 
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A further scenario, based on paleo-c l imal ic and occanographic ev idence , might 

be advanced. T h e most probable region in the N W Pacif ic from which Bactrophycus 

radiated is the Sea o f Japan and its immediate vicinity, as Liming ( 1 9 9 0 ) h a s . 

speculated for a lgae in general . The Sea o f Japan w a s isolated during the last glacial 

period w h e n the sea level dropped. A s an area heavi ly af fected by the co ld 

pa l eo -Oyash io current (Oba & Murayama 2 0 0 4 ) , the Sea o f Japan must have been a 

stressful area for antccedcnl m e m b e r s o f Bactrophycus. Only those that survived the 

adverse environment o f the Sea o f Japan w o u l d have propagated ihrough Ihc last 

glacial max ima. After the inter-glacial rise o f sea level , these co ld tolerant spec ie s o f 

Bactrophycus w o u l d have f o l l o w e d the O y a s h i o current southwards to invade the 

Y e l l o w Sea. A f e w o f these s p e c i e s might still have retained their ability to adapt lo a 

、 ‘ 

warmer c l imate , and so were able to reach the warmer southern Chinese coast (e .g. 

O G U s 4 4 , 45 and 46) . A s a result, m e m b e r s o f Baclrophycus exhibit a differential 

eurythcrmal trait’ a l l o w i n g them to be more ex tens ive ly distributed in the N W Pacif ic . 

In contrast，members o f the subgenus Sargassuni did not exhibit this curylhermal 

trait a l l o w i n g them to invade the co lder pari o f the N W Pacif ic , and their distribution 

ranges have therefore been restricted to the warmer region o f the N W Pacif ic and the 
I • 

• • . • * 

Tropics (Fig. 2 .3) . � 

6 0 



CIIAI*TI£R 2: Analytical Biogcography o f Satfia.sstim in NW Pacific 

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 important roles in 

maintaining the thermal regimes in N W Pacific (Liining 1990). The geographical 

region covered by cladc A appears lo coincide wilh the region affccled most by the 

Kuroshio Current. The two high diversity regions in Japan-Korea and southern 

China-Taiwan also indicate the respective center o f diversity for the subgenera 

Bactrophycus and Sar^assum (Fig. 2.5), whi le the region covering I he Yel low Sea 

could be regarded as a transitional zone for the two subgenera in the N W Pacific. 

This notion is consistent wilh ihe proposal o f Adey and Slcneck ( 2 0 0 1 ) based on 

their Ihermo-model on benlhic macroalgac, thai there arc significant transitional 

areas in the world, but is in confl ict wilh the classic model o f discrete zoographical 

zones proposed by Briggs (1974) . The center o f diversity for the subgenus 

Sar^assum 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 c o m m o n species found in the 

marine florislic assemblages throughout the N W Pacific (e.g. Umezaki 1984b, 

Yokoyama ct a I. 1999, Sato & Wada 2()()(), A n g 2006) . This spec ies is distributed in 

Japan (Yoshida 1983), Korea (Kang 1966), the Chinese coast o f the East and South 

China Seas (Tseng & Lu 2000 ) and Vietnam (Ajisaka ct al. 1997). It is ecological ly 

important as it serves as one o f the major components o f coastal Sai-^assum bed 

(Yokoyama et al. 1999) that supports a variety o f other marine species (Taylor 1998, 

N g 2009) . 

This spec ies exhibits extens ive inlra-specific morphological variation, which 

was sufficient for the recognition of two varieties S. hemiphyllum hcmiphyUuni and 

S. h. chinensc (Ajisaka ct al. 1997). The leaves o f var. hemiphyllum arc smaller than 

those o f var. chinense (Cheang ct al. 2008) . These two varieties exhibit allopalric 

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 o f ihc morphological di f ferences 

between the two varieties found leaf s ize to fo l low a gradient that increases from the 

south to the north along the N W Pacific (Cheang 2003) . 

This gradual change o f morphology a long a latitudinal gradient, however, could 

not be explained by the genetic population structure as distinct genetic differentiation 

w a s detected between the two varieties (Cheang 2003 , Cheang ct al. 2008) . Three 
« 

haplotypes were revealed based on the sequencing data o f Rubisco spacer o f the 

plaslmid genome. Two slightly different haplolypcs be longing lo the spec imens o f 

van hemiphylliinu and one distantly related haplolype from the spec imens o f van 

chinensc were detected (Cheang et al. 2008) . 

The deve lopment o f these two genetical ly distinct l ineages (varieties) were 

postulated lo be related to the formation o f glacial rcfiigia associated with the 

sea- level fluctuation during the Quaternary Period. One possible refugium is the East 

China Sea basin, which remained an almost enclosed marine region during the 

glacial period, surrounded by Ihc continental Chinese coast and Ihc Ryukyu Island 

I 

chain (Ola 1998). Further south is the South China Sea basin, which w a s 

disconnected from the East China Sea basin by the land bridge formed in the Taiwan 
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Strait. The divergence o f the two varieties was bel ieved lo be maintained by the huge 

freshwater discharge from the Yel low and Yangtze Rivers in China (Cheang et al. 

2008) , from where a genetic break o f the S. hcmiphyllum populations existed 

between the regions from Zhejiang Province in China to Chcju Island in Korea. 

While PCR-RFLP study o f Ihc amplicon o f Rubisco spacer revealed only two 

haplolypes out o f the three reported (Cheang et al. 2008) , more sequencing data on 

other spec imens were needed lo confirm the result o f PCR-RFLP study. The gcnctic 

difference between the two varieties need to be further ascertained by other genctic 

markers, s ince the gene tree generated based on a s ingle locus will nol necessarily 

re f l e d the actual spec ies Ircc (Pamilo & Nei 1988). There arc also inconsistencies 

between the phylogenel ic relationships revealed by nuclear and cytoplasmic markers 

in s o m e plant species (reviewed by Riesebcrg & Soltis 1991), which may be caused 

by reasons like "chloroplast capture”（Soltis & Kuzof f 1995) or differential rale o f 

incomplete l ineage sorting between the genes in different g e n o m e s ( C o m e s & Abbott 

2001) . The application o f more markers in other genome(s ) (e.g. nuclear D N A ) , 

which may experience different se lect ive forces, W u l d provide more information on 

ihc genetic difference revealed. This may provide deeper insights in understanding 

the evolutionary history o f this species . 
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Recently, the application o f the mitochondrial markers reveals the population 

genet ic differentiation at a higher level o f resolution compared lo the use o f plastic! 

and nuclear markers (Engel et al. 2008) . The mitochondrial inlergenic 7/77W_I spacer 

has proven lo be one o f the e f fec t ive markers in reveal ing the gencl ic population 

structure o f the brown alga Unclaria pinnatifhla (Harvey) Suringar (Voisin et al. 

2005) . This marker may be suitable for Ihe phylogeographical study o f S. 

hcmiphyllum lo provide a higher resolution, compared lo the plastic! marker Rubisco 

spacer (Chcang et al. 2 0 0 8 ) , to reveal any population infrastructure within the two 

varieties. On the other hand, more conserved markers such as nuclear marker 1TS2 

(Stiger ct al. 2 0 0 0 ) could assist in c lari fying the l axonomic status o f the two varieties 

and provide insight on whether these two varieties arc in fact two phylogenet ic 

species . 

This study, thus, a imed al 1) ver i fy ing the laxonomic status o f the two varieties 

o f Sargcissii…hemiphyllum based on the sequence divergence o f nuclear marker ITS2; 

2) ascertaining sequence divergence between the two varieties with a larger sampl ing 

s ize (cf . Chcang 2 0 0 3 ) based on the sequence data o f RhcL-S spacer gene in 

chloroplasl D N A , and 3) determining any finer genet ic population structure within 

each variety based on mitochondrial marker, T/v/W I spacer. The elucidation o f the 
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finer genetic population structure o f S. hemiphyllum could provide more insights on 

the evolutionary history o f this species , which in turn could also provide further 

understanding about the evolution o f the marine flora in N W Pacific. 

3.2 Materials and Methods 

3.2.1 Sampling, preservation and DMA-extraction of 5. 

/ 
hemiphyllum 

In order lo obtain a more comprehens ive sampling o f Sar^assum hemiphyllum 

in N W Pacific , spec imens from additional localities were col lected eilhcr by 

snorkeling or sampling during low tide, on lop o f the spec imens already col lec lcd 

and reported in Cheang et al. 2 0 0 8 (Fig. 3.1, Table 3.1). The spec imens were 

col lected 1 - 2 m apart to avoid col lect ing individuals from the same mother plant, as 

Sargassum germlings are known lo have a short dispersal distance (Kendrick & 

Walker 1995). About 1 g o f samples from the new branches without epiphytes were 

c leaned with brushes and subsequently preserved in 9 5 % ethano丨 or silica gel until 

D N A extraction (Cheang 2003) . Two lo three vouchers haphazardly selected from 

each population were air dried and deposited in the S imon F. S. Li Marine Sc ience 

Laboratory Herbarium, the Chinese University o f Hong Kong. Genomic D N A o f 

these spec imens was extracted by modi f ied cetyl tr imethylammonium bromide 
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Table 3.1 Co l l ec t i on detai ls o f S. hemiphyllum populat ions e x a m i n e d in this study. 

A c r o n y m s for the co l l e c t i on s i tes are a l so g iven . Refer to Fig. 3.1 for location o f 

these co l l ec t ion sites . 

Loca l i t i e s A c r o n y m 
Date o f 

co l l ec t ion 
Col l ec tors 

1. S e t o Marine B i o l o g i c a l Laboratory 
o f K y o t o Univers i ty , W a k a y a m a 

Prefecture, Japan (135°20，E，33°4rN) 
J p W Y 2 2 Mar 01 M. Sato 

2. Shish ikui , T o k u s h i m a Prefecture, 
Japan (134°1 .8 'E , 3 3 ° 3 3 ' N ) JpTS 7 Apr 0 7 

C.C. C h e a n g & 
P. O. A n g 

3. S u k u m o , Koch i Prefecture, Japan 
( 1 3 2 � 4 2，E ’ 3 2 � 5 4 ’ N ) JpSM 6 Apr 0 7 

C.C. C h e a n g & 
P. O. A n g 

4. Kawatana, Nagasak i Prefecture, 
Japan ( 1 2 9 ° 5 2 ' E , 3 3 ° 0 3 ' N ) J p N S 19 Apr 0 7 

* 
N. Murase 

5. Sungsan , Cheju Island, Korea 
( I 2 6 � 5 6，E，3 3 ° 2 7 ' N ) KrCJ 14 Feb 01 J. H. Kim 

6. Hoatian, Pin Tan, Fuji an Province , 
China ( 1 1 9 � 4 7 , E , 25°40，N) CNF J 25 M a y 01 Y. Zhang 

7. K w a n g y i n t i n g , Penghu, Taiwan 
(119�33，E’ 2 3 � 3 4 ’ N ) T W P H 2 4 Mar 0 2 

C.C. C h e a n g & 
P. O. A n g 

8. Sai Kung , H o n g K o n g , China 
( 1 1 4 ° I 6 ' E , 2 2 � 2 2，N ) H K S K 2 6 Feb 0 2 F. F. Ycung 

9. N a o z h o u d a o , Zhanj iang, G u a n g d o n g 
Prov ince , China ( 1 1 0 ° 3 7 ' E , 2 0 ° 5 5 ' N ) CNZJ 14 M a y 01 

C.C. C h e a n g & 
R 0 . A n g 
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Figure 3.1 Distribution of S. hemiphyllum in northwestern Pacific. Dotted and 

dashe'd l ines refer to the "Paleo-coast" during the early and late Ple istocene 

respect ively (Ota 1998), wh i l e open circle indicates the location o f the mouth o f the 

"Paleo-Yel low River" (Xu & Oda 1999). Sampl ing sites are indicated in numbers. 

Refer to Table 3.1 for details o f the sampl ing information. 
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( C T A B ) method (Protocol two o f Ho et a/. 1995). Briefly, 1 g o f tissue from the lip 

o f new branches w a s detached and washed by brushes lo avoid impurities as much as 

possible . The t issues were ground to f ine powder in liquid nitrogen by a sterilized 

pestle and mortar and then transferred to 7 0 0 )iL CTAB extraction buffer (1% CTAB; 

10 m M elhylenediaminetetraacetic acid [EDTA]; 50 mM lris(hydr()xymethyl) 

aminomethane [Tris] [pH 8.0]; 0 .7 M sodium chloride; 2% mercaploelhanol; 1% 

polyvinylpolypyrrol idone [PVPP]) . After two 7 0 0 fiL chloroft)rm:is()amy丨 alcohol 

(24: n remixing to get rid o f the organic impurities, extracts were purified Iwicc by 

70% ethanol precipitation methods and then disso lved in 2 0 0 mL Mil i -Q water. The 

extracted g e n o m i c D N A w a s further purified by G E N E C L E A N II Kit (BIO 101 Inc., 

C A , U S A ) , fo l lowing the manufacturer's instructions (Yoshida et al. 2000) . 

3.2.2 Polymerase chain reaction (PGR) and direct sequencing 

The spacer \between Rubisco large and small subunits in plaslid D N A , spacer 

between T m W and Tml in mitochondrial D N A and region in the nuclear 

g e n o m e o f all D N A samples were ampli f ied through PCR (profile: initial 3 min at 
r 

96°C, 32 c y c l e s o f 4 0 s at 96°C, 3 0 s at 5 5 ° C 50 s at 72°C, final 3 min al 72°C) using 

the thermocycler, Mastercycler Gradient ^Eppendorf®, Hamburg, Germany). The 

primers used are listed in Table 3.2, whi le the ampli f icat ions consisted o f 0 .25 ^iM o f 
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Table 3 . 2 The primers and the PCR prof i le used for the three genet ic markers: 

nuciear ITS2, plastid R u b i s c o spacer and mitochondrial T m W I spacer. 

Forward/ 
Markers S e q u e n c e s 

Backward 

ITS2 
F 

R 

I T S 2 F C 2 * : 5 ' - T T G T C G G G G A G G A G G A G G - 3 ' 

2 5 B R 2 - R e v e r s e ' : 5 ' - T C C T C C G C T T A G T A T A T G C T T A - 3 

Rubisco F 

spacer R 

M 1 F ' : 5 ' - G A C C T T T A A A A G C A G C T T T A G A T - 3 ’ 

M1 R2: 5 ' - C C C C A T A G T T C C C T A A T A C G C A T T - 3 

F 
T r n W J 

spacer R 

T m W - I - F : 5 ' - G G G G T T C A A A T C C C T C T C T T - 3 ' 

T m W - I - R \ 5 ' - C C T A C A T T G T T A G C T T C A T G A ( j A A - 3 

: m o d i f i e d from the s e q u e n c e (GenBank A c c e s s i o n number: AY 1 5 0 0 0 6 ) o f 

Sargassum hemiphyllwn (Oak et al. 2002) 
based on Yoshida et al. ( 2 0 0 0 ) . 

based on C h e a n g ( 2 0 0 3 ) . 

based on Voisin et al. ( 2 0 0 5 ) . 
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each o f the primers, 1 x supplied PCR buffer, 1.5 mM of M g C b , 0.2 mM of each o f 

dNTP, 0 .025 units/(il o f Taq polymerase (GE Healthcare Life Scicnces , Chalfonl St. 

Giles , United Kingdom) and 1 o f D N A template. All concentrations were given as 

final concentrations in 25 amplif ications. Successful PCR was checked by running 

the amplicon in 1.5% agarose gel electrophoresis and visualized by staining with 

elhidium bromide under X-ray exposure. The QIAquick PCR purification kit 

(QIACJEN , Hilden, Germany) was used to purify the PCR products oblaincd. In cases 

where sub-bands occurred in the gel , the QIAquick 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 o f reagents and the PCR product added were based strictly on the 

instructions o f the kits. Purified PCR products were subjected lo commercial 

sequencing (Macrogen Inc., Seoul , South Korea) in which F^igDyeTM terminator 

cyc l ing condit ions were employed through automated sequencer ABI373()XL 

(Appl ied Biosystems, Foster City, CA, U.S.A.) . Twenty haphazardly sclccted 

spec imens were sequenced twice in order lo verify ihc results. Sequences obtained, 

together with those sequences o f S. hemiphyllum available from ( ienBank, were 

visually edited and aligned using the software M E G A ver. 4 (Tamura el ai 2007) . 

N e w sequences obtained, if any, were deposited lo CienBank. 
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The heleroplasmy of the mitochondrial markers in Fucus scrratus Linnaeus was 

documented (Coyer et al. 2004) . The problem o f heleroplasmy could hinder ihe 

applicability o f the mitochondrial marker in phylogencl ic rcconslruclion or in ihe 

inference o f demographic history {Posada & Crandall 2002) . This problem was nol 

significant in the present study, s ince all ihc sequences demonstrate a clear single 

peak in their chromalograms (data not shown). 

3.2.2 Cloning of PGR product 

Bes ides possess ing the two allelic copies in the heterozygous individual as a 

nuclear marker, ITS2 is also known for its inlragcnomic variation due to ihe 

hundreds or even thousands o f ribosomal operons that are tandemly dislribulcd 

throughout the g e n o m e (Dover 1982). This leads to the problem o f multiple copies 

during single PCR amplif ication o f ITS2 region (e.g. Harris & Crandall 2()()()). In 

cases o f the failure o f direct sequencing due to multiple copies , ampi icons o f ITS2 o f 

each individual were c loned by the TA-cloning system (Takara Biotechnology Co., 

Lid., Dalian, China) fo l lowing the manufacturer's instruction. In short, ampl icons 

were ligated to pi asm id vector p U C 18 under 16°C overnight, and the mixture was 

then transformed into XLIO-Gold® Ullracompctenl cell (Slralagcne, La Jolla, USA) . 

The transformed cel ls were a l lowed to be heat-shocked and inoculated in ampicil l in 
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agar plate for 16 hour so that the cell with both the inserted PCR amplicon and the 

ampicil l in resistant gene could survive and form colony under the select ive agent. 

Five to eight c lones were picked for each PCR reaction (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 o f population such as sequence divergence, nucleolicic 

diversity and haplotype diversity as well as the pairwisc <]>�i difference among 

populations were calculated. Analys is o f molecular variance ( A M O V A ) was carricd 

out to demonstrate the partition o f gcnel ic variance among populations and between 

varieties, and to test if the partition is statistically significant. All these calculations 

were done using the software Arlcquin vcr. 3.1 (Excoff icr ct al. 2005) . 

Neighbor jo ining (NJ), max imum parsimony (MP) and maximum likelihood 

(ML) trees were generated by PAUP 4 .0 Beta (Swofford 2000) , and the Baycsian 

inference (BI) the program MrBayes v.3.12 (Ronquisl & Huclsenbeck 2003) , in order 

to analyze the phylogenet ic relationships among populations. Akaikc information 
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criterion implemented in M o d e I lest vcr. 3 .7 (Posada & (randa l l 199S) was applied, a 

priori, to est imate the appropriate substitution model lo be used in I he NJ, ML and 1̂ 1 

methods. T V M + I, CjTR and H K Y mode l s were found lo be ihc optimal model for 

1TS2, the RLibiSCO spacer and TrnW I spacer respectively, h'or NJ, MP and ML 

methods , s ign i f i cance o f I he branching was assessed by I ()()() bools lrapping 

replicates， in each o f which 100 random laxa were added and the Irce was 

heurisl ically searched by tree b iscc l ion-rcconnecl ion branch swapping method 

(Felsenstc in 1985). For BI, two independent Markov-chai i i -Montc-Carlo searches 

with random starling points were conducted for each dala scl until I he divergence 

be tween t w o runs became small and stationary. Trees were sampled every 100 c y c l e s 

in at least 1,5()0,()()() generations with the burn-in value scl lo the laler third-fourth o f 

the sampl ing trees in which consensus w a s readied for I he two parallel runs. 

Posteriori possibi l i ty w a s then calculated from the sampled trees lo illustrate ihc 

statistical c o n f i d e n c e for the BI Irce. Sar^assiim thunher^ii (Merlcns cx Roth) 

Kunlze and S. muticuni (Ycndo) Fensholl were designated as oulgroups, s ince ihcy 

were all phy logcne l i ca l ly c lo se ly related (Sl iger ct al. 2 0 0 3 , Phill ips ct al. 2005) . All 

the sequences o f S. hcmiphyllum available from GenBank were included in the trees 

as wel l . 
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Based on the Rubisco spacer sequence, I he divcrgcncc l ime o f ihc major 

diversif icat ions w a s estimated based on s imple /;-dislancc using Ihc inclhod o f 

molecular clock (Sarich & Wilson 1973). A Chi-squarc Icsl lo test ihc dif fercncc 

between the log- l ikel ihood values o f I he molecular-clock conslraincd and 

unconstrained trees (with oulgroup sequences) (Andrcakis ci al. 2 0 0 7 ) was 

performed and no s ignif icanl diftcrcncc was found (-lnU„„siiaincd- 476 .19 , 

-liiL議、nsiramed: 473 .73 , clf: 138, /; > 0 .05) , s i iggcsl i i ig lhal Ihc constancy o f Ihc 

evolutionary rale throughout ihc tree could be assumed (Andrcakis ct al. 2007) . The 

molecular clock based on Rubisco spacer w a s calibrated by ihc l ime o f ihc closure o f 

Ihc Isthmus o f Panuma ( m i d - P l i o c e n e , � 3 My a; Briggs 1995). The ( i i i l f o f 

Mexico/Caribbean cliislcr o f Sar^assum spp. was characterized by a distinct 

di f ference o f 10 base pairs from other Sai-^assum spec ies in the Pacific, whi le the 

di f ference o f six more steps was present for ihc mosl dislanlly related spcc ics inside 

Ihc cluster (Phil l ips & Fredericq 2()()()). A s ihc spacer region possessed 159 bp 

(Phil l ips 8i Fretiericq 2()()()), ihc average subsli lulion rale for the Rubisco spaccr 

region w a s est imaled lo be 2 . 1 0 % - 3 .35% per Mya. This range o f evolutionary rale 

w a s used lo est imate the t ime o f the major diversif icat ions occurred in ihc tree o f 

Rubisco spaccr generated for S. hemiphyllum. 
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T h e number o f haplo lypcs for Ihe three markers ( g c n o l y p e tor nuclear marker) 

w a s recorded for each sampl ing locality. Computer software T C S vcr. 1.13 (Clcmcnl 

et a!. 2 0 0 0 ) w a s utilized lo generate ihc T C S haplotypo network that demonstrates ihc 

relationship a m o n g haplolypcs. Only ihc sequencing dala from the TA c loning were 

subjected to the construction of T C S haplolypc network. 

3.3 Results 

Based on ITS2, Rubisco spacer and TrnW I spacer, 62 , 142 and 93 sequences 

were obtained respect ively with two, three and four haplo lypcs idenl i f ied posses s ing 

f ive , six and 12 polymorphic si los (most ly Iransvcrsion) (Table 3.3, Fig. 3 .2) . The 

variability o f ITS2 w a s ihc least ( s equence d ivergence = ().()()52) whi l e lhal o f 

TrnW I spacer Ihc highest ( s equence d ivergcncc 二 0 . 0 5 4 ) (Tabic 3.3) . The haplolypc 

(h) and nucleot ide (ti) diversit ies were the highest in TrnW I spacer (h = 0 .75 , n = 

0 . 0 2 6 ) , f o l l o w e d by Rubisco spacer (h = 0 .65 , ti = 0 . 0 0 9 9 ) and ITS2 (h = 0 .42 , n = 

0 . 0 0 3 7 ) . The number o f s equences obtained for each population and its respect ive h 

and 兀 are s h o w n in Tabic 3.3. In general, the genet ic variations (1TS2: h 二 ().()(), n 

0 .00; Rubisco spacer: h = 0 .47 , n = 0 . 0 0 1 6 ; T r n W J spacer: h= 0 . 7 5 ,兀 二 0 . 0 2 6 ) 

within the northern populations, cons i s t ing o f Japan and Korean spec imens , were 

relatively higher than those ( ITS2 & Rubisco spacer: h = 0.00，n = ().()(); TrnW I 
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Table 3.3 Genetic variability ol\S. hcmiphyUum based on ihe markers, 1TS2, Kubisco spacer 

and T m W I spacer. Refer lo Tabic 3,1 for the acronyms used lo represent I lie collection siles. 

1TS2 Rubisco spacer T r n W J spacer 

Overall n (iii,) 62 (2) 142(3 ) 93 (4) 

Northern Pop. 1H(1) S 5 ( 2) 5 4 ( 4 ) 

JpWY 3 ( 1 ) 2 0 ( 1 ) 13(4) 

JpTS I (1) 8 ( 1 ) N.A. 

JpSM 10(1 ) 19(1) 13(1) 

JpNS 3 ( 1 ) 14(2) 12 (1) 

KrC'J 1 (1) 2 4 ( 1 ) 12 (1) 

Southern Pop. 4 4 ( 1 ) 5 7 ( 1 ) 3 9 ( 2 ) 

CNFJ 15(1) 1S(1) 17(2) 

T W P H 11 (1) 14 (1 ) 7 ( 1 ) 

HKSK 14(1 ) 14(1) S ( l ) 

CNZJ 4 ( 1 ) 11(1) 7 ( 2 ) 

IDS/ Ts/Tv(.v) 2 / 0 / 3 ( 5 ) 0 / 0 / 6 (6) 0 / 2 / 10 (12) 

ScqDi 5/573 = 0.0052 6/297 = :().()2() 12/221 = 0 . 0 5 4 

h 土 SI) Overall 0.42 士 0.048 0.65 士 0.015 0.75 i ：().()13 

71 土 SI) 0 .0037 d b 0 .0023 ().()()99 i ：0.0058 0.026 ： t 0 .014 

Northern Pop. 0.00 d b 0.00 0.47 士 0.032 0.62 d ：0.046 

().()()d k ().()() ().()()I6 J ：0.0015 0.015 :i ：().()()86 

JpWY 0 . 0 0 : b 0.00 0.00 d : 0 . 0 0 0.74 d ：0.091 

0 . 0 0 : b 0.00 0.00 d : ( ) . ( ) ( ) 0.027 土 0 .016 

JpTS 1.00： b 0 .00 ().()()d t 0.00 N • A. 

- 、 0 . 0 0 : k 0.00 0.00 d b ().()() 

JpSM 0.00 ： t 0.00 ().()()d b ().()() ().()() 土 {).()() 

0.00 ： t ().()() ().()()d b 0.00 0.00 土 （).()(） 

JpNS 0.00 ： t 0.00 0.51 d bO.IO ().()() 士（um 

0.00 ： t 0 .00 0.0017 d b ().()() 18 0.00 士（).(K) 

KrCJ 1.00 ： t 0.00 0 . 0 0 : b 0.00 0.00 土 （).()(） 

()•()(): t 0.00 ().()()： fc ().()() 0.00 士 0 .00 

Southern Pop. 0.00 ： t 0 .00 ().()()： t ().()() 0.50 ： t 0.027 

0.00 ： ± 0.00 0.00 ： t (UK) ().()()23 土 0 .0022 

CNFJ 0.00 士 0.00 0.00 ： t 0.00 0.44 士 0 .10 

0.00 ± 0.00 0.00 ： t 0.00 0.0020 士 0.()()21 

TWPH 0.00 士 0.00 0.00 ： t 0.00 0.00 士 ().()(） 

0.00 土 0 .00 0.00 ： t ().()() 0.00 士 0.00 
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HKSK 

CNZJ 

0.00 土（).()(） 

0.00 ± 0.00 

0.00 土 a o o 

0.00 土 0.00 

0.00 士（).()(） 

0 .00 士（UK) 

0 . 0 0 ± ().()() 

0.00 土 0.00 

0 .00 土 O.(K) 

().()()土 （).()(） 

0.48 士 0.17 

0.0022 士 0.0024 

n: number of scqucnccs obtained in this study; i v number of liaplotypcs revealed; SD: Standard 

deviation; IDS: Indcl site; I's： Site of transition; T、,： Site ol 'transvcrsion; .、,： Polymorphic site; ScqDi: 

Scqiicncc divergence: h: haplotypc diversity; ti: nucleotide diversity. 
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Figure 3.2 Neighbor-joining (NJ) tree illustrating the relationship among dilTcrcnt populations of S. 

hcmiphyllum based on (A) ITS2, (B) Rubisco spacer, and (C) I rnW l spacer. The same topology of 

the trees was obtained for the maximum parsimony (MP), Bayesian infcrcncc (Bl) and maximum 

likelihood (ML) approaches. Bootstrap values (1000 replicates for NJ’ Ml) and 100 for ML) for NJ 

(regular), MP (italic) and ML (bold) methods and Ihc posteriori probabilities (bold and italic) of Bl 

method arc indicated at the nodes. Available sequences from GcnBank arc included in the trees for 

ITS2 (S. muticum: AB043772; S. tluinhcf-^ii: AB043573; S. Iwniiphyllum: AB043576-7, AB043779, 

AY 150006), Rubisco spacer {S. miiticiinr. Al:244330: S. thunlwi-gii: AF244332; S. IwmiphyHum: 
Er057393-4, [^F079079) and T m W J spacer (.V. miuicum: F.I712727; S. ihunbcrgii: I-J712742). 

Square and circle symbols refer to the populations of varieties chincnsc unci hemiphyllum respectively. 
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CH八Fn‘:R 3: Phylotzcouraphy otW. hcniinhvUum 

Spacer: h = 0.50，71 = 0 . 0 0 2 3 ) wi th in the southern C h i n e s e populat ions . T h e populat ion 

o f Wakayama, Japan ( J p W Y ) demonstrated Ihe mos t number o f h a p l o l y p e s (4 ) and 

the h ighest genct i c divers i ty ( h = 0 . 7 4 , 71 = 0 . 0 2 7 ) a m o n g all I he popula t ions based on 

the marker TrnW I spacer, w h i l e m a n y populat ions (e .g . JpSM & T W P H ) exhib i ted 

o n e hap lo lypc and no genet i c divers i ty based on all the three markers. 

In c o n c o r d a n c e with the number o f h a p l o l y p c s / g e n o l y p e s , there w e r e two , three 

and four l ineages in the p h y l o g e n e t i c trees corresponding respect ive ly to the 

h a p l o t y p e s / g c n o l y p e s o f 1TS2, R u b i s c o and TrnW_I spacers (Fig . 3 .2) . S e q u e n c e s o f 

•S. hemiphylliim w e r e c lus lered into a s ing l e c lade wi th a high c o n f i d e n c e in all ihe 

three trees, w h i l e a c lear reciprocal m o n o p h y l c l i c re lat ionship is ev ident b e t w e e n ihe 
t 

t w o variet ies based on 1TS2 and R u b i s c o spacer. 

T h e ITS2 s e q u e n c e s f rom indiv iduals o f the Korean and Japanese popula t ions 

that w e r e regarded as variety hemiphyllum w e r e grouped into a subc ladc ins ide the 

larger c lade o f S. hemiphyllum c o n s i s t i n g o f the C h i n e s e popula t ions b e l o n g i n g to 

variety c/unense (F ig . 3 .2) . T h e t w o ITS2 g e n o t y p e s ( l i n e a g e s ) thai d i f fered by f ive 

base pairs c o u l d be r e c o g n i z e d (Fig . 3 .3 ) . G e n o t y p e 1-A ( G e n B a n k a c c e s s i o n : 

FJ712722)，to w h i c h no identical ITS2 s e q u e n c e c o u l d be found in G c n B a n k , w a s 



Figure 3 . 3 T h e T C S hap lo type n e t w o r k s b a s e d o n markers A ) ITS2 , B ) R u b i s c o 

spacer and C ) T m l W spacer. S a m p l i n g loca l i t i e s o f the h a p l o t y p e / g e n o t y p e are 

indicated b y the port ions o f the d o u g h n u t chart, w h i l e the n a m e o f the 

h a p l o t y p e s / g e n o t y p e s and the n u m b e r o f s e q u e n c e s are s h o w n ins ide the chart. Each 

n o d e represents a m i s s i n g h a p l o t y p e p o s s e s s i n g o n e n u c l e o t i d e c h a n g e . S e q u e n c e s o f 

S. thunbergii ( A B 0 4 3 5 7 3 , A F 2 4 4 3 3 2 ) and S. muticwn ( A B 0 4 3 7 7 2 , A F 2 4 4 3 3 0 ) are 

not s h o w n , as they are not l inked to the ne twork . G e n B a n k I T S 2 s e q u e n c e s o f S. 

hemiphyllum f r o m J p N S ( A B 0 4 3 5 7 7 ) , J p W Y ( A B 0 4 3 7 7 9 ) and KrCJ ( A Y 1 5 0 0 0 6 ) are 

ident ical to g e n o t y p e I - B，w h i l e R u b i s c o spacer s e q u e n c e s o f S. hemiphyllum 
E F 0 5 7 3 9 3 f r o m C h i n a，E F 0 5 7 3 9 4 f r o m KrCJ and E F 0 7 9 0 7 9 f r o m J p W Y are the 

s a m e as h a p l o t y p e s R - A，R - B and R - C respect ive ly . R e f e r to Table 3.1 for the 

a c r o n y m s u s e d for the s a m p l i n g local i t ies . 
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found in the s p e c i m e n s from all the southern Chinese populat ions (CNFJ, T W P H , 

H K C K & CNZJ) (Fig. 3 .4 ) representing variety chinense (Genotype 1-A). Genotype 

I-B, in contrast, w a s identical to all the available sequences in GenBank, and w a s 

identif ied as be long ing to variety hemiphylluni ( R g . 3.3) . All these spec imens c a m e 

from the populat ions o f the Korean and Japanese coasts (JpWY, JpTS, JpSM, JpNS 

& KrCJ) (Fig. 3 .4) . Al though the sequence o f S. hemiphyllum in Chiba o f Japan 

( A B 0 4 3 5 7 6 ) (St iger et al. 2 0 0 3 ) w a s c lo se ly related to both genotypes I-A and I-B 

(Fig. 3 .2 ) and differed from them in 6 and 9 steps respectively (Fig. 3 .3) , this 

s equence appeared problematic as it contained seven a m b i g u o u s base pairs out o f the 

total o f 5 7 3 bp as wel l as four polymorphic sites comple te ly different from the 

s equences o f all S. thunhergii, S. muticum and S. hemiphyllum. 

For Rubisco spacer, the t w o varieties could be dist inguished easi ly as each o f 

them formed a s ingle cluster with high statistical support (Fig. 3.2)一 A s the sequence 

d ivergence w a s est imated to be 1 ,89% ( 3 / 1 5 9 bp) be tween the two varieties based on 

this marker, the divergent t ime o f these varieties w a s est imated to be 0 . 5 6 M y a - 0 . 9 0 

Mya . A subclade, cons is t ing o f almost all the Japanese populations’ w a s found within 

the cluster o f variety hemiphyllum in the tree and existed as a sister group with the 

s p e c i m e n s from Korean and s o m e sequences o f JpNS (Fig. 3 .2) . This subclade w a s 
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105»E 120�E 135»E 150�E 

30°N 

15°N 

F i g u r e 3 . 4 T h e distribution o f the h a p l o t y p e s / g e n o t y p e s ident i f ied based o n A ) ITS2 , 

B ) R u b i s c o spacer and C ) T m W l spacer. Re fer to Table 3 .3 for the number o f 

hap lo types obta ined in each populat ion , and refer to Fig. 3 .3 for the re lat ionship 

a m o n g the h a p l o t y p e s / g e n o t y p e s . 
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O 

estimated to have formed around 0 . 1 9 Mya 一 0 . 3 0 Mya, g iven thai the divergence o f 

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

subclade w a s 0 . 6 3 % ( 1 / 1 5 9 bp). 

The three l ineages corresponding to the three haplolypes revealed were 

consistent with those three (GenBank access ion: EF057393 , E F 0 5 7 3 8 4 and 

E F 0 7 9 0 7 9 ) obtained earlier by Cheang et ai (2008) . The haplotype R-A, possessed 

by all the Chinese populations o f this study (Fig. 3.4) , was identical to EF057393 , 
f 

which w a s also col lected from China (Cheang et al. 2008): The haplotype R-B that is 

the same as E F 0 5 7 3 8 4 based on a sample from Cheju, Korea, differed from 

haplotype R - A by f ive base pairs (Fig. 3.3). This haplotype w a s found mainly in 

Cheju Island o f Korea, but also in Nagasaki o f Japan (JpNS) (Figs. 3.2 & 3.3). The 

haplotype R-C, which w a s represented by the sequence E F 0 7 9 0 7 9 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 l ineages revealed could be identified in the T m W I 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) , consist ing mainly o f the Chinese populations, formed one clade 

whi le haplotypes T-C (FJ712726) and T-D (FJ712725) , comprising the Korean and 

Japanese populations, formed the other cladc. 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 o f HKSK (100%), CNZJ and CNFJ, 

and areas o f T W P H (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 could 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 o f A M O V A suggested that a 

majority o f genetic variation was attributed to between-varieties variance, indicating 

that the two varieties 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 o f the markers 

(Table 3.4). The result o f F s t pairwise differences among populations agreed well 
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Table 3 .4 Results o f A M OVA based on the three markers 

Marker Source o f Variance df o/oOf 

variation 

(1) P 

ITS2 Between varieties I 100.00 63.871 0 . 0 0 6 8 ' 

Within variety. 7 0 .00 0 . 0 0 0 1.000" 

among populations 

Within population 53 0 .00 0 . 0 0 0 < 0 . 0 0 广 

Rbc spacer Between varieties 1 94 .05 178.199 0 . 0 0 9 8 ' 

Within variety. 7 5 .24 15.403 <0.001" 

among populations 

Within population 126 0.71 2 .545 < 0 . 0 0 广 

T m W I spacer Between varieties 1 74 .18 167.368 0 . 0 2 7 ' 

Within variety. 6 15.35 51 .478 < 0 . 0 0 r 

among populations 

Within population 81 10.47 41.191 < 0 . 0 0 广 

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 o f A M O V A in exhibiting the differentiation o f populations between 

varieties. Two distinct groups (the Japanese-Korea populations and Chinese 

populations) corresponding to the two varieties could be observed based on 1TS2 

data, and yet the Korean population could further be distinguished (Fst二 0 .955 -

1.000, p< 0 . 0 0 1 ) from the Japanese (except JpNS with a slight affinity to KrCJ, F s t = 

0 .719 , p< 0 . 0 0 1 ) and Chinese populations based on Rubisco spacer data (Table 3.5). 

The patlem o f the genetic difference among populations based on T m W I spacer 

data s e e m s to be a bit different from those based on ITS2 and Rubisco spacer. Almost 

all the populations, except JpNS-KrCJ, HKSK-JpWY, 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 H K - T W pair ( F s t = 1.000, p< 0 .001 ) and HKSK-CNZJ pair 

\ 

(FST= 0 .686 , p <0 .05) . The northern populations in Japan and Korea were much more 

fragmented; for example , the JpSM w a s complete ly different from JpNS as well as 

KrCJ (FST= 1.000, p< 0 .001) . Population JpWY was less similar to the other 

Japanese populations (FST= 0 . 5 4 4 - 0 .592 , p< 0 .001 ) but more similar to the 

populations in China (FST= 0 .245 0 .335 , p< 0 .05 or even N.S . ) in TrnW I spacer as 

compared to the other two markers (Table 3.5). 
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Table 3.5 F s t p a i r w i s e d i f ferences a m o n g populat ions based on A ) ITS2; B) Rubisco 

spacer, and C ) T m W I spacer. P value w a s generated by 1023 l i m e s o f permutation 

(* P < 0 . 0 5 , ** P < 0 . 0 0 1 ) . For acronyms used to represent the populat ions , refer to 

Table 3 .1 . 

A. J p W Y JpTS JpSM JpNS KrCJ C N F J T W MK 

JpTS 0.000 

JpSM 0.000 0.000 

JpNS 0.000 0.000 0.000 

KrCJ 0.000 0.000 0.000 0.000 

CNFJ 1.000* 1.000* l.OOO** 1.000* 1.000 

T W 1.000* 1.000 1.000** 1.000* 1.000 0.000 

IIK 1.000** 1.000 1.000** 1.000* 1.000 0.000 0.000 

CNZJ 1.000* 1.000 ‘ l.OOO** 1.000* 1.000 0.000 0.000 0.000 

B. J p W Y JpTS JpSM JpNS KrCJ CNFJ T W HK 

JpTS 0.000 t 

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** 

T W 1.000** 1.000** 1.000** 0.961** l.OOO** 0.000 

HK 1.000** 1.000** 1.000** 0.96 1 .ooo** 0.000 0.000 , 

CNZJ 1.000** 1.000** 1.000** 0.955** 1.000** 0.000 0.000 0.000 

c. JpWY JpSM JpNS KrCJ CNFJ TW HK 

JpSM 0.592** 

JpNS 0.544** l.OOO** 

KrCJ 0.544** 1.000** 0.000 

CNFJ 0.335* 0.979** 0.976** 0 . 9 7 6 " ‘ 

T W 0.321* 1.000** 1.000** 1.000** 0.592* 

HK 0.245 1.000** 1.000** 1.000** 0.160 kOOO** 

CNZJ 0.260* 0.990** 0.985** 0.985** 0.225 • 0.167 0.686* 
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Dircct sequencing data for the population o f KrCJ and s o m e o f the individuals 

in JpNS was unsuccessful . AmpIicons o f 14 KrCJ spec imens and f ive spec imens o f 

JpNS were successful ly subjected to TA c loning (Table 3.6). The number o f al leles 

revealed per spec imen w a s in most cases larger than two (Table 3.6), indicating that 

there were intragenomic variations (i.e. variable repetitive region) in the ITS2 region 

o f S. hemiphyllum rather than s imply the heterozygous stale o f specimens. A total o f 

39 different al leles (GenBank accession: FJ712744 - FJ712782) were revealed (Fig. 

3.5). Although there was a large number o f allele per individual, a d e a r star-shape 

T C S haplotype with the sequences o f variety hemiphyllum as the most abundant 

haplotypes was revealed (Fig. 3.5). This suggests that a majority o f the 1TS2 copies 

in KrCJ and JpNS were the sequence o f variety hemiphyllum, albeit with many 

variants in one to three mutation event(s) . A deletion o f seven base pairs was 

recorded in one o f the c lones o f KrCJ2 spec imens , ant this haplotype could not be 

I 

linked to Ihc main T C S network (Fig. 3.5). It is worthwhile to note that there were at 

least two most parsimonious pathways ( f ive steps), which were able to connect the 

haplotypes between the two varieties o f S, hemiphyllum (Fig. 3.5). S o m e haplotypes 
I 

such as two o f the c lones o f JpNS8, though were not identical, were c lose ly related to 

the sequences o f the variety chinense ( T W P H 2 0 , GenBank accession: FJ712722, in 

Fig. 3.5). • 
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Table 3.6 List o f spec imens subjected to c loning with the total number o f the c loncs 

and the haplotypes revealed. Refer to Table 3.1 for the acronyms used for the 

col lect ion sites. 

Specimen r̂ Clonc Hh 

KrCJ2 

KrCJ3 

KrCJ9 

KrCJlO 

KrCJM 

KrCJ15 

KrCJ16 

KrCJ17 

KrCJ18 

KrCJ19 

KrCJ2() 

KrCJ21 

KrCJ22 

KrCJ23 

JpNS3 

JpNS4 

JpNS6 

JpNS7 

JpNS8 

3 

3 

9 

4 

6 
3 

3 

1 
13 

4 

4 

6 
6 
3 

1 
2 
5 

5 

3 

• ‘ — ^ 
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\ 

C»: KrCJKI/l) 

C ^ M T j p k s u o 

( j ^ K r C J I T m U 

(JKr<AYI9fl«06K 
JpMM(ABa43S77), 

JpWVr* 
KrCI3(M).m/4), 9(1/7), 14<»6>. 
i«3/3). 17(1/1), 
2«(l/̂ 21(I/5), 17(10/13), 

JpJflM (m>. mi), 7(J/4K 12(5/7) 

(^:Kr«:jfS(l/T^ 

(CSTurCJW/^ 
rCJ I aijjĵ ).一 

(C^KrCJIIuSp 

— C^CIfcKra**!̂  

X n r r r - T 

TWPHM*) 

F i g u r e 3 . 5 T h e T C S networks o f c l o n e s o f ITS2 a m p l i c o n s ampl i f i ed from KrCJ and 

J p N S populat ions . S e q u e n c e s o f variet ies hemiphyllum and chinense ( F J 7 1 2 7 2 2 ) , 

labeled with asterisks, and three G c n B a n k avai lable s e q u e n c e s A B 0 4 3 5 7 6 , 

A B 0 4 3 5 7 7 and A Y 1 5 0 0 0 6 arc included as references . T h e thick l ines represent the 

t w o mos t pars imonious p a t h w a y s c o n n e c t i n g the s e q u e n c e s o f the t w o varieties. O n e 

o f the c l o n e s o f KrCJ2 is not c o n n e c t e d to the main framework, because o f a 

s e v e n - s t e p de le t ion event . Refer to Table 3.1 for the a c r o n y m s used for the s a m p l i n g 

local i t ies . ( G e n B a n k a c c e s s i o n s o f c l o n e s CI - C 3 9 : F J 7 1 2 7 4 4 — F J 7 1 2 7 8 2 ) 
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3.4 Discussion 

3.4.1 Variability of the three genetic markers 

Engel et al. ( 2 0 0 8 ) compared eight markers in the mitochondria g e n o m e , 

together with the Rubisco spacer in the plastid g e n o m e , for their performance in 

analyzing the phy logeny and phylogeographical pattern o f nine laminarian and three 

fucoid species . The latter included no Safgassum species . S o m e markers were found 

to be suitable for within-family phylogene l ic studies, whi l e others were good at 

investigating intra-specific phylogeography. The T m W I spacer w a s shown to be one 

o f the suitable markers to investigate the variation at the intraspecific level (Engel et 

al. 2008) . Andreakis et al. ( 2 0 0 7 ) a lso found that the mitochondrial c-av2-3 spacer 

changed four and 14 t imes faster than the plastid Rubisco spacer and the nuclear 

L S U region, respectively, in the red algae Aspara^opsis spp. The result o f the present 

study agrees wel l with these f indings and clearly s h o w s that T m W I spacer exhibited 

the highest variability a m o n g the three markers considered (Table 3.3). Comparable 

to the result o f Andreakis et al. ( 2007 ) , the sequence divergence o f T m W I spacer 

w a s 10 l imes higher than that o f the nuclear ITS2 region, and 2.5 t imes higher than� 

that o f plastid Rubisco spacer. � 
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The number o f haplotypes revealed in the present study，however, w a s relatively 

f e w e r than those revealed in previous studies on other marine macroalgae. For 

example , there were four, 25 and 2 6 haplotypes in Aspa'ragopsis taxi for mis (De l i l e ) 

Trevisan de Saint-Leon for the markers Rubisco spacer, LSU region and Car2 -3 

spacer respectively, whi le there were one, 10 and 12 haplotypes for the same three 

markers respect ively in Asparagopsis armata Harvey (Andreakis et al. 2007 ) . The 

low number o f haplotypes in S. hemiphylluni, as compared with that in the other 

algae, may be attributed to the di f ference in evolutionary rates in different l axonomic 

groups as -well as a m o n g different genet ic markers considered. Nevertheless , the 

detect ion o f more haplotypes (four) in T m W I spacer compared to two in ITS2 and 

three in Rubisco spacer in this study indicates that the T m W I spacer is indeed able 

to reveal a f iner-scale phylogeographic pattern in S. hemiphyllum to demonstrate a 
9 

more rccent evolutionary history o f the species . The present study, thus, aff irms the 

» 

applicability o f us ing mitochondrial T m W丄 s p a c e r in studying the phylogeography 

of Sargassum species. 

3.4.2 Genetic population structure 

Whether the populat ions o f a spec ie s were genet ical ly structured or 

h o m o g e n o u s depends on the gene f l o w a m o n g populations, genet ic drift and natural 
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se lect ion (Freeland 2 0 0 5 ) . , F o r the connected populat ions with suff ic ient g e n e f low, 
» 

the genet ic diversity is usual ly high whi l e the population differentiation is l ow 

(Freeland 2 0 0 5 ) . In contrast, isolated populat ions with no g e n e f l o w p o s s e s s l o w 

diversity and high populat ion differentiation. The population o f S. hemiphyllum 

appears lo b e l o n g to the latter case as there is low genet ic d i v e r s i t ^ ( F i g . 3 .3 ) and 

s ignif icant population structure (Fig. 3 .5) , where a majority o f the genet ic variance 

« 

w a s found at the level o f varieties for all the three markers (Fig. 3 .4) . 

Germl ings o f Sargassum spp. have very restricted dispersal ability. Over 9 8 % , o f 

the germl ings o f S. spinuligerum Sonder occurred within the range o f 1 m bes ide the 

parent plants (Kendrick & Walker 1995) , w h i l e the vast majority o f the of f spr ing o f S. 

muticum were found within t w o to three meters o f the parent plants ( D e y s h e r & 

Norton 1982) . However , dispersal o f Sargasswn spp. may lake the form o f drifting 
- % 

w e e d s , as demonstrated to be poss ib le for S. muticum ( D e y s h e r & Norton 1982) or S. 

horneri (Turner) C. Agardh ( K o m a l s u et al. 2 0 0 7 ) . Drift ing Sargassum individuals 
i 

can b e c o m e fertile (Norton 1977a). This spec i f i c m e c h a n i s m may provide a chance 

for the dispersal o f Sargassum individuals lo moderate or longer distances , the 

degree o f w h i c h depends on various factors such as water current (Norton 1992). 

Desp i te the s e e m i n g l y isolated populat ions with l o w g e n e f low, the poss ibi l i ty o f 
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l o n g dispersal o f S. hemiphyllum c o u l d not be c o m p l e t e l y ruled out ( s e e s ec t ions 

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 w e r e s h o w n to b e genet i ca l ly dist inct based on ITS2 and R u b i s c o spacer (Fig . 

3 .2 ) . O n the other hand, there w a s a c lear d i v e r g e n c e b e t w e e n the Japanese-Korean 

(hap lo types T-C and T - D ) and C h i n e s e l i n e a g e s (hap lo types T-A and T-B) based o n 

T m W I spacer，although s o m e s p e c i m e n s o f the C h i n e s e l ineage w e r e found to be 

m i x e d wi th t h o s e in J p W Y ( s e e further d i s c u s s i o n in sec t ion 3 .4 .4 ) . T h e reciprocal 

m o n o p h y l y found at least in I T S 2 and R u b i s c o spacer, w h i c h is assoc iated wi th high 

pa irwise F s t va lues , c o u l d b e attributed to a historical i so lat ion by a relat ively o ld 

barrier, in accordance wi th the f ramework postulated by Zink ( 2 0 0 2 ) in inferring 
# 

populat ion history. It is a l so reasonable to a s s u m e that the d i v e r g e n c e s demonstrated, 

b a s e d o n the three markers, m a y represent a s ing l e vicariant event that occurred in 

the evo lut ionary history o f S. hemiphyllum. T h e d i v e r g e n c e o f the t w o variet ies , 

h o w e v e r , w a s not de tec ted in several earlier p h y l o g e n e t i c w o r k s on the g e n u s 

Sargassum (Phi l l ips & Fredericq 2000，Oak et al. 2002，Stiger et al. 2003，Phil l ips et 

al. 2 0 0 5 ) . Moreover , the t ime o f d i v e r g e n c e wi th in g e n u s Sargassum, w h i c h c o u l d 
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h a v e h e l p e d to t ime the d i v e r g e n c e o f the t w o variet ies found in this study, w a s not 

e s t imated in these s tudies for the t w o markers used ( R u b i s c o spacer and ITS). 

Ca lcu la ted based o n the R u b i s c o spacer s e q u e n c e s o f Phi l l ips and Fredericq 

( 2 0 0 0 ) , the t ime o f d i v e r g e n c e ( 0 . 5 6 - 0 . 9 0 M y a ) b e t w e e n the t w o variet ies o f S. 

hemiphyllum w a s f o u n d to l ie b e t w e e n the early and m i d d l e P le i s tocene , or in terms 

4 

o f a f iner g e o l o g i c a l sca le , the pre-I l l inoian period in North A m e r i c a or the 

Cromer ian c o m p l e x in Europe. T h e o x y g e n i so top ic -based eustat ic sea level es t imate 

(Mi l l er et al. 2 0 0 5 ) indicated a drop in sea l eve l ranging f rom 5 0 m to 9 0 m b e l o w 

the present leve l during 0 . 5 6 - 0 . 9 0 M y a , wi th a m a x i m u m o f o v e r - 1 2 0 m reaching 

the l eve l o f the last g lac ia l m a x i m u m (Mi l l er et al. 2 0 0 5 ) . Th i s drop in the sea level 

during the P l e i s t o c e n e c o u l d lead to the e x p o s u r e o f land m a s s and the fragmentat ion 

o f the marine habitat in N W Pac i f i c (Voris 2 0 0 0 )，w h i c h in turn caused the 

d i v e r g e n c e o f marine taxa that inhabited these areas (L iu et al. 2 0 0 6 , 2 0 0 7 , Tsang et 

al. 2 0 0 8 ) . D i f f erent g e n e t i c l ineages b e t w e e n the C h i n e s e and Japanese populat ions , 

s imi lar to that s h o w n in the t w o variet ies o f S. hemiphyllum in this s tudy，were 

revea led in other mar ine s p e c i e s in N W Pac i f i c such as f i s h e s (Liu et al. 2 0 0 6 , 2007)， 
I 

s h e l l f i s h ( Y o k o g a w a 1 9 9 7 ) and barnacle (Tsang et al. 2 0 0 8 ) , Liu et al. ( 2 0 0 7 ) • * 

p r o p o s e d three putat ive ref i ig ia zones，the S e a o f Japan, Y e l l o w S e a and South China 

96 



CHAPTER 3: Phvloucouraphv of 5. heminhvllum 

Sea, in N W Pacif ic to account for the three corresponding l ineages o f the fish Chelon 

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

Instead o f three refugia, the allopatric distribution o f the two S. hemiphyllitm 

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 N W Pacific. 

(Fig. 3.1). This region w a s suspected to be an enclosed to semi-enc losed marine 

region during the early Pleistocene due to the formation o f land bridges connect ing 

Taiwan all the way to the northern part o f the Ryukyu Island chain (Ota 1998). This 

refugium could have harbored the ancestral populations o f the variety hemiphyllum. 

In contrast, the ancestors o f var. chinense could have originated from the southern 

refugium in the area o f the South China Sea that w a s isolated from the East China 

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

The divergence o f haplotypes R - B and R-C o f Rubisco spacer within variety 

hemiphyllum w a s estimated to occur in the late middle Pleistocene (0 .19 Mya - 0 . 30 

Mya) . The distributions o f these two haplqjt^pes appear allopatric within Japanese 

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 o f Korea and its vicinity 

whi le haplotype R-C could have evo lved in the Japanese region during the glacial 

osci l lation in late middle Pleistocene. Towards the late Pleistocene, the sea level 

dropped to as low as - 1 2 0 m compared to the present sea level (Voris 2000) . The 

extensive East China basin was exposed, leading to the eastward expansion o f the 

“paleo-coast,，to as far east as the Ryukyu (Ota 1998).. The large vo lume o f discharge 

o f the paleo-Yel low and paleo-Yangtze Rivers (Fig. 3 .1) and its associated attributes 

such as low salinity and high sedimentation in the region o f eastern East China Sea 

near the Tsushima Strait (Xu & Oda 1999) could have contributed to the 

fragmentation o f the populations o f van hemiphyllwiu s ince those attributes such as 

soft substratum do not favor the establishment o f Sat-gassum species. This ecological 

barrier may block the dispersal between the much shrunken Yel low Sea and the Sea 

o f Japan refugia, g iv ing rise to further divergence o f the two subclades based on the 

Rubisco spacer within variety hemiphyllum. Nevertheless , the above interpretation o f 

the evolutionary history o f S. hemiphyllum should be v i ewed with caution s ince some 

o f the assumptions underlying molecular c lock approach in estimating divergence 

t ime were called into quest ion (Ayala 1997). 
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Bes ides the lowering o f sea level as the initial putative cause o f the divergence 

o f the two varieties o f S. hemiphyllum, the present ecological environment may help 

to reinforce/maintain the ef fect o f this separation, resulting in Iheir observed 

allopatric distribution. One possible factor that contributed to this reinforcement was 

proposed to be the freshwater discharge from the Yel low and the Yangtze Rivers in 

China (Cheang et al. 2008) . The effect o f the Yangtze River w a s found to extend as 

far east as the Tsushima Strait between Korea and Japan (Senjyu et al. 2006) . There 

w a s an evident Yangtze Ring Haline Front deve loped in the Yel low and East China 

•• 

Seas during spring and throughout summer due to the freshwater discharge from the 

Yangtze River (Park & Chu 2006) . This hyposal ine condition, as wel l as the unstable 

substratum deve loped from sedimentation in the coast nearby are bel ieved to exert 

adverse ef fect on the establishment o f Sargassum, which in turn create a dispersal 

barrier preventing the contemporary contact between the two varieties or even 

between the two l ineages within the variety hemiphyllum. 

3.4.4 Introgressive hybridization 

Haplotypes T-A and T-B o f T m W I spacer, which originated in southern 

population and are be l ieved to be the haplotypes o f variety chinense, are also found 

in the spec imens o f JpWY that possess variety hemiphyllum haplotype in Rubisco 
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s p a c e r (Table 3 .7) . T h e s e s p e c i m e n s may represent hybrids be tween varieties 

hemiphyllum and chinense, resulting from the cross o f the individuals o f variety 

chinense wi th those o f variety hemiphyllum, l eaving behind the haplotype o f variety 

chinense in the populat ion o f variety hemiphyllum. This process is known as the 

introgressive hybridization (Anderson 1953). 

Inlrogressive hybridizat ion，which is the incorporation o f the genes o f one 

spec ie s into the populat ions o f another species，has been documented in many marine 

spec i e s (e .g . m o o n jelly，Schroth et al. 2002，cichlid f ish, Sche l ly et al. 2 0 0 6 , corals, 

Wil l i s et al. 2 0 0 6 ) . T h e s e organisms were suspected to be recently diverged either 

allopatrically or sympatrical ly throughout the Pl iocene to Ple istocene. Whi le l ineage 

sorting is incomplete and the reproductive isolation has not yet deve loped during the 

relatively short course o f separation, either a recent or present secondary contact 

a l l o w e d the t w o recently diverged l ineages to merge again so that the mitochondrial 

g e n o m e could be introgressed from one spec ie s to another. This situation is highly 

l ikely to happen in the t w o varieties o f S. hemiphyllum, wh ich diverged during the 

early to middle Ple is tocene . 
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Table 3.7 List o f the potential hybrids identified based on various markers and their 

corresponding c lades labeled in Fig. 3.2. All spec imens are from Wakayama, Japan 

(JpWY). 

Spec imens Rbc spacer T m W I spacer 

JpWY5 R-C T-B 

J p W Y 6 R-C T-B 

JpWY7 R-C T-A 

J p W Y 8 R-C T-A 

J p W Y 9 . R-C T-A 

JpWY 10 R-C T-A 

JpWY 11 R-C T-A 

JpWY 12 R-C T-A 
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Another piece o f ev idence that supports inlrogressive hybridization in S. 

hemiphyllum is the multiple copies o f the ITS2 amp!icons obtained during its 

amplif ication. Oak et al. ( 2002 ) and Stiger et al. ( 2003 ) both utilized ITS2 as the 

genetic marker in resolving the phylogeny within ihc subgenus Bactrophyciis o f 

genus Sargasswn. N o n e o f them, however, has reported Ihc problem o f multiple 

copies o f PCR products when ampl i fy ing the ITS2 region. A l o n g with the f a d that 

most o f the spec imens in this present study could yield unambiguous sequences 

through direct sequencing, this may suggest that a major haplotype dominates in 

most o f the populations, whereas the individuals that could not be successful ly 

sequenced in particular populations may consist o f a pool o f copies that dfffered from 

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

These different copies o f ITS2 may have been unified or are in the process o f 

being unified into a s ingle type under the inf luence o f the "molecular drive" o f 

concerted evolution (Dover 1982)，which is the conversion o f multiple copies to a 

s ingle type o f D N A fragment in a spec ies during evolution through the processes o f 

unequal cross ing-over and biased gene conversion (Dover 1982，Palumbi 1994). 

Although this homogen iz ing force leads to a s ingle type o f cop ies in various 

mult igene famil ies such as the ribosomal operons that contain the ITS region (Dover 



CHAPTER 3: Phvlogcouraphv of .S'. hemiphvllum 

1982) , intragenomic variation o f ITS region w a s still documenlcd in various marine 

taxa such as crustaceans (Chu el al. 2001 , Harris & Crandall 2000 ) , sponge (Nicho l s 

& B a m e s 2 0 0 5 ) , corals (LaJeunesse & Pinz6n 2007) , diatoms (Alvcrson & Kolnick 

2 0 0 5 ) , seagrass (Valeria Ruggiero & Procaccini 2 0 0 4 ) and seaweed (Serrao et al. 

1999, Fama et al. 2 0 0 0 , Coyer et al. 2001) . This is similar to the situation observed 

in the present study on S. hemiphyllum. One o f the poss ible reasons accounting for 

the amplif icat ion o f multiple cop ie s o f ITS2 is introgressive hybridization with 

c lo se ly related spec ies during contemporary contact (Serrao et al. 1999, Coyer et al. 

2 0 0 1 ) . In brown algal genera Fucus Linnaeus and Macrocystis C. Agardh, the rate o f 

homogenizat ion o f concerted evolut ion w a s thought to lag behind the rates o f recent 

and rapid radiation o f the spec ies and/or the rates o f hybridization between two 

c lose ly related spec ies (Serrao et al. 1999, Coyer et al. 2001) . It would not be 

surprising that this scenario could also happen in Sargassum, which is a member o f 

the Phaeophyceae (brown algae) as wel l . 

3.4.5 Area of hybridization and directionality of dispersal 

The occurrence o f putative hybrids in J p W Y sugges ts that the southern Pacif ic 

coast o f Honshu, Japan could be a hybrid zone o f the two varieties o f S. hemiphyllum. 

The introgression o f the mitochondrial haplotype o f van chinense into those o f van 
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hemiphyllum but not vice versa indicates that the introgression is unidirectional from 

south to north. The dispersal from the southern van chinense to the northern van 

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 o f Japan (Fig. 3.1). 

Instead o f germ lings that disperse in a short range (Kendrick & Walker 1995), 

drifting thalli are more plausible means o f transport with the Kuroshio Current. In 

addition to the observation o f large mats o f drifting S. honieri in the East China S e a ， 

direct ev idence o f the transportation o f the drifting S. horneri was also documented 

from the Zhejiang Province (the mouth o f Yangtze River) to the eastern Kyushu o f 

Japan (Komatsu et ai 2007) . This transportation is likely to be mediated by the 

combined effect o f the coastal current (most probably the Yangtze Ring Haline Front 

due to the freshwater discharge from the Yangtze River, Park & Chu 2 0 0 6 ) and the 

Kuroshio Current. Sargassum hemiphyllum was also found in the drifting Sargassum 

assemblage right o f f the exact locality, i.e. Wakayama o f Japan (Komatsu et ai. 2007) , 

where potential hybridization is recognized in this study, and southern Kyushu and 

Shikoku beUveen March to July (Ohno 1984). A small number o f the detached thalli 

o f van chinense from southern China could be transported occas ional ly to JpWY by 
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drifting a long with the current, producing gametes that hybridize with var. 

hemiphyllum in JpWY. A similar situation was revealed in other marine spec ies such 

as the intertidal barnacle Tetraclita japonica [Pilsbry, 1916], in which putative 

hybrids could be found in the southern Pacif ic side o f Honshu, Japan (Tsang et ai 

2008) , an area that is geographical ly c lose to JpWY. A hybrid zone w a s also 

proposed for two spec ies o f Mytilus, M. trossulus [Gould, 1850] and M. 

gal lop ro vincialis [Lamarck, 1819], in Hiura (Inoue et al. 1997), which is near 

Wakayama (JpWY). 

The occurrences o f multiple cop ies o f ITS2 in the spec imens o f KrCJ and s o m e 

o f those o f 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 o f the two 

l ineages (haplotypes R-B and R-C) revealed based on the Rubisco spacer. These two 

l ineages were undoubtedly more c lose ly related than the two varieties o f S. 

hemiphyllum and hybridization between the two l ineages is highly probable. 

Not much information w a s obtained so far for marine hybrid zone in N W 

Pacif ic Ocean, though the genet ic population structure o f s o m e marine spec ies in this 
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area has been elucidated (c:f: Chiang et al. 2 0 0 1 , Zhang et al. 2 0 0 6 , Liu et al. 2 0 0 6 , 

2007) . The potential hybrid zone revealed in various marine organisms such as 

bivalve (Inoue et al. 1997), barnacle (Tsang et al, 2 0 0 8 ) and S. hemiphyllum in this 

study may suggest a c o m m o n hybrid zone o f marine taxa in N W Pacif ic , from where 

the recently differentiated l ineages 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 o f 

nuclear marker in associat ion with cytoplasmic markers appears critical in 

determining any hybridization event o f the marine taxa, and in turn, the exact hybrid 

zone in N W Pacif ic Ocean. 



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) and many macro and microalgae are involved 

(Boudauresque & Verlaque 2002). These non-indigenous organisms, by definition 

(Williamson & Fitter 1996), exert adverse effects and cause, in most cases, a 

permanent 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 needed for a better management strategy to deal 

with them (Sakai et al. 2001). Phycological studies utiliz^j^ this approach have 
I 

helped to reveal cryptic diversity of various invasive or introduced marine algae such 

a^ Undaria pinnatifida (Harvey) Suringar (Mclvor et al. 2001, Voisin et al. 2005， 

Uwai et al. 2006a, Aridreakis 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 variability of its 
« • 

invasive or native populations. Sargassum muticum was previously known as S. 

kjellmanianum Yendo forma muticus (see Yoshida 1983 for details), and was later 
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raised to the species level by Fensholl (1955). Among the three closely related taxa, 

S. muticum forma longifolium (Tseng & Chang) Yoshida (originally as S. 

kjellmanianum f longifolium) was postulated as an ecological variant that occurred 

mainly in northern China (Critchley 1983a); S. kjellmanianum Yendo was suggested 

to be conspecific with S. miyahei Yendo and was thus transferred to S. miyahei 

(Yoshida 1978). S, kjellmanianum forma muticus {S. muticum), which is found 

mainly in the warm current affected Japanese coast, was suggested to differ 

morphologically from S. kjellmanianum (S. miyahei)^ which occurs in the cold 

current region, in its basal leaves and vesicles (Yendo 1907). Sargassum 

kjellmanianum f. muticus possesses larger leaves and muticous vesicles, when 

compared with the mucronate vesicles of S. kjellmanianum (Yendo 1907, Critchley 

1983a). Okamura (1928) also revealed \wo forms of S. kjellmanianum sensu 

Okamura, which differ in their leaf 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. miyahei 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 
• V 

North America in 1944 (Scagel 1956) and in the Atlantic coast of Europe in 1973 
» 鉀 

(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 ai 2007, for alternative view refer to Grizel & Heral 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 range, the local marine floral 

communities were altered with (Harries et al. 2007b) or without (Karlsson & Loo 
I 

1999) substantial harmful effect on the recipient algal assemblages, and some 
* •‘ 

stability was apparently achieved several years after introduction (Critchley 1983a, 
> 

Critchley et al. 1990). While Japan is the only suspected source population of S. 
1 > 

- ’ -muticum in North America, there were two possible ways of introduction for the « 
I 

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

both Japan and British Columbia of Canada (Grizel & H6ral 1991). Canada， 
• 4 i 

• . 
\ * 

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

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

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

• 

• 
‘ \ 

& . -

In the past decades, many researchers had focused on the basic biology and 
• • 、 . 、 

’ ecology of S. muticum (e.g. Deysher & Norton 1982, Espinoza 1990, Hwang & 
、 ‘ ‘ 二 “ - f 

Dring 2002), through which to decipher the reason behind the rapid expansion of this 

species (Norton 1976, Andrew & Viejp 1998，Steen & Rueness 2004). N u m ^ u s 
• - “ ' ‘ • 

- • . • « 

~ec6-physiological characteristics, such as the euiythermal，euryhaline nature of the 
* 、 ‘ ' 

• • . . • ‘ -

species (Norton 1977b, Hales & Fletcher 1989)，timing of its reproduction during 
- "j 

‘ ‘ ‘ ‘ ‘ 

summer, competitive advantage offered by the higher growth rate of its germlings 
• . • ‘ 

、 ， 

. compared to that of other fucpid species (Steen & Rueness 2004)，the capabilities for 
. ‘ . r • ’ . 

it to self fertilize and to retain its geirnlings 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 (Fernandez 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 

lineage(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 et 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 Ruhisco spacer in the plastid genome, respectively. The two specimens 

V studied by Stiger et al. (2003) came only from Japan, while the two specimens 

studied by Phillips et 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 et 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 
t 

(e.g. Zuccarello et al. 2002，Gurgel et al. 2004，Andreakis et al. 2007). This study, 

thus, utilized one marker from each of the organelle genomes, namely Ruhisco 

spacer in CpDNA (Phillips et al. 2005) and 7>"W_I spacer in MtDNA (Voisin et al. 

2005), as well as the nuclear marker, ITS2 (Stiger et 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，Staehr et al. 2000, Tseng & Lu 2000, Loughnane & Stengel « 

2002, Galysheva 2004, Harries et al. 2007a). All records listing S. kjellmaniamim 

Yendo f. muticus, S. kjellmanianum sensu Okamuna and S. kjellmanianum sensu 

Tseng et Chiang were considered to be S. muticum (Yoshida 1998). Specimens of S. 

muticum’ which were identified based on the criteria of Yoshida (1983), were 

collected 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 

l U 
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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. 

Localities Acronym Date o f 
collection 

No. of No. o f Rbc 
Collectors ITS2 spacer 

scQucnccs scQucnccs 

1. Tateyama, Chiba Prefecture, Japan 
(139°51，E, 34°59，N) 

2. Yaizu, Shizuoka Prefecture, Japan 
(138®19'E, 34°51，N> 

3. Awaj ishi , Hyogo Prefecture, Japan 
(135°rE, 34�34’N) 

4. Oojima, Yamaguchi Prefecture, Japan 
(132。26，E，33°57'N) 

% 

5. Jangheung, Chollanam-Do, South Korea 
(126°56，E，34°27，N) ‘ 

6. Beidaihe, Hcbei Province, China 
(119。3rE，39°49'N) 

* 

7. Rungchcng, and Weihai, Shandong 
Province, China 

(122。29，E, 37。09’N and 122°7'E, 37。30,N) 

8. Qingdao, Shandong Province, China 
(120°21，E，36°2'N) 

9. Newcastle Island, Nanaimo, BC, Canada 
(123°56 'W49°10 'N) 

10. Corona del Mar, CA, USA 
(117。52，W，33。35，N) 

11. Bergen, Norway 
(5°18'E, 60°23'N) 

12. Conncmara, Ireland 
(9�56，W，53�32，N) 

13. Pembroke, UK (4。56’W 51。42，N> 

14. Helgoland, Germany 
(7。52，E，54°10'N) 

15. Saint-Vaast-la-Houguc, France 
(1�16，W，49�35，N) 

16. Rue du Car。，Brest, France and 
Pcrharidy, Roscoff, France 

(4°29 'W, 48°33'N and 4。rw，48°43'N) 

17. Pormenande; El Franco, Spain 
(6。49'W，43°33'N) 

JpTY 

JpYZ 

JpAJ 

JpOJ 

KrJH 

CnBDH 

CnRC and 
CnWH 

CnQD 

CanBC 

USACA 

NorBc 

IrCo 

UKPem 

GeHcI 

24 Jan 07 

30 Jan 08 

X Apr 07 

3 Apr 07 

3 May 07 

10 May 05 

20 Jun 07 
and 26 

Jun 07 

13 Jun 04 

20 May 07 

24 Apr 07 

D. Fujita 

K. Matsuyama-
Scrisawa 

C.C. Chcang and 
P. O. Ang 

C.C. Chcang and 
P. O. Ang 

H . G . Choi 

C.C. Chcang and 
S. C. C. Sucn 

D. Duan 

C.C. Chcang and 
P. O. Ang 

K. Man-

J. Smith 

FrSVLH 21 Jan 04 P. O. Ang 

FrBr and 
FrRo 

10 Apr 05 O. Ang 

15 

7 

11 

9 

6 

5 

10 

4 Jul 04 K. Sjotun 

1 Dcc 03 A. Critchlcy 5 

03 Dcc 03 A. Critchlcy 

30 Jan 07 M. Mol l is 

10 

15 

7 

13 

13 

8 

5 

5 

6 

13 

10 

17 

SpPor May 07 C. Fernandez 6 
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105 150°E 

iiooyy 

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 TmW I spacer is shown inside the donut chart. Frequency 
of various haplotypes was indicated in the donut charts for each population. 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 arc 

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 II Kit (BIO 101 

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

2000). 

4.2.2 Polymerase chain reaction (PCR) and direct sequencing 

Spacer between the Rubisco large and small subunil in plastid DNA, spacer 

between TmW and Tml 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 
1 

3). These markers were applied in this study (Table 4.2), using PCR profile as 

follows: initial 3 min at 9 6 � 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 TrnW I spacer. 

Markers 
Forward/ 

Backward 
Sequences 

ITS2FC2': 5’-TTGTCGGGGAGGAGGAt}Ci-3’ 

25BR2-Reverse^: 5‘-TCCTCCGCTTAGTATATGCTTA-3 
ITS2 

R 

Rubisco 

spacer R 

RBCLFT: 5'-GACCTTTAAAAGCAGCTTTAGAT-3 

M1 R4: 5 ‘ -CCCC AT AGTTCCCT A AT ACGC ATT-3 ‘ 

T m W J 

spacer 

F TmW-I-FC: 5 '-GTTCAAGTCCCTCTCTTTCTGT-3 ’ 

R TmW-I-R^ 5'-CCTACATTGTTAGCTTCATGAGAA-3 

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

2 based on Yoshida et al. (2000). 
3 modified from the sequence (GenBank Accession number: AF292068) of 

Sargassum muticum (Phillips et al. 2005) 
4 based on Cheang (2003). 
5 modified from the sequence (GenBank Accession number: AY494079) of 

Fucus vesiculosus (Oudot-Le Secq et al. 2006) 
6 based on Voisin et al. (2005). 
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using the software MEGA ver. 4 (Tamura et al. 2007). New sequences obtained were 

deposited in GenBank. 

Heteroplasmy of the mitochondrial markers in Fucus serratus Linnaeus has 

been documented (Coyer et al. 2004). The problem of heteroplasmy could hinder the 

applicability of the mitochondrial marker in phylogenclic 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 
I 

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 

order to analyze the phylogenetic relationships among populations. Akaike 

information criterion implemented in Model lest ver. 3.7 (Posada & Crandall 1998) 

was applied, a priori, to estimate the appropriate 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 TmW—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 added 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 least 1,500,000 generations with the bum-in value set to the later third-forth of 

the sampling trees, in which consensus was readied for the two parallel runs. 

Posteriori possibility was then calculated from ihe sampled trees to illustrate the 
« 

statistical confidence for the BI tree. Sar^assum thunhergii (Mertens ex Roth) 

Kuntzc, S. pallidum (Turner) C. Agardh and S. miyahei were designated as 

outgroups, since they were all phylogenetically closely related to S. muticum (Sliger 

et al. 2003, Phillips 2005). The number of haplotypes was recorded for each 

sampling locality. The computer software TCS ver. 1.13 (Clement e/ al. 2000) was 

utilized to generate the TCS hapiotype 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 hapiotype and nucleotide diversities were calculated. Both 

Tajima's D (Tajima 1989) and Fu's Fs (Fu 1997) neutrality tests were carried out to 

evaluate if the markers utilized are selectively neutral. This could be assessed- by ihe 

significant negative values to reveal whether the populations have undergone recent 

range expansion (Chiang et al. 2004). The mismatch distribution analysis was also 

conducted to detect any history of sudden range expansion. 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 Sar^assum niuticum and S. miyahei 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. miyahei 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. niuticum 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. Tlie northern 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) doubled if the 

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

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 S. 

muticum had been reported, resembled S. muticum morphologically. But sequences 

obtained from their ITS2 region, when blasted against those in the GenBank, indicate 

that they are unlikely to be S. muticum (data not shown). Materials from southern 
* 

China identified as S. muticum in CK Tseng Herbarium in Qingdao, 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 TmW I spacer regions 

respectively were obtained (Table 4.1). The aligned sizes of ITS2, Rubico spacer and 

TmW 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 TmW_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 introduced 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. miyahei 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 spaccr, and (C) TmW I spaccr. The same topology of the 
trees was obtained for the maximum parsimony (MP), Baycsian inference (BI) and maximum 
likelihood (ML) approaches. Bootstrap values (1000 replicates for NJ’ MP and 100 for ML) for NJ 
(regular), MP (italic) and M L (bold) methods and the posteriori probabilities of Bi (bold and italic) 
method arc indicated at the nodes. Available sequences from GcnBank arc included in the trees for 
ITS2 {S. muticum: AYl50003, AB043503-4, AB043772-4; S. miyahei: AB043105, AB043502, 
AY 150007; S. pallidum: AB038274, AY 150002; S. thunhergii: AB043573), Rubisco spaccr {S. 
muticum: AF244330-1, AF292068’ AJ287854; S. thunhergii: AF244332, AF 244343) and TmW_l 
spaccr (5. thunhergii: FJ712742). _ 
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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. thunhergii (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. miyahei from Cheju Is.), which were clustered 

within the clade 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 sequences 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). Haplotype A was the most dominant haplotype (GenBank 

accession: FJ712727), which could be found in samples of S, muticum from all the 
* 

introduced areas plus almost all those from its native range (Fig. 4.1). Haplotype B, 
r 

(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 ITS2^ and Rubisco spacer 

regions, neither the diversity indices, the neutrality test nor the mismatch distribution 

analysis could be carried out for these two markers. In the case of TmW I 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 

S. mutic'um’ the haplotype diversity (0.3652 士 0.0550) was high compared to the 
V J 

nucleotide diversity (0.0041 士 0.0035). Both Tajima's D test and Fu's Fs 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 population (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 士 SD 

兀 土 SD 

Neutrality test 

Sample size 

Tajima's D test 

Fu’s Fst test 

0.3652 ± 0.0550 

0.004127 ±0.0035 

80 

1.25,/;二0.88 (M.S.) 

3.13,/7=0.90 (N.S.) 

Mismatch distribution analysis 

Sum of Squared Deviation 0.13, /7=0.073 (N.S.) 

Raggedness index 0.67,/?=0.196 (N.S.) 

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

standard deviation;兀：nucleotide diversity 
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Figure 4.4 Observed (bars) and expected (line) mismatch distributions of the native 
populations of S. miiticiim under a model of sudden demographic expansion for ihe 
TmW I 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. miyaheL 

Although S. miyahei 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 there 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. miyahei，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. 

hemiphyllum is ramifying and that of S. muticum, discoid in shape. This same 

diagnostic feature may also be used to differentiate between S. muticum and S. 

miyahei in which the holdfasts of S. miyahei 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. 

miyahei 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 
« 

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

miyahei 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 helerozygoticity or the inlragenomic 

variant of the gene family (Dover 1982). These 伊o sequences should be excluded 

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 haplolypes 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 sparsely 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 lo the typical S. muticum, while 

haplolype A could be associated with the non-typical S. muticum with larger leaves. 

The two morphologically different forms originally described as S. kjellnianianwn 

(5. miyahei) and its forma muticus [S. muticum) by Okamura (1928), though they 

were suggested to be conspccific 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 specimens of both haplotypes examined in the 

present study, the basal leaves of which are all smaller than 2 cm in length (data not 

shown). While this may be due to differences in the growing stage of the present 

specimens examined, the fact that these two recently diverged cryptic lineages could 

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

Populations of S. muticum found along the coast of northern China possess 

identical haplotype for the three markers with those from central Japan. This 

suggests that S. muticum found in these two regions are conspecific. This finding is 

consistent with the postulation of Yoshida (1978) that S. muticum f. longi/olium, 

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 TmW I 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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neutrality tests (Table 4.3). For mismatch distribution analysis, the p-valuc of SSD 

appears marginal (/7=0.073), and the 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 al‘ 2008, r=0.0004-0.()01 for ancmonefish, 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 thai show reciprocal monophyly 

probably possess a history of isolation. As the populations with the two haplotypes of 

TmW I spacer appear reciprocally monophyletic with a slight variation (2/177 bp), it 

is reasonable to postulate that the lineages 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 5. hemiphyllum (Cheang et al. 2008). The separation of the populations due 

to the formation of ancient refugia in NW Pacific has been postulated lo lead to the 

divergence of S. hemiphyllum (Cheang el 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 area of refugium for haplotypes A could be 

the Sea of Japan basin and/or the East China Sea basin. These areas were 

hypothesized to be isolated during the middle Pleistocene (Ota 1998), and were 

involved in the lineage differentiation of various marine lives such as the fish Chelon 

haematocheilus [Temminck & Schlegel, 1845] (Liu et al. 2007), the Dall's porpoise 

Phocoenoides dalli [True, 1885] (Hayano et al. 2003) and S. hemiphyllum (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 et al. 2001, Voisin 

et al. 2005) in which cryptic diversity has frequently been discovered, S. muticum 

exhibits no cryptic diversity in the introduced 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 invasiv^ macroalgae such as 

Codium fragile (Suringar) Hariot (Provan et al. 2008) and Unclaria pinnatijida 

(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 1 

to 20 (Table 4.4), depending on the variability of the markers examined. No concrete 

evidence of multiple introductions was found in S. muticum, unlike that, for example, 

demonstrated in Undaria pinnatijida (Voisin et al. 2005). Moreover, S. muticum 

does not exhibit hybridization, which occasionally occurs in other invasive species 

such as Caulerpa raceniosa (Forsskal) J. Agardh and C taxifolia (M. Vahl) C. 

Agardh in their introduced range (Verlaque et al. 2003, Meusnier et al. 2004). 

130 



\A Summary of the gene 
heir native (N) and introd 
ket are the numbers of seq 

CHAP1 LK 4: Phvloucoaranliv ofW. mutu um 

•
I
 

(
d
8

 s
)
 
I
 

(
d
s
l
、
s
%
‘
)
 
I

 ：
一
 

〕
(
d
8
 §

 一
 

species, 

(
d
8
 
e
l
)

 二

 
：
i
 

U
d
S
、
6
)
 
L
 

(
d
s

 ,、s
 

/
s
n
)
 二

 N
*
 

(

d

l

l
 
/
9
i
:
)
9
l
 

H
d
Z
.
卜
l
)
n
 :
N
 

d
 
d
 

(
J
0
0
9
 U
B
A
)

 
s
\
)
p
!
o
s
o
l
u
3
t
u
o
J

 .d
s
s

 
(
y
!
s
p
{
f

 u
m
!
p
o
〕 

q
p
j
B
S
v

 .
0
 .
2
)

 m首
I

 a
t
l
u
 

q
p
j
e
S
v
 .
f

 (
l
f
>
I
S
S
J
0
j
}
.
5
0
i
:
>
a
、
a
d
j
d
一
n
D
〕 

E
工
q
d
o
j
o
l
q
〕
 

|
B
U
!
S
!
J
O
 u
!

 |
}
a
s
n

 S
B
.
W

 3
d
‘
《
名
I
d
B
f
 j
o
 P
S
J
S
U
!

 a
d
u
o
p
p
u
l
 

vc marine macroalgae 
in ihc literature. Inside 
populations considered 

V lie variability of the ii 
uced (I) ranges as reported 
uences over the numbers of 

(
d
l
)

 
一
 "
I
 

H
d
6

 e
s

 
一
 ：
N
 

/ 

(
d
6
1
 
e
f
)
6
 

K
d
l
 
/
I
)

 
I

 :
N
 

u
/
t
c
f
m
l
u

 t
u
f
曰
n
s
.
s
s
 

n
f
:
>
i
f
f
i
m
u
i
f
d

 3
.
5
f
n

 广

 q
 

J
e
M
u
f
J
n
s
 
(
x
3
‘
u
e
H
)
 
D
f
n
J
.
f
i
D
U
U
J
d

 n
f
.
w
}
n
3
 

X
o
一
j
E
Q
 .
f

 f
.
c
.
u
5
f
 D
f
U
O
l
f
d
f
s
X
p
j
 

t
j
j
二
m
b
i
l
 D
f
d
n
o
l
d
w
J
O
 

.
^
o
.
c
w
x
 n
m
u
.
5
 s
f
s
d
o
s
p
s
d
s
y
 

3 

Table 4 
within t 
the brae 
for each 

J
3
3
B
d
s
 J
3
3
E
d
s

 c
^
i
o
^
 

J
q
s
d
-
f
q
s
d
 e
s
d
l
-
9
1
-
d
>
l

 s
'
5

 
§
 
S
8
l

 u
s
l
u
l

 N
s
l
l
-
l
s
l
r

 I
S
I
I

 s
p
o
d
s

 O
A
I
S
B
A
U
I
 



Pl
as

tid
 m

ar
ke

r 

tm
G

-5
S 

sp
ac

er
 

R
bc

L 

M
ito

ch
on

dr
ia

l 
m

ar
ke

r 

R
bc

 L
-S

 
sp

ac
er

 
C

ox
2-

3 
sp

ac
er

 
C

ox
3 

T
m

W
-I

 s
pa

ce
r 

O
th

er
 m

ar
ke

rs
 

Fi
rs

t 
re

co
rd

 
H

ap
lo

ty
pe

 
or

 e
vi

de
nc

e 
of

 y
ea

r 
of

 
ne

w
ly

 
in

tr
od

uc
tio

n 
hy

br
id

iz
ed

 i
n 

in
tro

du
ce

d 

R
ef

er
en

ce
 

N
: 

2 
(3

2/
 8

P)
; 

I: 
1 

(5
5/

 1
5P

) 

M
or

ph
o-

lo
gi

ca
l 

da
ta

 
19

26
 

19
84

 

Ye
s 

Ye
s 

pl
as

tid
 m

ic
ro

-  
•-

丨
 9

0
0

 
N

o
 

s
a

te
ll
it

e
 d

a
ta

 

V
e

rl
a

q
u

e
 e

f 

a
l.
 
2

0
0

3
 

M
e

u
s
n

ie
r 

er
 

a
l.
 2

00
4 

Pr
ov

an
 e

t 
al

. 
20

05
 

N
: 

2 
(4

/ 
3P

): 
I:

2
(6

/4
P

) 

N
: 4

 (
4/

 4
P

): 
1:

 2
(1

8/
 

18
P)

 

N
:  

1 
(1

 / 
IP
)：

 

1
 (

2
3

 
/8

P
) 

N
:丨

（
3

/2
P

):
 

1:
 1

2
(2

2
/ 

lO
P

) 

1
9

2
0

's
 

1
9

7
0

's
 

1
9
0
8

 

U
n

k
n

o
w

n
 

N
o

 

N
o

 

A
n

d
re

a
k
is

 
et

 

a
l.
 

2
0

0
7

 

G
av

io
 &

 
Fr

ed
er

ic
q,

 
••O

TP
 

M
cI

\ o
r e

t a
l. 

20
01

 

u)
 

K
) 

N
:丨

（
7
0

 
9

P
):

 

I:
 

1
 

(7
1

 
9

P
) 

N
: 

9
(1

0
6

' 

2
1

P
) 

•
•
N

: 
8

(1
1

8
 

5P
); 

I: 
20

(4
75

 
16

P)
 

N
:2

(7
9

,9
P
)
：

 
1：

 

1
(6

9
 
9

P
) 

1
9
7
1

 

N
A

 

N
o

 

N
A

 

o  
N  

3  

^  A  ̂  

V
o

is
in

 e
t 

a
l.

 

2
0

0
5

 

U
w

a
i 

el
 

a
l.

 

2
0

0
6

b
 

Th
is

 s
tu

dy
 

th
e 

re
su

lt 
on

 c
on

ca
te

na
te

d 
se

qu
en

ce
s 

of
 tr

nl
 

W
 s

pa
ce

r 
an

d 
at

p8
_t

rn
S 

sp
ac

er
 

( = > p , n 」 <  
分  p h v l o u g m r a p h v  o r , s . .

 m u f k - u / s  



CHAPTER 4: Phyiogco|graphy 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 thai we examined, only one 

haplotype in ITS2 and Rubisco spacer, and two haplotypes in TmW I spacer regions 

were found, indicating a low genetic variability. The only comparable example of 

invasive species with such low genetic variability is Cocliwn 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 et 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 thai 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 account for its eurythermal and euryhaline 

abilities that eventually offered an eco-physiological advantage in its range 
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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 S. muticum. Photoperiodicily, 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, Cf-assostrea gigas (Critchley & Dijkema 1984, Goulletquer 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 thai 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 interlidal zone where the spats were exposed and 

submerged regularly following the tidal cycle 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 [Linnaeus, 1758], Crilchley & 

Dijkema 1984). Mincur et al. (2007)，however, were able to rear S. muticum from 

adult C. gigas after the treatments of a, series of testing conditions as well as the 

usual cleaning practice of commercial exportation. 

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 thai the 

populations of S. muticum had been established before World War II. 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 
4 

northeastern Honshu of Japan (Barrett 1963). This area and its vicinity, which were 

also evident to be the source locality for the introduction of the gastropod Batillaria 

attramentaria [Sowerby II, 1855] in the American Pacific Northwest associated with 

the import of Pacific oyster (Miura et al. 2006), is the centre of the seed-producing 

industry of C. gigas (Barrett 1963). The other potential source location is the 

Kumamoto 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 

compared 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 Miyagi is less likely to be the source location because the haplotype B of 

TmW I 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. Should 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 
/ I 

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 oyster 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. Scagel 1956, 

Barrett 1963, Quayle 1964, Grizel & HSral 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 (Steele 1964). Since the American and Seto 
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inland sea populations shared the same TrnW 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 et al. 1973). The first 

area of introduction was suspected to be northwestern France as a result of 

uncontrolled transport of C gigas from British Colombia, Canada by air during 

1970-1975 (Famham et al. 1973, Grizel & Heral 1991), though oyster spats were 

also introduced from Sendai, Miyagi Prefecture (Fig. 4.1) of norlheaslerrt Honshu of 

Japan during 1971-1977 (Grizel & Heral 1991). The oyster industry was, thereafter, 

self-sustaining using broodstocks in Europe (Grizel & H6ral 1991，Mineur 2007). 

Compared to Sendai, British Columbia is more likely to be the source location of 

introduction in Europe, since haplotype A (of non-typical S. muticum) found in 

European populations wa—s 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 Zeeland district of the 

Netherlands were morphologically similar to those in Selo Inland Sea population and 

did not represent the typical form of the lectotypes found in Wakayania, Japan. This 

observation was also supported by the present findings that the haplotype of the 

European populations were- all the same as those of non-typical S. muticum in 
% 、、 

Oojima in the Seto Inland Sea, rather than those in Tateyama and Yaizu which most 

likely represent the typical S. muticum. 
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Based on the results of this present study, il would not be possible to infer 
% 

whether the range expansions of S. miiticum in North America and Europe are the 

results of single or multiple event(s) of introduction. The elucidation of the finer 

introductory routes of S. muticum awaits the use of more variable genetic markers, 

such as the other more variable mitochondrial marker and nuclear microsatellite loci. 

This study，nevertheless, reveals two recently diverged lineages in the native range of 

S. muticum^ and indicates that the lineage originated in central and western Japan, 

South Korea and the northern China dominate all the introdiTced population. By 

incorporating information from the literature, this study helps to elucidate the 

potential source area of the invasive S. muticum in its nativ^range. 
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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 

systematics 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 us to deduce any past (vicarianl) event in the earth history 

which had governed the evolutionary history of the biota of the said region (Arbogasl 

& Kenagy 2001, Zink 2002). This comparative phylogeographic approach (Avise 

2000) has revealed the existence of vicarianl 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 phylogeographic information on several 

maritime species such as the American oyster (Reeb & Avise 1990), the horseshoe 

crab (Saunders ei 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). Moreover, recently identified ancient marine refugia in northern 

Europe were hypothesized to have played a role in shaping the genetic structure of 

several macroalgal species (Provan et al. 2005). The high haplotype and nucleotide 

diversities of a European red algiU 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 species during the glacial period. The species recoIonized the 

other European coast as far west as Iceland and also the North America thereafter 

(Provan et al. 2005). Phylogeographic studies on the brown alga Fucus serratiis 

Linnaeus, using microsatelliles (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 Ireland. Both pieces of evidence point to the same 

conclusion that the England Channel and SW Ireland were probably two of the 
I 

ancient refugia for seaweeds in Europe. 

Other than investigating the congruence of evolutionary histories of organisms 

belonging to different taxonomic groups found in the same area, study on some 

closely related species could ajso provide important insight on not just the common 
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response to the geological vicariant event, but also the idiosyncratic ecological 

responses underlying the evolutionary history of these organisms (Rocha et al. 2002). 

For example, Lsourie et al. (2005) revealed two general patterns of genetic break in 

Southeast Asia among four species of seahorse belonging to the same genus 

Hippocampus. The difference in the break pattern was suggested to be related lo 
- 一 ） 

individual ecological responses of different taxa towards a common" geological event 

(e.g. the Pleistocene fragmentation of marine basins) (Louric et al. 2005). 

Unlike the above mentioned cases in East Atlantic, European and Tropical 

Indo-west Pacific waters, only very limited number of comparative phylogeographic 

works has been done in NW Pacific. One of these on the interlidal snail (genus 

Cerithidea) was carried out in Ryukyu, Japan lo verify the existence of any analog to 

the two well Rnown terrestrial genetic breaks, Tokara and Kerama gaps, in the marine 

fauna (Kojima et al. 2006). Although some degrees of genetic divergence within 

these three Cerithidea species were verified, this study covered only a relatively 

small area within the NW Pacify; 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 et 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 lo be related to the sea level 

fluctuation during the Quaternary period (e.g. Lourie et al. 2005, Liu et al. 2006, 

Timm & Kochzius 2008), the frequent alternation 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 et al. 2007). Inconsistencies do exist in the patterns of genetic structure 

examined among closely related species (e.g. Sar^assum hemiphyllum vs. S. 

muticum, see Chapters 3 and 4), making it difficult lo interpret the implications of 

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

Besides the Tokara and Kerama gaps in Ryukyu, which were believed to be 

important in contributing lo the genetic break among populations of some marine 

species in NW Pacific (Kojima et al. 2006), two 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^as.sum heniiphyUum (Chapter 3). A clear 
t ' ‘ 

divergence between the two varieties, 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 varieties was 

believed to be maintained by the large volume of freshwater discharge from the 
I 

Yellow and Yangtze Rivers in China (Cheang el al. 2008), with a genetic break 

located between the regions from Zhejiang Province, China to Cheju Island, Korea. 

In contrast, the phylogeographic work on another Sar^assum species, S. muticuni 

(Chapter 4), reveals no genetic 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_I spacer. This apparent contradictory finding on these two closely 

related species (both belong to the same subgenus Bactophycus) might suggest their 

differential responses to the past geological evenl(s) due to some specics-spccific 

biological properties. 

To gain a belter understanding of how geological cvent(s) could affect closely 

related species, such as those belonging to the genus Sargassum in NW Pacific, the 
4 

genetic structures of additional species of Sargassum were examined. Four species of 

Sargassum, all belonging to subgenus Bactrophycus, were selected for this purpose. 
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These species, Sai-gassum hemiphyllum, S. fusiformc, S. muticum and S, thunhcrgii. 

are not only four of the top ten most widely distributed Sar^assum species in NW 

Pacific (Chapter 2)，they also exhibit two distinct distribution patterns (Fig. 5.1). 

Sargassum hemiphyllum and S. f us ifor me are discontinuously distributed. They are 

not found inside the highly blackish Bohai region along ihc Chinese coast (Fig. 5.1 A, 

B). In contrast, both S. muticum and S. thwihergii arc distributed continuously along 

the Chinese coast. They are found abundantly inside the Bohai Gulf (Fig. 5.IC, D). 

The region of Bohai Gulf, together with the coastal regions along the Yellow Sea to 
4 

East China Sea, constitutes the area heavily affected by the freshwater outflow from 

the two big rivers of China, Yangtze and Yellow Rivers (Chcang 2003). The 

associated environmental conditions, such as low salinity (Sleen 2004) and heavy 

sedimentation (Umar et a/. 1998), do not favor the growth of most Setr評sum 

species that require oceanic condition and a hard substratum. This sea region with its 

adverse condition for Safgassum was postulated to provide a dispersal barrier in 

maintaining the genetic differentiation among some specics of Sar^assum (Chcang ct 

al. 2008). 

By investigating the genetic 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 Sar^assum hcmiphyllwu (A), S. 
fusifonne (B), S. thunhergii (C) and S. muticum (D) in NW Pacific. Graphs A and B 
refer to species with discontinuous distribution which docs 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 pallern of the four Sargassuni species was examined based on 

the literature records (Chapter 2). As much as possible, samples were collected 

throughout 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. Nonetheless, the location and number of 

sampling sites for each species should be representative of its distribution range. 

Specimens were collected 1 - 2 m apart to avoid collecting individuals from the 
t.s 

%. 

same mother plant, as Sargassum germlings are known lo 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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Tabic 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: .fouthem regions. For 
details of these regions, refer to descriptions given under the Materials an梦 Methods. 

Local i t ies 
A c r o n y m 

(N /C /S) 

Date o f 
co l lect ion Col lectors 

Sargassum hemiphyllum 
HI . Scto Marine Biological Laboratory of 
Kyoto University, Wakayama Prcfcclurc, 

Japan(135°20'E, 33°41，N> 

\ \2. Shishikui, Tokusliima Prcfccturc. 
Japan (134°18'E,33°33'N) 

JpWY(N) 22 Mar 01 

JpTS(N) 7 Apr 07 

M. Sato 

C.C. C h c a ^ & 
P. ()• Ang 

H3. Sukujmo, Kochi Prcfccturc, Japan 
(132。42，E，32。54，N) JpSIVUN) 6 Apr 07 

C.C. Chcang & 
I). O. Ang 

H4. Kawatana, Nagasaki Prcfccturc, 
Japan (I29。52’[i，33。03，N) JpNS (N) 19 Apr 07 N. Murasc 

H5. Sungsan, Chcju Island, South Korea 
( I26°56'E, 33。27’N) KrCJ (N) 丨4 Feb 01 II. K im 

H6. Hoatian, Pin Tan, Fujian Province, 
China (119°47'E, 25°40'N) CnFJ (S> 25 May 01 Y. Zhang 

H7. Kwangyinting, Pcnghu, Taiwan 
(119°33'E, 23°34'N) 

C.C. Chcang & 
TwPH (S) 24 Mar 02 p q . Ang 

H8. Sai Kung, Hong Kong, China 
(114°16'E, 22'^22'N) MkSK (S) 26 Feb 02 I'. I". Yciing 

H9. Naozhoudao, Zhanjiang, Guangdong C.C. Chcang & 
Province, China (110°37'E, 20°55'N) C i iZ j (S) 丨4 May 01 P. O. Ang 

Sargassum fusifonne 

F l . Izu Shirahama, Shizuoka Prcfccturc, 
Japan (丨 38。2丨，E, 34°4rN) 

K. 
JpSO (N) 16 Jun 07 Malsuyama-Scrisawa 

F2. Shirahama, Wakayama Prcfccturc, 
Japan (135。2丨 ’E，33。4PN) JpWY (Nl> 9 Apr 07 

C. C. Chcang & 
P. O. Ang 

F3. Oojima, Yamaguchi Prcfccturc, Japan C.C. Chcang & 
(132°26’E，33。57，N) JpOJ (N) 3 Apr 07 P. O. Ang 
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F4. Kawatana, Nagasaki Prefecture， 

Japan (129°52 'E,33°03 'N) JpNS(N) 19 Apr 07 N. Murasc 

F5. Sungsan, Chcju Island, South Korea 
(126。56，E，33。27，N)* KrCJ (N) 14 May 06 W O. Ang 

F6. Yconggwang, Jcollanam-do, South 
Korca ( l26°23 'E , 35。20，N) K r Y G (N) 26 Jun 07 II . G .Cho i 

F7.Shcn Shan, Zhcjiang, Province, China II . L. Fung & 
(122°47’E，30°43，N) CnSS (S) 30 May 07 y. M. Tsang 

FH.Mcizhou, Fuji an Province, China 
(119。07，E，25。05’N> CnFJ (S) 31 May 07 P. O. Ang 

F9. NanO, Shantou, Guangdong Y. H, Lam & 
Province, China (117°06'E, 23°24，N) CnST (S) 2X Apr 07 p .〇.Ang 

Sargassum thunbergii 

T l . Aburatsubo, Kanagawa Prcfccturc, 
Japan (139°36'E, 35°9 'N) J p K G ( N ) 22 May 05 M. Honda 

T2. Shirahama, Wakayama Prcfccturc, 
Japan (丨 35。2 丨，E，33。41 ,N) JpWY (N) 9 Apr 07 

C. C. Chcang & 
P. O. Ang 

T3. Kawatana, Nagasaki Prcfccturc, 
Japan (129。52’E，33。0rN) JpNS<N) 19 Apr 07 N. Murasc 

T4. Sungsan, Chcju Island, South Korea 
(I26"^56，E，33。27’N) KrCI (N) 21 Oct 06 P. O. Ang 

T5. Dalian, Liaoning Province, China 
‘ （121。41’E，38。51，N)) C n D L ( C ) 16 Jun 04 

C. C. Chcang & 
R. Luan 

T6. Beidaihe, Hcbci Province, China 
( 1 1 9 ° 3 r E , 39°49'N) CnBDH (C) 10 May 05 

C.C. Chcang & 
S. C. C. Sucn 

T7. Yantai, Shandong Province, China 
( I21°25 'E, 37°35'N) C n Y T ( C ) 16 Jun 04 1). Duan 

T8. Qingdao, Shangdong Province, China 
( I20°20 'E, 36°02'N) CnQD (C) 13 Jun 04 

C. C. Chcang & 
P. O. Ang 

'I'9, Shcn Shan, Zhcjiang, Province, China H. L. Fung & 
• (I22。47’E，30。43，N) CnSS (S) 30 May 07 Y. M. Tsang 
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TIO. Mcizhofw, Fujian Province, China 
(119°07'E, 25°05'N) CnFJ (S) 31 May 07 O. Ang 

Sargassum muticum 

M1. Tatcyama, Chiba Prcfccturc, Japan 
( 1 3 9 ° 5 r E , 34°59'N) JpTY (N) 24 Jan 07 D. Fujita 

M2. Yaizu, Shizuoka Prcfccturc, Japan K. 
(138°丨9’E,34°5丨，N> ' JpSO(N> 30 Jan 08 Matsuyama-Scrisawa 

M3. Awajishi, Hyogo Prcfccturq, Japan 

(135°rE, 34°34'N) V I (N> K Apr 07 
C.C. Chcang & 

P. O. Ang 

M4. Ooj ima, Yamaguchi Prcfccturc, 
Japan (132。26，E, 33。57,N) JpOJ (N) 3 Apr 07 

C.C. Chcang & 
P. O. Ang 

M5. Janghcung, Jcollanam -Do, South 
Korea (丨26。56，E，34。27，N) KnlH (N) 3 May 07 H. G. Choi 

M6. Beidaihe, Hcbci Province，China 
( 1 1 9 ° 3 r E , 39°49'N) CnBDH (C) 10 May 05 

C.C. Chcang & 
S. C. C. Siicn 

M7. Rungchcng & Wcihai, Shandong CnRC & 20 Jun 07 & 
Province, China (122。29，E，37。09,N & C n W H (C) 26 Jun 07 

122。7，E，37°30'N) 

M8. Qingdao, Shandong Province, China 
(120。21，E’36。2，N) CnQD (C) 13 Jun 04 

【）.Duan 

C.C. Chcang & 
R 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 1 g of the new branches without 

epiphytes was cleaned with brushes and subsequently preserved in 95% ethanol or 

silica gel until molecular study was carried out (Cheang 2003). Genomic DNA of 

these specimens was extracted by modified 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 12�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. thunhet-gii) 

Markers 

ITS2 

Forward/ 
Backward 

Sequences 

ITS2FC2*: 5，-TTGTCGGGGAGGAGGAGG-3’ (H, F, M，T) 

25BR2-Reverse': 5，-TCCTCCGCTTAGTATATGCTTA-3’ (H, 
- /‘ R 

S M，T) 

MIF^: 5, -G ACCTTTA A A AGC AGCTTT AG AT-3 ‘ (H，F) 
Rubisco F 

RBCLFl ^ 5’-GACCTTTAAAAGCAGCTTTAGAT-3，(M, r) 

spacer 

1 R M1R': 5' -CCCCATAGTTCCCTAATACGCATT-3 ‘ (H，F， M, I ) 

TrnW-I-F*: 5 '-GGGGTTC A A ATCCCTCTCTT-3 ‘ (H, F，T) 
F 

TrnW-I TrnW-I-FC^: 5'-GTTCAAGTCCCTCTCTTTCTGT-3‘ (M) 

-spacer TrnW-I-R': 5’-CCTACATTGTTAGCTTCATGAGAA-3，（H，M) 
» 

TmW-I-RCl^ 5‘-GTTCAAGTCCCTCTCTTTCTGT-3‘ (F, T) 
R 

‘modif ied from the sequence (GcnBank Accession number: AY 150006) of Sat-gassum hemiphyllum 

(Oak etal. 2002) 

based on Yo'shida et al. (2000). 

based on Chcang (2003). 、.、、 

modified from the sequence (GcnBank Accession number: AF292068) of Sa^ussttm muticum 

(Phillips c'/ a i 2005) 

based on Voisin et al. (2005). 

modified from the scqucncc (GcnBank Acccssion number: AY494079) of Fucus vesiculosus (Sccq et 

al. 2006) ‘ 
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those described in Chapter Three. The sequences obtained, together with those of the 

J 

four species available from GenBank, were visually edited and aligned using the 

software MEGA ver. 4 (Tamura el al. 2007). Sargassuni Iwrneri, which belongs to 

the same subgenus {Bactrophyciis) 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 Bactrophyciis 

was available in GenBank for Rubisco spacer, so the tree was tentatively rooted as in 

the case of ITS2. An unknown Sai-gassum sp. from the GenBank (EU169849) serves 

as outgroup in TmW I spacer tree since it is the only available TmW I sequence of 

Sargassuni 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 et 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). 
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5.2.2 Statistical treatments 

Neighbor joining (NJ), maximum parsimony (MP) and maximum likelihood 

(ML) trees were generated by the software package PA UP 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 BI approaches were the same as those described in 

Chapter Three. Akaike information criterion implemented in Modellesl ver. 3.7 
c. 

(Posada & Crandall 1998) was used, a priori, to estimate the appropriate model to be 

applied in the NJ, ML and BI methods. The optimal models found for the four 

species among the three markers were TVM+ I (ITS2), GTR (Rubisco spacer) and 

HKY (TrnW_I spacer) for S. hemiphyllum\ HKY+I (ITS2, Rubisco spacer) and 

TrN+I (TmW一I spacer) for S. fusiforme; K81UF (ITS2), TIM+I (Rubisco spacer) and 

HKY (TmW J spacer) for S. thunhergii, and J V M + I (ITS2), TVM (Rubisco spacer) 

and HKY ( T m W J spacer) for S. muticum. 
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The number of haplotypes was recorded for each sampling locality. The 

computer software TCS ver. 1.13 (Clement et al. 2000) was utilized to generate the 

TCS network, which demonstrated the relationship amon县 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 distribution 

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 variance (AMOVA) were compared across the four 

species. Basic parameters of the populations, such as sequence divergence, 

nucleotide diversity and haplotype diversity (Nci 1987) were calculated and 

compared. Both Tajima's D (Tajima 1989) and Fu's Fs (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 test 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 to 

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

AMOVAs were carried out to test if the (l)si was statistically significant. In 

order to test whether the genetic population structure of the Sar^assum species are 

related 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 all the Japanese and Korean populations; and the southern one, all 

populations in southern China south of Zhejiang Province, China (Table 5.1). The 

central populations referred to those from the region of Bohai and Yellow Sea, which 

are heavily influenced by the two rivers (Fig. 5.1). Comparison among the cI)st 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 al. 2005). 
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5.3 Results 

5.3.1 Sequence data 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. thwiher^ii, and 56, 70 and 79 

sequences of S. muticum were obtained for ITS2, Rubisco and TmW I spacers 

respectively (Table 5.3). Variations in sizes were observed in ITS2 sequences of S. 

h^niiphylliim and S. fusiforme. The aligned length ranged from 504 lo 506 and 500 to 

506 respectively (Table 5.3), yielding two genotypes in S. hemiphylliini and six 

genotypes in S. 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 subslitutions (Table 5.3), as 

compared to those in S. thunhergii and S. muticum. The latter possessed a single 

genotype of ITS2 sequences (497 bp). The aligned length of Rubisco sequences was 

263 bp, except thai of S. fusiforme which was four base pairs longer. The number of 

polymorphic sites in S. hemiphyllum (5 bp), however, was higher than thai in S. 

fusiforme (2 bp), although both species possessed three different haplotypes. Both S. 

thunhergii and S. muticum exhibited single type of sequences in Rubisco spacer 

without any base-pair substitutions. The length of TmW I spacer sequences ranged 
irt 

from 165 bp {S. fusiforme) to 159 bp {S. thunhergii), 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 I spacers. 

Parameters' S. hemip/ivllum S. fusijormc S. tlwnhergii S. niuticum 

ITS2 

(a l igned sizes) 

n / iipop / n,, 
s (Ts/Tv/Indcl) 

h 士 sr) 

71 士 SI) 

504/却 

62/9/2 

5 (0 /3/2) 

0.42 i 0.049 

().()()37 士 0.()()23 

500,2,4,6bp 

26/6/6 

13 (2/5/6) 

O.XS 士（U)44 

().()6() i 0.030 

497hp 

45/1 1,1 

0 (()/()/()) 
().()()士 （>.()() 

().()()士 0 . 0 0 

4()7hp 

56/X/I 

0 (()/()/()) 
0.00 i ().()() 
() .()()i (MM) 

K b c spacer 
* 

(a l igned sizes) 263bp 267bp 263hp 263bp 

n / ni.i’p / n,, 142A>/3 4()/ 9/3 S5/ l ( ) 1 7()/S 1 

.V (Ts/Tv/lndel) 5 (0/5/0) 2 ( 1 1 / 0 ) 、 0 ({)/()/()) 0 (()/()/()) 

士 S I ) 0.65 :i 0.015 0.32 土 0.078 0.00 ± ().()() 0.00 i ().()() 

71 士 SD 0.0099 ： t 0.()05<S 0.0012 H L- 0.0014 0.00 ± 0.00 0.00 ± ().()() 

I'rnVV I spacer 

(a l igned sizes) 

n / n,..,,, / II,, 

s (Ts/Tv/lndel) 
/, 土 SI) 

兀士 SD 

16()bp 

93/8/4 

、)(2,7,0) 

0 . 7 5 士（).()L3 

0 . 0 2 6 士（).()14 

5S/9/4 

3 (2,1.0) 

0.25 ± 0.074 

0.0024 士 0.()023 

159bp 

102/9/2 

1 (0,1,0) 

().()5S ± 0.03； 

16()bp 

79/X/2 

2 ( 1 , 1 , 0 ) 

0.37 ± 0.055 

().()()()36 士（).()m)9 0.004 丨 土 0.0035 

n: No. of scqiicnccs; iipo,,: no. of populations, ni,: no. o f h a p l o t y p c s : .、’： no. oI" polymorphic sites; f" 

no. of transition site; ' l \ : no. of transvcrsion site： Indcl: no. of iiiscrtioii/dclclion site: //.. haplolypc 

diversity; SD: standard deviation; n: nucleotide diversity 
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muticum demonstrating the same size (160 bp). Sar^assum hcmiphyllum showed ihc 

most number of polymorphic sites (9 bp), followed by S. fusifornw (3 bp) and S. 

muticum (2 bp). Scir^cissitm thunhergii demonstrated the least number of variable 

sites (1 bp) in the marker TmW I spacer. Both S. hcmiphyllum and S. fitsiforme 

* 

exhibited four difTerenI haplotypcs, while S. fhunhcr^ii and S. muticum each 

possessed only two different haplotypcs. 

No haplotype diversity nor nucleotide diversity were revealed in S. ihunher^ii 

and S. muticum based on ITS2 and Rubisco spacer due to the lack of sequence 

f 

variation. In contrast, S. hemiphylluni and S, fusiforme dcmonslratcd higher genclic 

diversities, especially in haplotype diversities (Tabic 5.3). For the TrnW l spacer, S. 

hcmiphyllum was the most genetically diverse, while S, t/iunhcrgii the least. The 

diversity indices of S. fusiforme arc lower than those of S. muticum for this marker 

(Table 5.3). 

5.3.2 Phylogenetic relationship among haplotypes and their 

distribution in the four species 

The phylogenetic relationships among the four sptjcies examined arc essentially 

、 
consistent based on all the three markers investigated (Figs. to 5.4).- Sat-^assum 
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99 
99 
98 

72 58 
72 100 

72 70 
59 99 

SthCnWH. 
SthJpNSJ 
SthCnYT. 
SthCnDL. 
SthCnSS. 

SmuKrJH_M- l -A 
SmuJpOJ_M-l -A 
SmuJpAJ_M-l -A 
SmuUpChiba_AB043772 
SmuUpMiyag i_AB043774 
SmutJpChiba_AB043773 
SmuCnRC_M-hA 
S m u C n Q D _ M - l - A 
SmuJpSO_M- l -A 
SmuUpHokka ido_AB04 3 773 
SmuCnBDH_M- l -A 
SmutKrCJ.AYl 50003 
SmuJpTY_M- l -A 

SheCnFJ_H-l-A 
S h e T w P H . H - l - A 
SheHkSK.H-l-A 
SheCn 幻 _ H - I - A 

SheJpSM_H-l-B 

SheJpNS_H-l-B 

ShemKrCJ.AYl 50006 
SheJpWY_H-l-B 
ShemJpWY_AB043779 
ShemJpNS.AB043577 
SheKrCJ.H- l -B 

100 

/ 
97 91 

87 100 

- l - A 
l - A 
- l - A 
- l - A 
l - A 

S thCnBDH_T- l -A 
SthuKrCJ.AY 150004 
S thCnQD_T- l -A 
SthKrCJ_T-卜 A 

SthJpKC_T- l -A 
SthJpWY_T 小 A 

SthCnFJ_T- l -A 
SthuJpFukuoka.AB0435 73 
SthuJpHokka ido_AB043777 

60 75 65 98 
83 97 98 100 

100 100 100 

SfusJpHokka ido_AB043501 
|SfuJpSO_F-l-C 

SfuJpSO.F- l -B 
|SfuJpOJ.F-l~A 

'SfusJpChiba_AB043477 
•SfusJpNS_AB043560 

•SfuKrYG_F-卜 D 

<50 53 <50 7/ 

67 52 65 82 

SfuCnST-F 小 E 

SfuKrCJ.F- l -E 
SfusKrCJ.AY 150021 

SfuJpNS_F-l-E 
SfuJpNS_F-l-F 
SfuKrYC_F- l -F 

'S .horner i _AB043680 

0.0090 

Figure 5.2 Neighbor-joining (N.I) tree illustrating the relationship among different liaplolypcs of S. 

hemiphyllum, S. fiisifornw, S. ihunhcf^ii and S. muticum based on I TSZ. The same topology of the 

trees was obtained for the maximum parsimony (MP), Baycsian inlcrcncc (Bl) and maximum 

likelihood (ML) approaches. Refer to Fig. 5.5 for the int rasped fie relationship among haplotypcs. 

Bootstrap values (1000 rcplicatcs for NJ, MP and 100 for ML) Ibr NJ (regular), MP (italic) and Ml . 

(bold) methods and the posteriori probabilities of Bl (bold and italic) method arc indicated at the 

nodes. Available sequences from (icnBank were included in the analyses (‘V. henuphylliinv. AB043577, 

AB0435779, AY 150006 from Nagasaki, Wakayama of Japan and Chcju Island of Korea respectively; 

fusifornw: AB043477, AB043501, AB043560, AY 150021 l、r()m Chiba, Hokkaido, Nagasaki of 

Japan and Chcju Island of Korea respectively; S. ihunhcf^ii: AB043777, AB043573, AY 150003 from 

Hokkaido, Fukuoka of Japan and Chcju Island of Korea respectively; S. muticunv. AB()43503, 

AB043772-4, AY 150003 from Miyagi, Chiba, Hokkaido, Miyagi of Japan and Chcju Island of Korea 

rcspcctivcly), while S. horncri (A 13043680) serves as oiilgroup. 
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66 66 67 91 

80 79 65 92 
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SmuJpSO_M-R-A 
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SmutUSACA_AF244331 
SmuCnQD_M-R-A 

70 <50 <50 <50 

SthCnWH. 
SthKrCJ.T 
SthCnDL--
SthJpKC.T 
SthCnQD-
SthJpWY.I 
S thCnSSJ 
SthCnFJ.T 
SthJpNS. 

r -R-A 
R-A 
- R - A 
-R-A 
- R - A 

- R - A 
- R - A 
R - A 

-R-A 

SfusJp.AF292071 

S thuCn_AF244343 

SthuJp_AF244332 
SthCnYT_T-R-A 

3 57 [ 8 
74 98 93 98 

82 79 

SfuJpSO.F-R-B 
SfuCnST_F-R-B 
SfuKrYG_F-R-B 
SfuJpNS_F-R-B 
SfuCnSS_F-R-B 
SfuCnFJ_F-R-B 
SfuJpWY_F-R-B 
SfuKrCJ_F-R-B 

— S f u J p W Y _ F - R - A 
SfuJpOJ.F-R-C 

SfusJp.AY449537 

among diiTcrcnl 

based on 丨<iibisc() 

parsimony (MP), 

Figure 5.3 Neighbor-joining (NJ) tree illustrating llie rclalionship 

liaplolypes of S. hemiphyllum, S. fusiforme, S. thunhet-gii and S. muticum 

spacer. The same topology of the trees was obtained for the maximum 

Bayesian inference (BI) and maximum likelihood (ML) approaches. Refer to Fig. 5.6 for the 

iiitraspecillc relationship among haplotypes. Bootstrap values (1000 replicales 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 arc indicated at the nodes. Available sequences 

from Gen Bank were added into the trees {S. hcmiphyllunv. EF079079, KF057393-4 from 

Wakayama of Japan, Clieju Island of Korea and Fiijian of China respectively; S. fusifhrnw.. 

AF292071 and AY449537 both froin Japan; S. (hunbcf^ir. AF244332 and AF244343 IVom 

Japan and China respectively; S. muticum: AF244330-I and AF292068 from Qingdao of 

China, California of USA and Japan respectively). No suitable oiitgroup sequence was found 

in GenBank, so the tree was tentatively rooted as in the case o r i T S 2 (Fig. 5.2). 
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Figure 5.4 Neighbor-joining (NJ) tree illustrating the relationship among different 
haplolypes of S. hemiphyllum, S. fusiforme, S. thunhergii and S. muticiim based on 
T m W I spacer. The same topology of the trees was obtained for I he maximum 
parsimony (MP), Bayesian inference (BI) and maximum likelihood (ML) approaches. 
Refer to Fig. 5.7 for the intraspecific relationship among haplolypes. 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 al the nodes. An unknown Sai-gassum sp. from the Gen Bank (EU169849) 
serves as oulgroup since it is the only available T m W � s e q u e n c e of Sargassitni sp. 
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fusiforme was the most basal species with S. thunher^ii being the sister group to the 

cladcs of S. miiticum and 5. hemiphyllum. 

With respect to ITS2, no inlraspecific structure was revealed among the 

populations of�both S. ihunhcrgii and S. muticum (Fig. 5.2). Only one haplolype was 

found in these two species {S. thunhcrgii: T-I-A, S. muticum: M-I-A), which was 

distributed throughout their entire range (Fig. 5.5). In comparison, genetic population 

structure was revealed in both S. hemiphyllum and S. fusiforme (Fig. 5.2). The 

genetic divergence of the two varieties of S. hemiphyHiim (genotypes H-I-A and 

H-I-B) contributed to the inlraspecific structure of this spccies. Genotype H-l-A 

found in Japanese and Korean populations was different from Cicnolype H-I-B 

occurring along the Chinese coast by five nucleotide changes (Fig. 5.5). Comparable 

to S. hemiphyllum, S. fusiforme also possessed two main lineages thai corresponded 

to the eastern Japanese (JpOJ and JpSO) and ihc southwestern 

Japanese-Korean-Chinesc (KrCJ, KrYG, JpNS and CNST) populations (Figs. 5.2 and 

5.3). The lineage of JpOJ and JpSO appeared to be a distinct group (confidence 

levels ranged from 83 to 100 depending on the tree constructing methods), which 

consisted of the genotypes F-l-A in JpOJ, F-I-B and F-l-C in JpSO and a Gen Bank 

sequence (AB043477) from Chiba of eastern Japan (Sligcr et ai 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. tlnmhei-gii and D) S. muticwn in NW 
Pacific, based on ITS2 marker. 
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being within the same lineage, genotype F-I-A differed from both F-l-B and F-I-C by 
% 

K 

six base pairs (Fig. 5.3). The southwestern Japanese-Korean-Chinese lineage, which 

included genotypes F-l-D, F-I-E and F-l-F, plus the Gen Bank sequences from 

Nagasaki of western Japan, exhibited al least five bp differences with the eastern 

Japan lineage of S. fusiforme (Fig. 5.5). Genotype F-l-E appeared to be the major 

genotype (10 sequences) in this lineage thai was distributed in KrCJ and CnST (Fig. 

5.5). There was a rather large nucleotide difference (5 steps) between genotypes 

F-l-D (KrYG) and F-I-E (KrCJ，CnST), F-l-F (KrYG). A weakly supported subclade, 

which included genotype E from KrCJ and CnST as well as another GcnBank 

sequence from Chejii Island (AY5()021, Oak et al. 2002), could be recognized inside 

this lineage (Fig. 5.2). 

The single haplotypes of both S. muticiim and S. thunhergii revealed based on 

RubiSCO spacer led to a homogenous inlraspecific clade (Fig. 5.3). These haplotypes 

occurred in the entire distribution range of the two species (Fig. 5.6). In contrast, the 

two varieties of S. hemiphylluni could be distinguished, forming two distinct 

inlraspecific lineages. The sequences from China (haplolype H-R-A, Fig. 5.6) 
i 

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

as those from JpWY, JpTS, 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) 
Saygassum hemiphyllum, B) S. fusiforme, C) S. thunhergii and D) S. muileum in NW 
Pacific, based on Rubisco spacer marker. 
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within the var. hemiphyllum lineage. This latter lineage 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. fusiforme, in which only a 

single clade could be recognized, are more homogenous than those of S. 

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

and is different from those of S. muticum and S. thiinhergii in being constituted only 

by one haplotype. The two lineages of S. fitsifornw revealed based on ITS2, the 

eastern Japanese (JpOJ and JpSO) and the southwestern Japanese-Korean-Chincse 

(KrCJ, KrYG, 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 I spacer, both S. muticum and S. thunhergii demonstrated 

weak inlraspecific structure, the subclade within which was supported by relatively 

ft 

ow 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, were distributed almost 
gi 

t 

throughout the entire range of both species, except in eastern Japan (JpSO and JpTY 

for S. "wticiwi, JpKG for S. tfnmher^ii). Haplolypc T-T-B of S. thunhcrgii was 

admixed with the m a j o r haplo type T-T-A in J p K G (Fig. 5.7). In contrast , there were 

two well-separated lineages for S. hemiphyllum, both of which consisted of siibclades 

with relatively strong support (Fig. 5.4). The separation of these two lineages of S. 

hemiphyUum was so distinct thai, instead of grouping with each other, one of the 

lineages appeared as the sister group of S. muticum, 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 lineages could not be linked as well (Fig. 5.7). The 

haplotypes H-T-A and H-T-B of the van chine use lineage differed from each other by 

one nucleotide. They were mainly distributed along the Chinese coast, but some of 

ihem were also found in JpWY. The two haplotypes of var. hemiphyUum, haplotypes 

H-T-C and H-T-D. also differed from each 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 Japanese (JpOJ and JpSO) and the 

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

of S. fusifornie observed in the analysis of ITS2 region was also evident in the tree of 
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Figure 5.7 The TCS haplotype networks and the haplotype distribution of A) 
Sargassum hemiphylluni, B) S. fusiforme, C) S. thunhergii and D) S. muticiini in NW 
Pacific, based on TmW_I spacer marker. 
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TmW_I spacer, but with a lower conf idence ranging from 63 lo 92 depending on the 

Irce construction methods (Fig. 5.4). Haplolypcs F-T-A and F-T-D, with two bp 

difference, corresponded lo the eastern Japanese lineage o f S. jiisifnrmc (Fig. 5.4). 

They were found in JpOJ and JpSO only (Fig. 5.7), Haplolypc 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 

N o (l>si was calculated for S. thunher^ii and S. muticum due lo the lack of 

sequence variation in ITS2 and Rubisco spacer (Table 5.4). The <l>si (>f S. 

hemiphyllum and S. fitsiforme, in contrast, are high for the two markers, ranging from 

0 .990 to 1.000 {S. hemiphyllum) and 0 .853 to 0 .919 (5. fusifornw). The values o f 

T m W I spacer are generally smaller than those o f ITS2 and Rubisco spacer in both 

species (0 .862 and 0.523, respectively). Sargcissum thunher^ii demonstrated a lower 
# 

(I)sT (0 .324) , and yet S. muticum exhibited a higher Osi (1 .000) in marker TrnW I 

spacer. 

The "among-groups" partition o f variance in A M O V A , which indicates the 

percentage o f variance explained by the grouping o f the northern, centra丨 and 
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T a b l e 5 . 4 T h e overa l l 巾si a m o n g the p o p u l a t i o n s , and the resul ts o f neutral i ty tes ts 

( T a j i m a ' s D and F u ’ s Fsr) and the m i s m a t c h d is tr ibut ion a n a l y s i s , o f the four 

Sargassum s p e c i e s s t u d i e d b a s e d o n I T S 2 , R u b i s c o and T m W I spacers . 

P a r a m e t e r S. hemiphyllum S. fiisiformc S. thunhcr^ii S. mulicum 

IT S2 

<I>si (a l l p o p u l a t i o n s ) 

Taj ima's D/ 

Fu's Fsi 

SSD / R 

LOGO** 

丨（N.S.)/ 

7.88 (N.S.) 

0.24* / 

0.69 (N.S.) 

0 9 丨 

0.70659 (N.S.)/ 

-0.10396 (N.S.) 

0.17*/ 

0 .33** 

N.A. 

().()()(N.S). 

N.A. 

N.A. 

N.A. 

0.00 (N.S)/ 

N.A. 

N.A. 

Rbc spacer 

小SI (all populalions) 

Tajinia's [)/ 

Fu's F s , 

SSD / R 

3.38 (N.S.)/ 

X.22(N.S.) 

0.12 (N.S.)/ 

0.22 (N.S.) 

• ().S53** 

-0.47 (N.S.)/ 

-0.46 (N.S.) 

().()()33 (N.S.)/ 

0.23 (N.S.) 

N.A. 

0.00 (N.S)/ 

N.A. 

N.A. 

N.A. 

().()()(N.S). 

N.A. 

N.A. 

T r n V V I s p a c e r 

<l>si (all populalions) 

Taj ima's D/ 

Fu's Fsr 

SSD / R 

().X62** 

3.50 (N.S.)/ 

10.17 (N.S.) 

().l I <N.S.)/ 

0.13 (N.S.) 

0 . 5 2 3 " 

-0.65 (N.S.)/ 

-1.05 (N.S.) 

0.033 (N.S.)/ 

0‘5丨（N.S.) 

-O.XO (N.S.)/ 

-1.06 (N.S.) 

( ) . ( ) _ I (N.S.)/ 

0.79 (N.S.) 

I.()()()** 

1.25 (N.S.)/ 

3.13 (N.S.) 

0.13 (N.S.)/ 

0.67 (N.S.) 

<I>si (all populations): SSD: Sum of Squared Deviation; R: Raggcdncss index; C.I.: confidcncc 

interval; N.A.: not applicable. 

‘/7<0.05; *•： p < 0.01; M.S.: non-significant, 
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southern populations with respect lo the areas influenced by Yangtze and Yellow 

Rivers, was highest (74 .05% - 100%) in S. hcniiphyllum for all the three markers 

examined (Table 5.5). This variance o f "among group” level in the other three 

spec ies for the three markers is very low compared to that in S. heniiphyllum (Table 

5.5). The high negative values in S. fusifornw for all the markers revealed that the 

variance obtained for this species is unlikely to be explained by the grouping pallcrns 

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

N o n e o f the two neutrality indices o f all the species and were statistically 

significant (Table 5.4). Sargassum fusifornw showed almost all negative values o f 

both Tajima's D and Fu's Fsr tests across the three markers investigated (Tabic 5.4), 

indicating that this species may have undergone sudden range expansion in its 

‘ ！ 

evolutionary history. A sudden range expansion may also occur in S. (hiinher^ii, 

which exhibited negative value in the two neutrality tests, though the values o f ihc 

tests could not be calculated based on ITS2 and Rubisco spacer markers. In contrast, 

neither S. heniiphyllum nor S. muticum revealed a negative value in both the 

neutrality tests (Fig. 5.4). 
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Tabic 5 .5 Summary o f the partitions o f variance in A M O V A o f the-four spccics o f 

Sargassum investigated, based on the three markers studied. 

AMOVA S. Iicmiphylluni S. fusifornw S. fhiinhcn^ii S. muticum 

通TS2 

A m o n g groups 1 ()().()() -5K.74 N.A.I N.A. 

A m o n g populations 

within groups 
().()() 1 S().66 N.A. N.A. 

Within populations 0 .00 S.OS N.A N.A 

Rbc spacer 
A m o n g groups 92 .92 -20 .18 N.A. N .A . 

A m o n g populations 

within groups 
6.17 105.48 N.A. N.A. 

Within populations 0.91 14.71 N.A. N.A. 

TrnW I spacer 、 

A m o n g groups 74.05 -2 .86 -3 .62 lO.IS 

A m o n g populations 

within groups 
12.17 55.12 36.05 S9.S2 

Within populations 13.77 47 .74 67.57 ().()() 

N.A.: Not applicable. 
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With regard to Ihc mismatch distribution analysis, the sum o f squared deviation 

( S S D ) w a s statistically significant only for S. hemiphyllum and S. fusifornw in ITS2 

(Table 5.4), reflecting lhal the frequency distribution o f the pairwisc nucleotide 

difference o f these two species did not fo l low ihc model o f sudden range expansion. 

In contrast, all Ihc species possessed non-signif icanl S S D for both Ri ibisco und 

T m W I spacers. Only S. fusiforme demonstrated a statistically significant raggcdncss 

index based on ITS2 sequences , which also indicated that the dislribiilion curve o f 

this spccics is not unimodal. 

5.4 Discussion 

5.4.1 Genetic differentiation among the four Sargassum species 

Based on the markers used in this study, the pattern o f genetic population 

differentiation among the four spcc ics studied appears to match ihc two types o f 

geographical distribution pallcrns observed. Sar^assum miiticum and S. tlninheiy,ii, 

which are found inside t h e � k ) h a i Gulf , Yel low Sea and its vicinity, possess no (1TS2, 

Fig. 5 .2) or little ( T m W I spacer. Fig. 5 .4) genel ic divergence among populations. In 

contrast, S. hemiphyllum and S. fusifornw, which are discontinuously dislribiiled and 

do not occur in Bohai region, demonstrate deep intraspccific divergence in all the 

three markers (Figs. 5 .2-5 .4) . The latter two spccics exhibit more haplotypcs than the 
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former two with regard to the three markers studied (Tabic 5.3) . Whi le the 

distributions of the haplotypcs of both S. hcmiphyllum and S. fusiformc arc relatively 

more local ized, the major haplotypcs o f S. muticum and S, fhunhcr^ii are wide ly 

spread (Figs . 5 .5-5 .7) . 

The patterns o f differcniial ion be tween S. hcmiphyllum and S. fusiformc, 

however , were not consistent with each other (Figs . 5.5 — 5.7). Sar^assum 

hcmiphyllum p o s s e s s e s distinct gei ie l ic population difTercnlialion lhal corresponds lo 

the d ivergence o f the northerly and southerly distributed varieties, with o u t f l o w from 

the two major rivers in eastern China serving potentially as a barrier (Fig. 5 .5 , refer 

lo d iscuss ion in Chapter 3 for other details). The genet ic break between ihe two 

major l ineages o f S. fusifornw, based on 1TS2 sequences , appeared lo be located in 

be tween eastern and soi i lhwestcrn Japan (Fig. 5 .5) . Moreover, this gcne l ic break is 

not consistent a m o n g the ihrec markers investigated. The scquci ices o f Rubisco 

spacer marker from Seto Inland Sea population (JpOJ), bul nol including those from 

eastern Japan (JpSO), arc distinct from those o f the oilier populat ions (Fig. 5.6) . On 

the other hand，the dif fercni ial ion o f eastern and soulhwcs lern Japanese populat ions 

(with Korean and Ch inese populat ions) w a s barely observable based on TrnW I 

spacer, with an admixture o f haplotypc 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 o f these 

• ir f 

populations could not be explained in forms o f iheir biogcographic pal lem o f 

distribution with respect to the Iwo rivers; in contrast lo I he case for S. hcmiphylliim 

(Table 5.5). 

N o unequivocal conclus ion could be drawn on whether sudden range expansion 

occurred in the four spec ies due to inconsistency in various results obtained between 

neutrality lesls and mismatch dislribulion analyses among diffcrenl murkers. N o 

* 

negative values were obtained in both neutrality tests Ihroughoul Ihc Ihrcc markers 

investigated for S. hcmip/iyllum, suggest ing that this spec ies mighl not have 

experienced range expansion recently (Tabic 5.4). This f inding, however, can only be 

partially supported by the mismalch dislribulion analysis, in which I he pairwise 

nucleotide di f ferences fo l lowed a unimodal dislribulion curve in Riibisco and 

T m W l spacer but not in 1TS2 (Table 5.4). The high negative values o f Ihc neutrality 

tests based on the three markers in S. fusiforme indicate thai ihis spec ies had likely 

undergone sudden range expansion (Tabic 5.4). However, this result is again iiol 

complete ly consistent with the mismatch dislribulion analysis as pairwise nucleotide 

di f ferences fo l lowed a uni modal distribution curve only in analyses based on 

Rubisco and T r n W � s p a c e r s (Table 5.4). On Ihc other hand，S. thunhcfgii exhibits a 
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more cons is tent result s h o w i n g a sudden range expans ion based on both neutrality 

tests and mismatch distribution analys is , but it should be noted that the results arc 

based on ly on the T m W l spacer data (Tables 5.4) . For S. miiticunu both neutrality 

tests y ie ld pos i t ive va lues with p > 0 . 0 5 (Table 5 .4) , indicating lhal the spacer region 

invest igated is se l ec t ive ly neutral and any recent range expans ion w a s not likely. An 

inconsistent result, however , w a s obtained for ihc mismatch distribution analysis . 

The null hypothes i s that the observed pairwise d i f ference a m o n g haplo lypes f o l l o w s 

the model o f the sudden range expans ion w a s not rejected (Tabic 5 .4) . More 

s p e c i m e n s may be needed to veri fy the a b o v e f indings on sudden range expans ion in 

all the four spec ies , and more variable markers may a lso be sought , in parlicular for S. 

t/iunhergii and S. muticum, so that more c o n c l u s i v e f indings could be rcachcd. 

5.4.2 Glacial refugia and the intraspecific population 

differentiations 

Whether the populat ions o f a spec i e s are genet ica l ly difterenliateci depends on 

the balance b e t w e e n the differentiat ing force, such as mutation, gene l i c drift and 

se lec t ion , and h o m o g e n i z i n g factors l ike the g e n e f l o w (Slalkin 1987) . T h e allopalric 

spcc iat ion took place in various glacial refugia (e .g . Provan ct al. 2 0 0 5 ) , for e x a m p l e , 

w a s driven by the d iminished h o m o g e n i z i n g factors (block o f g e n e f low) . Thus , Ihc 
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diversity o f the l ineages (haplotypes) a m o n g populat ions o f a spec ies could reflect 

the fragmentation these populat ions experienced in Ihcir evolutionary history. 

A s ment ioned in Chapter Three, ihc d ivergence o f the Iwo varieties o f S. 

heniiphyllum w a s postulated to be related to the glacial rcfugia formed in East and 
/ 

South China Seas. These refugia harbored the ancestors o f S. heniiphyllum and, 

because o f their isolation during the last glacial periods, led lo allopalric d ivergence 

o f the spec ies into two varieties. Whi le these two varieties o f S. hcmiphyllum pos se s s 

distinct sequences o f ITS2 and Rubisco spacer regions, such pattern with distinct 

sequences a m o n g populat ions w a s not observed for both S. thunher^ii and S. 

niuticum. This sugges t s that no similar d ivergence occurred for these two spec ies 

throughout their cvolul ionary histories. Willi reference to the most variable marker 

T m W l spacer, though there arc d ivergences in both S. muticum and S. thunhcr^ii, 

such d ivergences are sha l low and involved only one base pair when compared with 

those in S. hemiphyllum and S. fusifornw (Figs . 5 .2-5 .4) . The populat ions o f S. 

muticum and S. thunhcr^ii probably did not exper ience the same vicarianl event 

and/or did not respond to Ihc vicarianl event in a similar w a y as S. heniiphyllum (Fig. 

5 .4) . 
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A l t h o u g h S. thunhcrgii and S. muticum might not e x p e r i e n c e the s a m e vicariani 

event as S. hemiphyllum^ whether their ancestors surv ived through the glacial rcfugia 

in East and South China bas ins , as S. hcmiphyllum postulated to be, remains unclear. 

G i v e n their distribution range occurr ing main ly in Japan, Korea and northern China’ 

the East China basin, instead o f South China basin, is m o r e l ikely to be i n v o l v e d in 

their evo lut ionary histories . T h e role o f another p o s s i b l e rcfugi i im in the Sea o f Japan, 

w h i c h w a s pos lu lated to be important to the d i v e r g e n c e o f ihc s u b g e n u s 

Bactrophycus during the P l iocene to P le i s tocene (Chapter 2)，could not be ruled out. 

T h e d i v e r g e n c e o f ihc t w o main l ineages o f S. fusiforme m a y a l so be related to the 

glacial refugia in the Sea o f Japan and the East China Sea . T h e eastern Japanese 

l ineage m a y have e v o l v e d from the descendants thai survived the Sea o f Japan 
f 

t 

re fug ium, and the southwestern J a p a n c s c - K o r e a n - C h i n e s c l ineage , Ihc East China 

Sea re fug ium. 

T h e presence o f the four Saf-gassuni spp. o f s u b g e n u s Bactrophycus in var ious 

glacial refugia demonstrated in this study m a y s u g g e s t a difTercnl cxtenl o f ihc 

southward e x p a n s i o n a m o n g Sar^assum spp. during glacial period, from the Sea o f 

Japan w h e r e the Bactrophycus w a s s u s p e c l c d to radiate ^ (Chapter 2). T h e d e e p 

. ， . . 、 、 \ 

d i v e r g e n c e b e t w e e n the variet ies o f S. hemiphyUum and S. fusiforme m a y indicate an 
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early co lon izat ion o f the southward-migrated ancestor throughout the glacial period, 

whereas the relatively sha l low d ivergence in S. thunhergii and S. muticum restricted 

in Japanese populat ions may suggest a late differentiation o f populat ions in the 

northern N W Paci f ic during Ple is tocene . 

5.4.3 Contemporary environment and the intraspecific 

population differentiations 

The diversity o f haplotypes might provide s o m e hint on h o w the l ineages o f a 

spec i e s were differentiated in the past, whereas the present day distribution o f 

haplotypes m a y reflect h o w these differentiated l ineages were maintained and h o w 

the differentiated populat ions are connected by gene f low. The contemporary 

environment and the eco log ica l demography o f the organisms wil l undoubtedly 

af fect this h o m o g e n i z i n g force and, thus contribute to shaping the pattern o f 

distribution o f present genet ic populat ions. N u m e r o u s factors are be l i eved to help 

maintain populat ion differentiation (Slatkin 1987, Lande 1988). For example , 

dispersal a m o n g different l ineages in he terogeneous environments may be mediated 

through different reg imes o f o c e a n currents ( M u s s et al. 2 0 0 1 , Tsang et al. 2 0 0 8 ) . 

Dif ferent l i fe histories a m o n g l ineages m a y e v o l v e due to environmental f luctuation 

(Kal i sz et al. 2 0 0 1 ) . Dif ferent rates o f local ext inct ion/colonizat ion may be 
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exper ienced by different l ineages because o f environmental change (McCauley 

1991) , l ike the presence o f large river that led to adverse condit ion for maritime 

spec ie s ( L e s s i o s et al. 2001 ) . 

Salinity，although demonstrated to play a less important role in determining the 

b iogeography o f the g e n u s Sargassum (Chapter 2)，may be important in maintaining 

the phylogeographic pattern o f s o m e Sargassum species . The consistent allopatric 

distribution o f the two S. hemiphyllum varieties with the genet ic break occurring in 

the Yangtze and Ye l low Rivers affected area may suggest the role o f salinity in 

maintaining the differentiation o f this species . On the other hand, for S. fusifonne 

that a lso p o s s e s s e s distinct genet ic population differentiation, the river-associated 

environmental constraints do not s e e m to contribute to the maintenance o f its 

intraspecif ic differentiation (Table 5.5) . The major haplotypes o f this spec ies , such as 

F - R - B and F-T-C, are w ide ly distributed not just in the Chinese coast but also a long 

the Korean and southwestern Japanese coasts . S o m e o f these dominant haplotypes 

were also found as far as JpSO, which is thought to be the region where the other 

l ineage (eastern Japanese) inhabits. This strongly sugges t s that the maintenance o f 

the populat ion structure o f this spec ie s 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. muticum and S. thunbergii from invading into the Gul f o f Bohai . This may indicate 

that these t w o spec ie s pos se s s stronger tolerance to brackish water compared to S. 

hemiphylhim. N o genet ic differentiation occurred in these two spec ies a long the 

Yangtze and Ye l low Rivers affected area. This suggests that the phys iochemical 

tolerance o f these two spec ies to fluctuating salinity is an essential trait aiding these 

spec ies in expanding their range into the brackish waters. 

Other factors such as the oceanic current regime may also affect the present 

genet ic population structure o f Sargassuni species , as shown in other marine 

organisms in N W Pacif ic ( M u s s et al. 2 0 0 1 , Tsang et ai 2008) . Two fruiting types o f 

Sargassuni horneri, namely autumn and spring fruiting types, were recognized in the 

Seto Inland Sea o f Japan (Yoshida et al. 2001) . Al though these two types o f S. 

horneri reproduce in different seasons , they could be crossed to produce offspring 

(Uchida & Arima 1993) , indicating thai these two types are conspec i f ic . The 

admixture o f the two types o f S. horneri in Seto Inland Sea may suggest that it is, in 

fact, the admixture o f t w o recently differentiated cryptic l ineages. These two l ineages 

may probably be the descendants o f populations isolated separately in the Sea o f 

Japan and the southern Japan during the last glacial max imum. The ex is tence o f these 

cryptic l ineages awaits verif ication by other phylogeographic works. Nevertheless , 
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the genet ic populat ion structure o f the four ^argassum spec ie s invest igated in this 

study did not s h o w a similar admixture o f different l ineages in the local i t ies o f the 

Seto Inland Sea (such as JpOJ, JpAJ and JpTS). Instead, the region o f southern 

H o n s h u o f Japan (such as J p W Y and JpSO) remains the admix ing region for at least 

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

S o m e o f the haplotypes (e .g . H-T-A, H-T-B in S. hemip/iylliim; F -R-B , F-T-D in 

S. fusiforme) in J p W Y / J p S O are c o m m o n l y found in the Chinese coast , sugges t ing 

that there might be an introgression o f the southwestern Japanese and/or Chinese 

populat ions o f these t w o s p e c i e s back to the eastern Japanese population. Direct 

e v i d e n c e o f transport o f the drift ing S. horneri, albeit with low frequency, w a s 

d o c u m e n t e d from the Zhej iang Province (the mouth o f Yangtze River) to the eastern 

Kyushu o f Japan (Komatsu et al. 2 0 0 7 ) . This transport is l ikely to be mediated by the 

c o m b i n e d e f fec t o f the coastal current (most probably the Yangtze Ring Haline Front 

due to the freshwater discharge from the Yangtze River，Park & Chu 2 0 0 6 ) and the 

Kuroshio Current. Both S. hemiphyllum and S. fusiforme were found in the drifting 

Sargassum a s s e m b l a g e right o f f the locality, i.e. Wakayama o f Japan (Komatsu et al. 

2 0 0 7 ) , where admixture o f haplotypes o f S. hemiphyllum w a s detected. There is 

probably an unidirectional transport o f drift ing 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 & 

• •V 

Kutsuwada 1994). This season corresponds to or is right after the reproductive period 

o f S. hemiphyllum (February to May, A n g 2006) and S. fiisiforme (April to June, Zou 

et ai 2 0 0 6 ) in southern China. Similar situation w a s revealed in other marine laxa 

such as the intertidal barnacle Tetradita Japonica [Pilsbry, 1916]. Putative hybrids o f 

which could be found in the southern Pacific side o f Honshu, Japan (Tsang et ai 

2008). 

While S. muticum recorded in southern China may be a misidentification 

(Chapter 4)，the occurrence o f S. tlumhergii and S. fusifonne ii1 southern China may 

be the result o f 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) fo l lowing the direction o f the coastal current peaked in fall and 

winter (Liu et al. 2003) . The successful recruitment o f these two species in Hong 

Kong (the southern limit o f the species) was different from year to year (Ang unpub. 

data), suggest ing 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 o f which in Taiwan and Hong Kong are highly 
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correlated with the abovement ioned coastal current ( Hw an g & Wong 2005) . The 

occasional occurrence o f S. fusiforme and S. tlwnhergi may be a result o f the annual 

variation o f the coastal currents f l owing from the north to the south along the 

Chinese coasts. 

To conclude, the present study elucidates contrasting patterns o f genetic 
I 

population structures among four c lose ly related Sargassum spec ies with continuous 

vs. discontinuous distribution patterns with regards to their presence or absence in 

areas heavi ly affected by the Yangtze and Yel low Rivers in China. The haplolype 

diversity o f these spec ies appears to be related to their evolutionary history, 

depending on whether they were harbored by various glacial refugia in N W Pacific 

or not. The distribution patterns o f the haplotypes are largely determined by the 

contemporary environmental factors. While the seawater temperature per se probably 

does not contribute much to the present distribution pattern o f the haplotypes in the 

four Sargassim spec ies investigated, reduced salinity and other adverse 

environmental stresses associated with the river discharge in China may affect the 

genet ic population structure o f S. hemiphyllum, but not the other three species. The 

maintenance o f the population structure o f S. fusiforme, the other spec ies possess ing 

discontinuous distribution, appears not to be correlated with the ef fects o f 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. thunhergii, the distribution o f which are continuous and extends into 

the rivers 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 physiochemical trail 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: 

A s a group o f e c o n o m i c a l l y important marine organisms, s e a w e e d s have been 

attracting interest from many researchers to study their cult ivation under controlled 

condi t ions (e .g . Drew 1949, Deysher & Dean 1986). Artificial cultivation o f 

s e a w e e d s has focused on the comple t ion o f their life c y c l e ( D r e w 1949) and, s ince 

then, the improvement o f the method o f cult ivation (e .g. Westermeier et al. 2006) . 

Many researchers took advantage o f the advancement o f cultivation techniques to 

address various eco log ica l quest ions，such as ver i fy ing the causes o f biological 

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

Dif ferent environmental factors，e.g. seawater temperature and salinity, were 

s h o w n to af fect the survival, growth and reproduction o f s e a w e e d s (Hales & Fletcher 

1989, 1990, Steen 2004 ) . T h e individual or the synergist ic e f f ec t s o f these factors are 

evident (Norton 1977b, D e y s h e r & Dean 1986) . In contrast to the .sea surface 

temperature w h i c h has been considered to be the prime factor af fect ing algal 

b iogeography (Liining 1990) , salinity is be l i eved to act on a local ized scale (Chapter 
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2). The hyposal ine environment was also hypothesized to induce gcncl ic population 

differentiation in algae over an evolutionary time scale (Chcang e( al. 2008) . 

Environmental factors may affect Sargassum species differentially in their 

different growing stages. Norton (1977b) investigated the ef fect o f temperature and 

salinity on Sargassum muticum and found that the performances o f the germ lings and 

the vegetat ive branches were different under different conditions. Other studies on 

Ihc cultivation o f Sargassum species , however , focus mainly on the effect o f 

environmental factors on the germ lings (e.g. Hales & Fletcher 1989, Stecn 2004 , 

Zhao et al. 2008b) . The germ ling stage is suspected to be the most vulnerable period 

in the life cyc le o f the algae thai will be influenced by adverse environmental 

f 
conslraint(s). 

A n g ( 2 0 0 6 ) found thai S. hemiphyllum var. chinense in Hong Kong 

underwent the s lowest growing stage during summer and then a rapid growth in 

autumn to winter. The rapid growth period was suggested to be initialed by the 

decrease in seawater temperature only. D e Wreede (1978) pointed out that not just 

the low temperature but also high salinity will favor the growth and initiate the 

reproduction o f Sargassum spec ies in Hawaii . While salinity was shown to be an 

important factor in affect ing the growth o f other Sargassum spec ies (Hales & 

Fletcher 1989, Steen 2004) , A n g ( 2 0 0 6 ) did not consider the role o f the salinity in the 

phenology of S. hemiphyllum. 

In the biogeography o f Sargassum in N W Pacific, the reduced salinity 

condition in Y e l l o w and Yangtze Rivers associated area w a s postulated to 
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discriminate the growth o f S. hemiphyllum, and thus block the gene f l o w between the 

t w o varieties o f this spec ies , var. chinense and van hemiphyllum (Cheang et al. 

2 0 0 8 ) . This hypothes i s can be veri f ied by conduct ing laboratory culture o f the 

spec ie s under different salinity condit ions . The present study, thus, a imed at 

invest igat ing the e f fec t o f salinity on the growth o f the vege la l ivc shoots as wel l as 

the germl ings o f S. hemiphyllum var. chinense under laboratory condit ion. The data 

were then compared with the f ie ld salinity data in order to understand h o w this factor 

could affect the p h e n o l o g y o f this spec ies . Results from the present study should 

provide direct ev idence on whether reduced salinity adversely af fects the growth o f 

S. hemiphyllum and thus serves a t a se lec t ive force in b locking the gene f l o w 

be tween the t w o varieties o f this spec ies , as postulated earlier. 

6.2 Materials and Methods 

This study cons is ted o f tests on the growth and survival o f vegetat ive 

branches and the n e w l y d e v e l o p e d germl ings o f Sargassum hemiphyllum under 

different salinities. S p e c i m e n s o f S. hemiphyllum were co l lected by snorkel ing in 

T u n g Ping Chau and Lung Ha Wan，Hong K o n g and transported to the laboratory. 

Prior to the test on their salinity tolerance, all s p e c i m e n s were accl imated for two 

days in 0 . 45 … - f i l t e r e d (Mil l ipore membrane filters, Bil lerica, M A ) natural 

seawater (33 ppt) under the f o l l o w i n g condit ions: photoperiod o f 12h:12h (light: 

dark), irradiance o f 35 | imol photon m"^ s"̂  and temperature o f I7°C for both 

germl ings and branches. Both the accl imat ion and the salinity tests were carried out 

in a l o w temperature incubator ( M o d e l 2015，Sheldon Manufacturing Inc., Oregon, 

U S A ) with coo l whi te f luorescent lamps. 
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6.2.1 Growth and survival of germlings 

T h i s part o f the exper iment w a s carried out from 1 M a y to 26"^ June in 2 0 0 8 . 

Fertile branches with mature receptac les were e x c i s e d from dif ferent reproduct ive 

s p e c i m e n s and cultured in twenty 9 0 m m Petri d ishes , each conta in ing 5 0 m L o f 

natural s eawaler ( 3 3 ppl). S ince S. hemiphyllum is d iocc ious , separate branches with 

male and f e m a l e receptac les w e r e cultured in the s a m e dish. Af ter o n e day, the 

o o c y t e s were re leased and ferti l ized. The z y g o t e s eventual ly detached from the 

receptac les and sank to the bot tom o f the dish. G e r m l i n g s were haphazardly co l l ec ted 

from the ferti l ization Petri d i shes and transferred to the treatment Petri d ishes , each 

o f w h i c h eventual ly conta ined 3 0 - 6 0 germl ings . T h e s e d i shes conta ined water in 

o n e o f the s e v e n sal inity levels，0 ppl, 5 ppl, 10 ppt，15 ppt, 2 0 ppt, 25 ppt and 3 0 ppt, 

each with f i v e replicates. Natural seawater at 33 ppt w a s used as a control . T o enable 

the g e r m l i n g s to adapt to l ower sal init ies gradual ly , the germl ings were treated with 

s t e p w i s e reduction o f sal inity level , 5 ppt at every 1.5 h interval, until the desired 

sal inity level w a s reached (adapted from Norton 1977b) . G e r m l i n g s in all the 

treatment d i shes were cultured in the s a m e enriched seawaler IMR 1/2 m e d i u m 

(Eppley et al. 1967) . T h e culture media w e r e renewed every w e e k till the end o f the 

exper iment in 4 0 days . In each treatment dish, the longest length o f the p igmented 

portion o f 10 haphazardly se lec ted germl ings w a s measured to the nearest 0 .05 m m 

every 2 to 3 d a y s under the d i s sec t ing microscope . T h e m o r p h o l o g y o f the germl ings 

w a s a l so observed at the s a m e l ime. The number o f l ive germl ings w a s counted in 

each dish, and g e r m l i n g s thai lost their p igment c o m p l e t e l y were cons idered as dead. 
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6.2.2 Growth and survival of vegetative branch 

This part o f the exper iment w a s conducted from 2 4 " � M a r to M a y in 2 0 0 4 . 

N e w secondary shoots with length o f around 5 c m w e r e co l l ec ted from separate 

Sargassum individuals and kept in 2 5 0 ml conical f lasks, each with 150 ml scawaler 

culture med ium. Sal inity l eve l s o f the water at 0 ppl, 10 ppt, 2 0 ppt, and 3 0 ppl, were 

adjusted by adding respect ive proportions o f double dist i l led water with natural 

seawaler . Natural s eawaler at 3 3 ppt w a s used as a control. Flasks with each level o f 

salinity were prepared in triplicates, each with o n e branch. All treatments were 

cultured for 4 0 days，during w h i c h the culture media were renewed every w e e k . The 

( 
net wet we ight , to the nearest 0 .01 g, o f each branch w a s monitored every t w o to 

three days us ing an e lectronic balance ( M o d e l G F - 8 0 0 ’ A & D Engineering, Inc., San 

Jose , U S A ) . Branches that lost their p igment c o m p l e t e l y were noted as a s ign o f 

mortality. 

6.2.3 Statistical analysis 

For both the germ l ings and the branches, the relative growth rate ( R G R ) w a s 

calculated us ing the f o l l o w i n g equation (Hunt 1982): 

RGR = (In W2 - In W,)/(t2 -1,) 

where W | and W2 referred to the w e t w e i g h t o f branches (or the length o f germ l ings) 

respect ive ly at t imes t| and I2. T h e s a m e branch w a s measured repeatedly in the s a m e 

sample; the equation w a s therefore used directly to calculate the RGR o f each 

branch. For growth o f the germl ings h o w e v e r ; In W w a s an average o f the 10 

germl ings measured so RGR w a s calculated for each Petri dish ( H o f f m a n n & Poorter 

2 0 0 2 ) . Furthermore, the survivorship o f the germl ings w a s calculated by d iv id ing the 

number o f l ive germl ings with that counted in the prev ious measurement . T w o - w a y 
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analys i s o f variance ( A N O V A ) w a s used to evaluate any s igni f icant c h a n g e s in the 

R G R (calculated from the m e a n length o f germl ings ) and the survivorship o f 

A -

germl ings , wi th sal inity l eve l s and culture duration as the factors. T w o - w a y A N O V A 

with o n e repeated-measures factor (culture duration) and o n e be twecn- subjec t s factor 

(sal inity l eve l s ) w a s used instead to evaluate any s igni f icant d i f f erence a m o n g R G R s 

(calculated from the mean w e i g h t o f branches) o f branches cultured under dif ferent 

sal inity l eve l s , s ince the branches measured w e r e the s a m e throughout the 

experiment . For both tests, h o m o g e n e i t y o f sample variance w a s tested us ing 

L e v e n e ' s test o f h o m o g e n e i t y and data w e r e transformed if parametric a s sumpt ions 

cannot be met (Zar 1999) . S t u d e n t - N e w m a n - K e u l s < S N K > test w a s used as a post 

hoc test to reveal the h o m o g e n o u s subsets o f the tested parameter a m o n g treatments, 

in c a s e a s igni f icant d i f f erence a m o n g s a m p l e s w a s detected. All statistical tests were 

carried out us ing S P S S for W i n d o w s ver. 11 .5 .0 ( S P S S Inc., C h i c a g o , U S A ) . The 

experimental results s h o w i n g sens i t iv i ty o f the germl ing growth and survivorship to 

sal inity l eve l s w e r e evaluated with respect to the f ie ld sal inity data moni tored 
. J" 

month ly in the s a m p l i n g site s ince March, 2002，using a portable mult imeter ( M o d e l 

85 , YSI Inc., Y e l l o w springs, U S A ) . H o w salinity c h a n g e cou ld have a f fec ted the 

p h e n o l o g y o f S. hemiphyllum w a s then projected. ‘ 

6.3 Results 

6.3.1 Survivorship of the. germlings 
* 

T h e survivorship o f the g e r m l i n g s w a s s ign i f i cant ly di f ferent under di f ferent 

sal init ies and o v e r t ime (Table 6 .1) . N o interacting e f f ec t b e t w e e n sal init ies and t ime 

(duration) w a s detected. All g e r m l i n g s cultured under di f ferent sal init ies 

demonstrated a type three survivorship curve (Pearl 1928) , in w h i c h high mortal ity 
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T a b l e 6.1 Resul ts o f the t w o - w a y analys i s o f variance ( A N O V A ) on. the factors, 
sal init ies and culture duration, a f f ec t ing the R G R and survivorship o f g e i m l i n g s ; and 
t w o - w a y A N O V A on the e f f e c t o f culture duration as a repeated-measures factor and 
sal inity l e v e l s as a be tween- subjec t s factor on the RGR o f vege ta t ive branches. 
H o m o g e n e i t y subsets ident i f ied by post hoc S N K ' s test are indicated in Figs . 6 .1 , 6 .2 
and 6 .5 for the e f f ec t o f sal init ies on RGR o f branches, survivorship and RGR o f 
g e r m l i n g s respect ive ly . 
Factor Sum of Squares df F Sig. 

Germlings 

Survivorship (Ln transformed) 

Duration ( D ) 2 6 . 0 8 5 16 16 .030 < 0 . 0 0 1 

Sal inity (S ) 4 0 . 6 9 3 6 6 6 . 6 8 7 <0 .001 

D x S 7 . 5 8 9 82 0 . 9 1 0 0 . 6 9 4 

Within Treatment 4 2 . 7 1 4 4 2 0 / 

Total 2 9 6 . 0 1 8 525 

RGR 

Duration ( D ) 0 . 9 2 2 16 23 .311 < 0 . 0 0 1 

Sal inity ( S ) 0.07'8 5 6 . 3 1 8 <0 .001 

D x S 0 . 4 6 3 8 0 2 .341 < 0 . 0 0 1 

Within Treatment 1 .008 4 0 8 

Total 3 . 2 8 7 5 1 0 

Branches 

RGR 

Duration ( D ) * 0 . 0 3 5 2 3 1.363 0 . 1 3 0 

Within Treatment for D * 0 . 2 5 8 2 3 0 

Sal inity ( S ) 0 . 0 4 5 4 6 .951 0 . 0 0 6 

Within Treatment for S 0 . 0 1 6 
• 

10 

D x S * 0 . 0 8 2 9 2 0 . 7 9 9 0 . 8 9 3 

spherici ty o f data a s s u m e d 
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occurred early in the d e v e l o p i n g stage. There w e r e dif ferent degrees o f survival for 

g e r m l i n g s under di f ferent sal init ies , w h e r e a s on ly all those cultured in 0 ppt died in 

day 6 (Fig . 6 .1 ) . G e r m l i n g s g r o w n under 10 ppt shrank to as small as on ly hal f o f 

their original s i ze (F ig . 6 . 2 ) w h i l e those under 15 ppt attained the highest 

surv ivorship o f 8 0 % at the end o f the exper iment , f o l l o w e d by those cultured in 2 0 

ppt and 10 ppt. H i g h sal ini t ies at 2 5 ppt and 3 0 ppt w e r e the worst condi t ions for the 

survival o f germl ings , w i th 6 0 % and 7 0 % mortal ity exhib i ted respect ive ly in day 4 0 

under these sal init ies . 

6.3.2 Growth of the germlings 

Both the culturing duration and sal inity w e r e demonstrated to be statist ically 

s ign i f i cant factors a f f ec t ing the R G R o f Sargassum g e r m l i n g s (Table 6 .1) . T h e cross 

e f f e c t o f these t w o factors w a s a lso s igni f icant . B a s e d o n the o b s e r v e d increase in the 

length o f the g e r m l i n g s (Fig . 6 .2 ) , it can be d e d u c e d that the e f f ec t o f culturing 

duration o n R G R o f g e r m l i n g s increased wi th the rise in-the l eve l s o f sal inity. There 

w a s no nega t ive growth o f the g e r m l i n g s recorded under all the salinity l eve l s , w h i l e 

all the g e r m l i n g s cultured in 0 ppt sal inity eventua l ly d ied (Fig . 6 .2 ) . T h e s i z e s o f the 

g e r m l i n g e longated at d i f ferent rates, d e p e n d i n g o n the leve l o f sal inity they w e r e in. 

A t the end o f the exper iment at D a y 40，their s i ze d i f f e r e n c e s ranged from 2 (5 ppt) 

to 7 t i m e s ( 2 5 ppt) o f their original s i ze at D a y 0 (Fig . 6 .2 ) . T h e increase in the length 

o f the g e r m l i n g s cultured at 3 0 ppt w a s the l owes t , wi th the opt imal growth rate 

b e i n g recorded in those cultured under 2 5 ppt (F ig . 6 .2 ) . T h e l o w e s t lethal l imit for 

the g e r m l i n g w a s wi th in the range o f 0 and 5 ppt. 
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F i g u r e 6 .1 T h e m e a n surv ivorsh ip ( % 士 S D ) o f g e r m l i n g s g r o w n under di f ferent 

sal init ies . Surv ivorsh ip w a s e x p r e s s e d as a percentage o f the number o f g e r m l i n g s 

remained a l ive at t ime t o v e r the initial number o f g e r m l i n g s at t ime 0 ( D a y 0) . 

Resu l t s o f p o s t - h o c test for the factor sal ini ty are a l so shown， ,with survivorship 

patterns w h i c h are not stat ist ical ly s ign i f i cant ly di f ferent under di f ferent sal inity 

l e v e l s b e i n g indicated w i th the s a m e letters. 
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Figure 6 .2 The e f fect o f salinity on the growth o f the germlings o f Sargassum 
hemiphyllum. Growth w a s expressed as changes in the mean ratio (土SD) o f germling 

length at t ime t over the initial length at t ime 0 (Day 0). Results o f post-hoc test for 
the factor salinity are also shown, with growth patterns which are not statistically 
s ignif icantly different under different salinities be ing indicated with the same letters. 
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6.3.3 Morphological development of the germlings 

B e f o r e the onset o f the experiment , z y g o t e s ( o f about 150 }im in diameter) in 

2-ce l l (Fig . 6 . 3 D ) , 3-cel l (Fig. 6 .3E) and 4-ce l l s tages (Fig. 6 .3F, G ) were found 

e m e r g i n g and adhering on the surface o f the mature receptacles (Fig. 6 , 3 A - C ) be ing 

cult ivated. Further d e v e l o p e d mult icel lular germl ings (Fig. 6 .3H, I) b e c a m e detached 

from the receptacle and anchored on the bottom o f the Petri dish (Fig. 6.3J). 

Differential morphologica l deve lopment o f the germl ings grown under different 

sal init ies cou ld be observed. Throughout the first 10 days o f the experiment, act ive 

growth o f “rhizoid” w a s observed in a lmost all the germlings , irrespective o f the 

sal init ies o f the culture m e d i u m , except those under 0 ppl (Fig. 6 .4) . Thereafter, the 

p igmented portion o f the germl ings increased consp icuous ly in length (Fig. 6 .4) 

under higher salinity l eve l s (i .e. 10 ppt or higher), with initial bifurcation deve lop ing 

at the apical part (e .g. at D a y 10, 25 ppt，Fig. 6 .4) . Uniserial f i laments d e v e l o p e d in 

the distal part o f the germl ings cultured b e t w e e n 10 ppt and 25 ppt starling from day 

10 (Fig. 6 .4) . B lades were o b v i o u s l y recognizable after day 19 (Fig. 6 .4) . At the end 

o f the exper iment at D a y 4 0 , many germl ings demonstrated a sympodia l growth (Fig. 

6 .4 ) , during which the main g r o w i n g axis w a s replaced by the growth o f lateral 

branches or "leaves". Germl ings reared under lower salinity l eve l s (e .g. 5 ppt or 10 

ppt), however，demonstrated a d e f i c i e n c y in rhizoidal deve lopment w h e n compared 

to those cultured under higher sal init ies l eve l s (Fig. 6 .4) . Their b lades also did not 

d e v e l o p as wel l as those under higher salinity condi t ions (Fig. 6 .4) . Cryptostomata 

w e r e observed occas iona l ly on the blades o f the germl ings cultured under salinity 

greater than 10 ppt starting from day 27. 
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F i g u r e 6 . 3 A - I Photographs o f receptacles with ( A ) emerg ing zygo te s and (B) , 
z y g o t e s be ing released. (C) Various stages o f z y g o t e s adhering on receptacle surface’ 
( D ) two-cel l stage, (E) three-cell stage with basal cel l , (F) four-cell stage and (G, H) 
mult iple-cel l stage o f zygotes，and (I) germl ings attached on Petri dish. Scale bar = 1 

m m (A, B, I), 100 p m (C-H) 
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Figure 6.4 Morphological changes o f the germlings o f S. hemiphyllum grown under 
different salinity levels over time. All germlings died about Day 19 under 0 ppt. 
Scale bar = 5 0 0 \in\ 
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6.3.4 Growth and survival of vegetative branches 

The vegetat ive branches o f Sargassum hemip/iylliim grown in 0 ppt o f water 

appeared pale and were dead within 2 days o f the experiment. The lethal limit o f 

reduced salinity, thus, l ies b e l o w 10 ppt (Fig. 6 .5) . All other branches survived 

through the end o f the experiment under different salinity condit ions. Branches 

responded s ignif icant ly differently to different levels o f salinity condit ions (Fig. 6.5, 

Table 6 .1) . The growth rale o f the branches increased with I he rise in salinity level , 

with those under 33 ppl (control) sustaining the m a x i m u m growth. These branches 

attained 1.17 士 0.51 (S .D . ) l imes o f their original weight at the end o f the 

experiment . The RGR did not s ignif icant ly change over t ime (Table 6 .1) , indicating a 

steady growth rate during the experimental period. N o additive e f fect was revealed 

be tween the factors, salinity leve ls and the culturing duration, on the R(jR o f 

vegetat ive branches (Table 6.1) . 

6.3.5 The salinity change in the natural environment from 2002 

to 2008 

Salinity f luctuated within the range o f 2 4 ppt to 35 ppt over the s ix-year 

period from 2 0 0 2 to 2008 . It varied be tween 31 and 35 ppt during winter and 

be tween 2 4 and 31 ppt during wet summer season (Fig. 6 .6) . This general pattern 

w a s repeated each year with a sl ight variation in the lowest level o f salinity recorded 

in summer. 
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Cultured duration (day) 
Figure 6 . 5 T h e e f f ec t o f salinity on the growth o f vegetat ive branches o f Sargassum 
hemiphyllum. Growth w a s expressed as c h a n g e s in the mean ratio (士SD) o f branch 

w e t w e i g h t at t ime I o v e r the initial w e i g h t at t ime 0 ( D a y 0) . Results o f post -hoc test 
for the factor salinity are a l so s h o w n , with growth patterns which are not statistically 
s igni f icant ly different under dif ferent sal init ies be ing indicated with the s a m e letters. 
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F i g u r e 6 . 6 T h e salinity level (± S . D . ) in Lung Lok Shui , T u n g Ping Chau Marine 
Park, H o n g K o n g from Mar 2 0 0 2 to M a y 2 0 0 8 . Dotted line refers lo the optimal 
g r o w i n g salinity for vege ta t ive branches determined in this study, w h i l e the rectangle 
refers to the s l o w g r o w i n g period o f S. hemiphyllum var. chinense ( A n g 2 0 0 6 ) . 
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6.4 Discussion 

6.4.1 The morphological development of zygote 

The size of the zygote of S. hemiphyllum var. chincnsc ( � 1 5 0 |im) is slightly 
f 

larger than thai o f S. hemiphyllum var. hemiphyllum (125 ^im from Inoh 1930). It is 

comparable to those o f other Sar^assum species thai ranged from 100 to 3 0 0 jim in 

diameter (Norton 1977b, Honda & Okuda 1990, Yoshida et al. 1999, Hwang et al. 

2 0 0 6 , Zhao et al. 2008b) . The observed patterns o f morphological development agree 

well with those reported in other Sar^assum spec ies such as S. muticum (Norton 

1977b), S. micracanthum (Honda & Okuda 1990) and S. thimhergii (Zhao c( al. 

2008b) . After the first equatorial division, the zygotes o f these spec ies deve loped the 

basal cell (Norton 1977b) (Fig. 6 .3E), which soon differentiated into the rhizoid. The 

appearance o f the multicellular germlings with basal rhizoids (Fig. 6 .3H) is almost 

identical in all Sargassum spec ies studied (Inoh 1930, 1932). Similar to S. 

hemiphyllum, deve lopment o f rhizoid was observed prior to the elongation o f the 

main body (Fig. 6 .4) in spec ies like S. micracanthum (Honda & Okuda 1990) and S. 

thunhergii (Zhao et al. 2008b) . Furthermore, the germlings o f 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), whi le posit ive growth 

w a s recorded at salinity as low as 5 ppt or higher. This lower lethal limit o f 0 -5 ppt 

resembles that in the c lose ly related species S. muticum, which ranges from 3 .4 to 6.8 

ppt (Hales & Fletcher 1989). Both o f these spec ies be long to the subgenus 
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Bactrophycus. In contrast, this limit is lower than thai be tween 10 and 15 ppl for the 

j u v e n i l e s o f S. ringgoldianum, a m e m b e r o f subgenus Sargassum (Arai & Miura 

1991) . Steen ( 2 0 0 4 ) also found that the g c i m l i n g s o f S. muticum could not survive at 

0 ppt even though they were a l l o w e d to recover at 3 0 ppl after o n e week o f exposure. 

The survival o f the germ l ings w a s decreased to 4 0 % after a week o f exposure to 5 

ppl m e d i u m in their first w e e k o f deve lopment (Steen 2004 ) . This value is 

comparable to � 4 0 o / o survivorship recorded for S. hemiphyllum van chinense under 5 

ppt salinity level in the present study (Fig. 6 .1) . Comparing with the 70%- 100% 

survivals o f the germl ings o f S. muticum in sal init ies be tween 10 ppl and 3 0 ppl 

w h e n the recovery w a s a l l owed (Steen 2 0 0 4 ) , the highest survivorship ( � 8 0 % ) o f 

var. chinense occurred in 15 ppl and the survivorship in other salinity l eve l s ( 1 0 ppl, 

2 0 ppt, 25 ppt and 3 0 ppt) ranged be tween 3 0 % to 7 0 % (Fig. 6.1 )• 

T h e optimal growth o f germl ings o f S, muticum waji recorded between 3 0 ppt 

to 35 ppt by different authors (Steen 2004，Hales & Fletcher 1989, Norton 1977b) , 

whereas the optimal growth was recorded at 3 0 ppt in S. ringgoldianum (Arai & 

Miura 1991) . All the germl ing o f S. muticum and S. ringgoldianum s h o w e d gradual 

decrease in length with the decrease in salinity (Norton 1977b, Hales & Fletcher 

1989, Arai & Miura 1991，Steen 2 0 0 4 ) . The RGR o f germl ings cultured at l ow 

^salinities w a s s h o w n lo be different from the control led treatment as wel l (Steen 

2 0 0 4 ) . Similar gradual suppress ion o f growth in the germl ings cultured at lower 

salinity l eve l s w a s a lso observed in the present study. H o w e v e r , the optimal growth 

of the germlings of S. hemiphyllum var. chinense at 25 ppt was relatively lower. 

S o m e epiphyt ic growth o f d ia toms on the s e a w e e d in the culture m e d i u m after day 

14 w a s observed and this may have contributed to the s l ower growth o f the 
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germlings under 3 0 ppt. Nonetheless , the presence o f different optimal growth 

condit ions a m o n g the germlings o f different Sargassuni spec ies could not be ruled 

out. 

Other than the survivorship and growth o f germlings , reduced salinity also 

affected the deve lopment o f rhizoid. The length o f the rhizoid o f spec ies like S. 

echinocarpum, S. horneri and S. muticum decreases with a reduction in salinity ( D e 

Wreede 1978, O g a w a 1986). S o m e o f the individuals o f S. echinocarpum and S. 

ohtusifolium demonstrated zero growth o f the rhizoid at 15 ppl ( D c Wreede 1978), 

whi le no germination o f rhizoid in S. fusifonne, S. horneri and S. muticum occurred 

at salinities lower than 6.5 ppt, 16.3 ppt and 12.9 ppt respectively ( O g a w a 1986, 

1994, O g a w a et al. 1996). The range o f the salinity thai the rhizoid o f S. 

hemiphyllum var. chinense w a s unable to deve lop w a s between 5 ppt and 10 ppl, 

w h i c h is comparable with those o f the c lose ly related spec ies such as S. muticum 

( O g a w a 1994). Although the germl ings o f var. chinense cultured al 5 ppt or 10 ppt 

survived throughout the experimental period, the poor deve lopment o f rhizoid may 

make it diff icult for them -to attach, hence to grow into larger thaili 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 vegetat ive branches o f S. hemiphyllum could not 

survive at 0 ppt, and the lethal salinity limit l ies be tween 0 ppt and 10 ppt. This limit 

a lso s e e m s to be comparable to that for S. muticum (Norton 1977b), in which the 

growth o f the detached branches w a s recorded to increase with salinity from 9 ppt 
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within the temperature ranges o f 10 to 25(�C. The lethal limit for the receptacles of S. 

muticum w a s also shown to lie between 3 .4 ppl and 8.5 ppl in another study (Hales & 

Fletcher 1990). 

The salinity (27 ppl) for the optimal growth o f S. muticum (Norton 1977b), 

however , appears to be different from thai (33 ppt) o f S. hemiphyllum var. chinense 

in the present study. Similar optimal salinity level at 23 .8 ppl (Hales & Fletcher 

1990) w a s exhibited for the receptacles o f S. muticum. It could be suggested that 

these two spec ies l ikely perform differentially in the field environment with different 
V « 

•• r 

fluctuating salinity condit ions. 

6.4.4 The possible effect of low salinity on the natural 

population of S, hemiphyllum 

Sargassum hemiphyllum var. chinense g rows s l owly in summer and rapidly 

in autumn and winter ( A n g 2006) . Whi le lowering o f the temperature in autumn has 

been suggested as a cue to rapid growth for this species , the f indings o f this study 

provide another poss ible explanation on the cause o f the s l o w growth in summer. 

Salinity fluctuation during summer is a c o m m o n phenomenon in the coastal 

subtropical region o f southern China like Hong Kong, as this is also the SE m o n s o o n 

season characterized with heavy precipitation. Salinity in the sampling site in Tung 
•i -

Ping Chau reached a level as low as 2 4 ppt over this period (Fig. 6.6) . The s low 

growth o f Sargassum during summer may thus be due to the suboptima丨 condit ion 

for the growth o f the vegetat ive branches at salinity level lower than 33 ppt (Fig. 
‘ ’ • 、 \ 

6.6) . The level o f 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 ( A n g 2 0 0 6 ) . D e Wrecdc ( 1 9 7 8 ) found out thai the condit ion 

(salinity: 3 0 - 35 ppl and temperature: 24"C) o f m a x i m u m growth in three Hawaiian 

Sargassum spec i e s co inc ided with thai in the natural environment w h e n Sar^assum 

b e c a m e reproductive during winter and early spring. This observat ion appears to be 

applicable in the present case o f S. hemiphyUum as wel l , at least with respect to the 

salinity level in the natural envi i^nment . 

Autumn in H o n g K o n g is characterized by lowering o f seawater temperature 

and shortening o f photopcriod. These other environmental factors may af fect the 

growth rate o f S. hemiphyUum synergist ical ly with increase in salinity. The tolerance 

o f Sargassum spp. to hyposal ine condit ion has been s h o w n to change with 

temperature (Norton 1977b, D e Wreede 1978). The integrative e f fec t o f different 

environmental factors with the salinity in a f fec t ing the growth and survival o f both 

vegetat ive branches and germl ings o f S. hemiphyUum w o u l d thus need to be veri f ied 

in further studies to obtain a better picture o f the e f fec t o f environmental condi t ions 

in a f fec t ing the structure o f the coastal c o m m u n i t y in subtropical areas. 

6.4.5 The tolerance of reduced salinity of 5. hemiphyUum van 

chinense and its distribution 

T h e m a x i m u m growth o f S. hemiphyUum var. chinense under 33 ppt salinity 

and the inability for its germl ings to d e v e l o p rhizoid under low salinity level (5 ppt, 

10 ppt) clearly indicate that this spec i e s is more suitable to survive in a truly marine 

coastal environment rather than in a brackish shore. The southern limit o f 
» 

distribution o f S. hemiphyUum 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 o f this variety in the Zhej iang province o f 

China is immediate ly south o f the mouth o f the Yangtze River. The huge hyposal ine 

environment o f the Yangtze River and Y e l l o w River estuaries appears to create a 

dispersal barrier for this variety to expand further northward, especial ly g iven the 

presence o f prevai l ing southward f l o w i n g coastal currents in this region ( H w a n g & 

W o n g 2005) . 

‘ J 
Whether there is ecotypic differentiation o f the two varieties o f S. 

hemiphyllum with regards to their tolerance to hyposal ine environment remains to be 
•‘ , � 

veri f ied by similar experimental evaluation o f salinity tolerance o f s p e c i m e n s o f var. 

hemiphyllum. The absence o f var. hemiphyllum in the southern Chinese coast as wel l 
/ 

乂 ’ ‘ ‘ 

as the distinct genet ic d i f ference be tween the two varieties (Cheang et al. 2 0 0 8 ) 

sugges t that var. hemiphyllum may also be incapable o f - cross ing this ex tens ive 

hyposa l ine barrier created by the Yangtze and the Y e l l o w Rivers. This hyposal ine 

coastal area o f Bohai and Y e l l o w Sea m a y be a s ignif fcanl factor in maintaining the 

intraspecif ic populat ion differentiation o f S. hemiphyllum, by e f f ec t ive ly b locking the 
二， ， ；) • 
g e n e f l o w be tween its t w o Varieties. 

( • 

. < • � 

. In summary, the condit ion o f reduced salinity af fects both the growth and 

survivorship o f S. hemiphyllum var. chinense. The m a x i m u m growth rate o f its 
• 产产 

vegetat ive branches in 33 ppt salinity appears to co inc ide with the environmental 

condit ion assoc iated with its fast g r o w i n g stage as wel l as its reproductive period. On 

the other hand, the suboptimal growth o f its branches and germ l ings under lower 
* T 

* ？ 

salinity level demonstrated in the laboratory appears to be ref lected in its inactive 

s l o w growth period associated with l o w and f luctuating salinity condit ion in summer. 

2 0 7 
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Salinity may be a s ignif icant environmental factor in maintaining its inlraspecific 

population differentiation, by long b lock ing the gene f l ow between its two varieties. 

The synergist ic e f fect o f reduced salinity with other environmental factors, such as 

temperature, w o u l d need to be further assessed to obtain a more comprehens ive 

understanding o f the role o f salinity in af fect ing the distribution o f Sargassum 

hemiphylhim in NW Pacific. 



Chapter Seven: Conclusion and Perspective 

7.1 Conclusion 

7.1.1 The distribution of Sargassum spp. in NW Pacific and the 

potential governing environmental factor 

A total o f 151 spec i e s o f Sargassum w e r e recorded in N W Pacif ic . Based on 

their presence or absence a m o n g the 4 7 Operational Geographical Units ( O G U s ) 

de f ined (Chapter 2) , three main b iogeographic c lades o f Sargassum were recognized 

in this region. The highest spec i e s r ichness w a s found in southern China and 

southern Japan. T h e degrees o f compos i t iona l d i f ference o f Sargassum spec i e s 

a m o n g O G U s were most pos i t ive ly correlated with the c o m b i n e d e f fect o f the mean 

lowes t sea surface temperature ( S S T ) in winter, latitude (which ref lected 

photoper iodic i ty) and mean annual sal inity，compared to lower correlation with 

geographical d is tance and Eucl idean distance a m o n g O G U s , generated by d i f ferences 

in environmental parameters a m o n g them. The S S T w a s be l i eved to be the most 

critical factor in structuring Sargassum b iogeographic patterns with the S S T in the 

co ldes t month hav ing the most profound ef fect . There w a s a transition z o n e o f 

occurrence b e t w e e n the s p e c i e s under subgenus Bactrophycus and those under 

s u b g e n u s Sargassum. T h e Bactrophycus spp. are l ikely to be more recently radiated 
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especial ly in north N W Pacific and possessed variable eurythermal ability. In 

contrast, spec ies under subgenus Sargassum are more primitive and originated in the 

Tropics. 

7.1.2 Phylogeographic studies of Sargassum spp. in population 

leve 里 

The present distribution pattern o f Sargassum in the N W Pacific has been 

synthesized (Chapter 2) and a hypothetical scenario to account for the pattern was 

suggested. However , the effect o f different environmental factors on the 

biogeography o f Sargassum spp. in a finer scale, i.e. the population level, remains » 

unclear. The studies o f phylogeography o f Sargassum hemiphyllum and S. muticum 

in Chapters Three and Four respectively demonstrate two different phylogeographic 

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

Bactrophycus and phylogenet ical ly c lose ly related (Stiger et al. 2003) . 

T w o allopatrically distributed varieties o f S. hemiphyllum, van chinense and van 

hemiphyllum, were found to be genetical ly distinct in terms o f the ITS2 and Rubisco 

spacer. The genetic break between these two varieties’ with van chinense distributed 

in southern Chinese coast and van hemiphyllum in Japan and Korea, is situated in the 

210 
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region including Bohai , Yel low Sea and East China Sea. This region is heavily 

inf luenced by the Yangtze and Yel low Rivers in China. An introgrcssion o f the 

mitochondrial g e n o m e from van chiuense to van hemiphyllum is evident based on the 

mitochondrial marker T m W I spacer. This introgrcssion is likely to be mediated by 

the Kurushio current. The hybridization between the two varieties may still be 

ongo ing s ince the concerted evolution o f ITS2 is not y d saturated in the Korean 

population, which is geographical ly in-between the distribution o f the two varieties. 

In contrast, S. muticum exhibited no variation in ITS2 and Rubisco spacer 

sequences , regardless o f the native or introduced populations examined. A f ixed 

one-nucleot ide difference in the T m W I spacer occurs between the population o f 

eastern Japan and the rest o f the other populations. This f inding aids in revealing the 

western and central Japan (Seto Inland Sea) as the most likely source localities o f the 

introduced S. muticum populations in both the eastern Pacific and eastern Atlantic 

coasts. The intense Pacif ic oyster farming industry and exportation o f oysters from 

these regions in Japan to establish other farming industries in North America and 

Europe w a s bel ieved to account for the introduction. 

211 
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7.1.3 Comparison of the phylogeographic studies of the four 

Sargassum spp. 

To investigate the effect o f river out f low on shaping the genetic population 

structure o f Sargassum spp., a comparative phylogeographic study was carried out in 

Chapter Five on four c lose ly related Sargassum species which show two different 

distribution patterns. Sargassum hemiphyllum and S. fusifonue are not found in 

Bohai and Yel low Sea, which are heavily influenced by the Yangtze and Yel low 

Rivers in China, and demonstrate a discontinuous distribution pattern. Sargassum 

thunhergii and S. muticwn, in contrast, occur in the rivers affected region and exhibit 

a continuous distribution pattern along the coast o f China. 

A contrasting pattern o f genetic population structure was obtained, based on the 

nuclear ITS2, plastid Rubisco spacer and mitochondrial T m W I spacer, between the 

spec ies showing these two distribution patterns. N o 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 l ineages 

corresponding to the two varieties inhabiting the northern and southern regions o f the 

Bohai and Yel low region is revealed in S. hemiphyllum, as shown in more details in 
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Chapter Three. T w o main l ineages are also present in S. fusifonue based on !TS2 and 

T m W I sequences , but the genetic break between the two l ineages is situated in the 

region between eastern and southwestern Japan, i.e., in a location different from that 

separating the two S. heniiphyllum varieties. The two Sarga.ssum species with 

discontinuous distribution exhibit more haplotypes (e.g. four in TrnW I spacer) than 

species with continuous distribution ( two in T m W I spacer). This is likely related to 

whether they survive through the glacial refugia and how fragmented their ancient 

populations were. Glacial refugia in the Sea o f Japan or the East China Sea may 

harbor the ancestors o f S. thunhergii and S. nnaicwn, whi le the two main l ineages o f 

S. fusiforme might survive in both refugia. 

The current distribution o f the haplotypes was largely determined by the 

contemporary environmental factors. While the presence o f large rivers was 

postulated to maintain the genetic population differentiation in S. hemiphyllum 

(Cheang et ai 2008 , also Chapter 3), the present study has shown thai reduced 

salinity and other adverse environmental stresses associated with the occurrence o f 

the two rivers in China affect only the genetic population structure o f S. hemiphyllum, 

but not that o f S. fusiforme which is also discontinuously distributed. The 

maintenance o f the population structure o f S. fusiforme appears not to be correlated 
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with the effect o f the two rivers. The oceanic current is bel ieved to contribute lo the 

present genetic population structure to certain extant, s ince there arc introgressions in 

the eastern Japanese population o f S. hemiphyllum and S. fusifornie. Shal low 

differentiations were detected in S. miiticum and S. thunhcr^ii. Both o f these species 

are continuously distributed and extend into coastal areas heavily affected by the 

rivers. This differentiation may be due lo more recent vicariant events unlikely to be 

similar to the ones experienced by S. hemiphyllum and S. jus if or me. The occurrence 

o f S. muticum and S. thunhergii in the Bohai region may be attribuled lo their 

inherited physiochemical trail in being able to tolerate brackish water. 

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

salinity 

In order to directly verify the effect o f low salinity on S. hemiphylhun van 

chinense’ which w a s absent from the brackish water in Bohai and Yel low sea, the 

tolerance o f both germ lings and vegetative branches to reduced salinity was tested in 

Chapter Six. The growth rate o f the branches rose with the increase in salinity level 

till 33 ppt. The lethal limit o f vegetat ive branches to reduced salinity lies between 0 

ppt and 10 ppt. Germlings cultured in 15 ppt attained the highest survivorship. The 

optimal growth o f the germlings occurred at 25 ppt, whi le the lowest lethal limit was 
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within the range o f 0 ppl and 5 ppt. Germlings reared under low salinity were 

deficient in rhizoid development , making them highly unlikely lo grow into large 
9 

thallus in the natural environment exposed lo strong waves . 

The maximum growth o f S. hemiphyllum var. chinense under salinity 33 ppl and 

the inability to dcvc lope 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 esluarine 

coast. The salinity level o f maximum vegetative growth coinc ides with ihc 

environmental condition for fast growing stage as well as the reproductive period o f 

this variety in Hong Kong, whereas the suboptimal growth o f branches and 

germlings under the lower salinity levels resembles the inactive period over its life 

history. 

The northern limit o f the distribution range o f variety chinense o f S. 

hemiphyllum may be determined by the tolerance o f this variety to hyposaline 

condition. Salinity may be a significant environmental factor in maintaining the 

intraspecific population differentiation o f S, hemiphyllum^ by blocking the northward 

dispersal o f variety chinense�as well as, possibility stopping the southward transport 

o f variety hemiphyllum. The lethal limits o f both vegetative branches and germlings 
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of S. h. van chinense arc comparable to those of S. muticum, which occurs in the 

estuarine Bohai region. The optimal growth o f branches o f S. muticiim occurred 

under salinity level o f 27 ppt, in contrast to the optimal salinity level o f S. 

hemiphyllum at 33 ppt. This could have explained the absence o f S. hemiphyllum in 

brackish water and support the suggestion thai river discharge serves as a barrier for 

the exchange o f genetic materials among its populations. 

..J 

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 datasct for analytical biogeography. Continuing efforts to 

compi le and analyze these datasels will undoubtedly enable us to obtain a more 
I 

reliable picture o f global phycogeography than the conventional models based on the 

projection o f particular algal groups. 

The study in Chapter Two illustrates the usefulness o f multivariate clustering 

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

environmental factors structuring algal assemblages. Besides identifying the prime 

216 



CHAP'r i :R 7: Conclusion and Perspective 

factor ( w i n L S S T in this study), this approach enabled other minor factors (e.g. 

sal inity) to be determined as we l l , and s e e m s d e a r l y superior to convent ional 

approaches thai are unable to provide such information. The multivariate clustering 

analys is together with analyses like “ B E S T ” and " L I N K T R E E " should serve as 

useful tools to e lucidate the structuring forces o f other algal a s semblages as wel l as 

other eco log ica l communi t i e s . ‘ 

The data on the abundance o f each Sargassum spec i e s also of fer another useful 

information for characterizing the O G U s . Al though two studies have cons idered ihc 

p h e n o l o g y o f Sargassum in N W Pacif ic (Yoshida et ai 2 0 0 1 , A n g 2 0 0 6 ) , the 

avai lable information is inadequate to y ie ld a comple te picture for this region. 

Phenologica l studies on Sargassum from different local i t ies arc necessary to better 

understand the underlying structuring force(s ) behind their biogeographical 

distribution, not just in the N W Pacif ic but e l s ewhere in the world. 

7.2.2 The phylogeographic studies on Sargassum spp. 

Al though s o m e molecular phy logenet ic studies on Sargassum (St iger et al. 2 0 0 0 , 

2003，Oak et al. 2 0 0 2 , Phil l ips et al. 2 0 0 5 ) have been conducted，a robust taxonomic 

s c h e m e o f Sargassum ref lect ing its p h y l o g e n y has not yet been achieved. It is 
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necessary to obtain more molecular data in order to improve the quality o f the 

available biogeographic information, for instance to clarify the status o f the 

morphological variants which may have been mis idcnl i f icd as new species . 

Bes ides , the elucidation o f the ecological demography among populations by 

molecular markers also provides insight(s) on the factor governing the biogeography 

o f Sargassum in this region. This, however , requires relatively variable genetic 

markers. Engel et al. ( 2 0 0 8 ) compared eight markers in the mitochondria g e n o m e , 

together with Rubisco spacer in plastid g e n o m e , for their performance in analyzing 

the phy logeny and the phylogeographic pattern in nine laminarialean and three 

fucoid spec ies o f brown algae, in which no Sargassoceous spec ies were included. 

S o m e markers, e.g. rps3_rps 19 and T m W I spacers, demonstrated intraspecific 

variation and are proposed to be good in the phylogeographic studies. The studies in 

Chapter Two, Three and Four have, indeed, proven the applicability o f the 

mitochondrti^ marker ( T m W _ I spacer) in the phylogeographic study in s o m e 

Sargassum species . For the Sargassum spp. with little or even no genet ic population 

differentiation based on mitochondrial markers, other more variable markers such as 

microsatell ite (van der Strate et al. 2 0 0 2 ) could be used to demonstrate the 

demography o f these species . For instance, the source o f introduction o f the invasive 
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S. muticum from its native range wou ld be better resolved if more variable markers 

are used. The contrasting patterns o f population differentiations a m o n g the four 

Sargassum spec ies investigated illustrate that, though being phylogcne l ica l ly c lo se ly 

related, Sat-gassum spec ies could experience different evolutionary histories and/or 

respond differently to ihfe same geo log ica l history. A more comprehens ive picture o f 

h o w the populat ions o f these Sargassum spp. differentiated is sought, and yet this 

could be achieved only w h e n more phylogeographic works o f Sargassum are done in 

N W Pacif ic . The different patterns o f population differentiation revealed in 

Sargassum undoubtedly help to shed lights on the understanding o f the different 

evolutionary histories existed in the marine flora o f this region. 

7.2.3 The potential effect of elevated SST on Sargassum spp. 

The importance o f S S T in structuring Sargassum b iogeography revealed in 

Chapter T w o should alert researchers to the potential ef fect o f e levated S S T due to 

global Warming on the current and future distribution o f Sargassum. The potential is 

a lways there for a range expansion or range shift o f Sargassum spp., which are 
4 、 

important c o m p o n e n t s o f the marine coastal environment. Should these occur, a 

poss ib le consequence w o u l d be a change in the w h o l e coastal c o m m u n i t y or 

e c o s y s t e m structure with a potential shift in the compos i t ion and diversity o f other 
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assoc ia ted organisms . It is therefore essential to moni tor the range distribution and 

p h e n o l o g y o f Sargassum and other macroa lgae on a long-term basis , to enable the 

e f f ec t o f g lobal w a r m i n g on c h a n g e s in the structure o f coastal c o m m u n i t i e s to be 

m o r e e f f e c t i v e l y as ses sed . 

Al l in all，the brown macroalgal g e n u s Sargassum is an e c o l o g i c a l l y important 

c o m p o n e n t o f the marine e c o s y s t e m in N W Paci f ic region. T h e e luc idat ion o f the 

b i o g e o g r a p h y o f Sai-gassum spp. and h o w the b iogeograph ic pattern w a s formed 

and/or susta ined arc certainly prov id ing ins ights for a better understanding o f the 

b i o g e o g r a p h y o f the marine f lora in N W Paci f ic , w h i c h is o n e o f the crucial 

c o m p o n e n t s in understanding the past history o f this planet. 

2 2 0 



References: 
4 

/ 

Abbott , I. A. 1985 -1999 . Taxonomy of Economic Seaweeds: With Reference to Pacific 
Species. California Sea Grant Co l l ege , La Jolla, U S A . 

A d e y , W. H'. and Steneck, R. S. 2001 . T h e n n o g e o g r a p h y over l ime creates 
h iogeographic regions: a temperature/space/t ime-integraled model and an 
abundance-weighted test for benthic marine a lgae' Journal of PhvcoIogv 37-^77-
98. ‘ 

Ajisaka, T .， N a n g； H. Q., Dinh, N. H .，L u , B., Chiang, Y. M. and Yoshida T. 1997. 
Sargassum hemiphyllum (Turner) C. Agardh var. chinense J. Agardh from 
Vietnam, the Chinese mainland, and Taiwan (Fucajes , Phaeophyta). In: Abbott , 
I. A. [Ed.] Taxonomy of Economic Seaweeds with ； R e f e r e n c e to Some Pacific 
Species, Vol. 6. . California Sea Grant C o l l e g e Program, University o f California, 
La Jolla, U S A , pp. 37 -50 . 

r ' 

AJ^erson, A. J. and Kolnick, L. 2 0 0 5 . Intragenomic nucleot ide po lymorphism a m o n g 
small subunit (18s ) r D N A paralogs in the diatom genus Skeletonema 
(Baci l lariophyta) . Journal of Phycology 4 1 : 1 2 4 8 - 5 7 . 

Anderson, E. 1953. Introgressive hybridization. Biological Reviews 2 8 : 2 8 0 - 3 0 7 . 

Andreakis , N. , Procaccini , G., Maggs , C. and Kooistra, W. H. C. F. 2007 . 
Phy logeography o f the invas ive s e a w e e d Asparagopsis (Bonnemaison ia les , 
Rhodophyta) reveals cryptic diversity. Molecular Ecology' 16 :2285-99 . 

Andrew, N . L. and Viejo , R. M. 1998. Ecological l imits to the invasion o f Sargassum 
muticum in northern Spain. Aquatic Botany 6 0 : 2 5 1 - 6 3 . 

A n g , P. O. 2 0 0 6 . Pheno logy o f Sargassum spp. in Tung Ping Chau Marine Park, Hong 
K o n g S A R , China. Journal of Applied Phycology 18:629-36 . $ 

Arai, A. and Miura, A. 1991. Ef fects o f salinity and light intensity on the growth o f 
brown algae, Sargassum ringgoldiamim. Suisanzoshoku 3 9 : 3 1 5 - 1 9 . 

Arbogast , B. S. and Kenagy , G. J. 2 0 0 1 . Comparat ive phylogeography as an integrative 
approach to historical b iogeography. Journal of Biogeography 28 :819 -25 . 

A v i s e , J. C. 1992. Molecular population structure and the hiogeographic history o f a 
regional fauna : a case history with lessons for conservat ion b io logy . Oikos 
63:62 -76 , 

A v i s e , J. C. 2 0 0 0 . Phylogeography: the History and Formation of Species. Harvard 
Univers i ty Press, Cambridge’ U S A , 4 4 7 pp. 

221 

liiteiiMiiiriijiijfiir m 



-一 References 

A v i s e , J. C. 2 0 0 4 . Molecular Markers, Natural History, and Evolution. Sinauer 
A s s o c i a t e s , Inc.，Sunderland, U S A , pp. 6 8 4 pp. ‘ 

• r* 

A v i s e , J. C.，Arnold, J., Bal l , R. M. , B e r m i n g h a m , E., Lamb, T., N e i g e l , J. E., Recb, C. 
A . and Saunders , N . C. 1987 . Intraspecif ic p h y l o g e o g r a p h y : T h e mitochondrial 
D N A bridge b e t w e e n populat ion g e n e t i c s and sys l emat ic s . Annual Review of 
Ecology and Systematic�18:489-522. 

A y a l a , F. J. 1997 . Vagar i e s o f the molecu lar c lock . Proceedings of the Nalional 
Academy of Sciences of the United States of America 9 4 : 7 7 7 6 - 8 3 . 

Baba, M. 2 0 0 7 . E f f e c t s o f temperature and irradiance on gemnl ing growth in e ight 
S a r g a s s a c e o u s spec ies . Report of Marine Ecology Research Institute 10:9-20 . 

Back , S., Co l l ins , J. C. and Russe l l , G. 1992. E f f e c t s o f sal inity on growth o f Balt ic and 
Atlant ic Fuciis vesiculosus. British Pliycological Journal 2 7 : 3 9 - 4 7 . 

Baez , J., C. , Real , R.’ Vargas , J. M. and F l o r e s - M o y a , A. 2 0 0 4 . A b iogcographica l 
ana lys i s o f the genera A u d o u i n e l l a (Rhodophyta ) , Cys lose i ra ( P h a e o p h y c e a e ) 
and Cladophora (Chlorophyta) in the western Mediterranean Sea and Adriatic 
Sea . Phycologia 4 3 : 4 0 4 - 1 5 . 

Banks , M： A. ’ M c G o l d r i c k , D. J., B o r g e s o n , W. and H e d g e c o c k , D. 1994. Gamet i c 
incompat ib i l i ty and gene t i c d i v e r g e n c e o f Pac i f ic and K u m a m o l o oysters , 
Cr^sostrea gigas and C. sikamea. Marine Bi-ology 1 2 1 : 1 2 7 - 3 5 . 

Barber, P. H.’ Erdmann, M. V. and Palumbi , S. R. 2 0 0 6 . Comparat ive p h y l o g e o g r a p h y 
o f three codistr ibuted s tomatopods : or ig ins and t iming o f regional l ineage 
d ivers i f i ca t ion in the coral triangle. Evolution 6 0 : 1 8 2 5 - 3 9 . 

Barrett, E. M. 1963. T h e Cal i fornia oys ter industry. In: The Resources Agency of 
California Department of Fish and Game Fish Bulletin 123. pp. 1 -103 . 

»» 

B e n z i e , J. A . H., Ba i lment , E. and Edyvane , K. 2 0 0 0 . A l l o z y m e s as genet ic 
ident i f icat ion markers o f Sargassum spp. ( P h a e o p h y l a ) from the Great Barrier 
Reef, Australia. Botanica Marina 43:169-70. 

B e r m i n g h a m , E. and. N7artin, A . P. 1998. Comparat ive m t D N A p h y l o g e o g r a p h y o f 
neotropical freshwater f i shes : test ing shared history to infer the evo lut ionary 
landscape o f l o w e r Central Amer ica . Molecular Ecology 7 : 4 9 9 - 5 1 7 . 

Bo l ton , J. J. 1994. Global s e a w e e d diversi ty: Patterns and anomal ie s . Botanica Marina 
3 7 : 2 4 1 - 4 5 . ‘ 

B o l t o n , J. J., Leliaert, F., C l e r c k , , 0 . , A n d e r s o n , R. J., S t e g e n g a , H.，Engledow, H. E. and 

Coppejans，E. 2 0 0 4 . W h e r e is the wes tern l imit o f the tropical Indian O c e a n 

s e a w e e d f lora? A n ana lys i s o f intertidal s e a w e e d b i o g e o g r a p h y on the east coast 

222 



Rctcrcnccs 

o f South Africa. Marine Biology^ 144:51 -59. 

Boudouresque, C. F. and Verlaque, M. 2002. Biological pollution in the Mediterranean 
Sea: invasive versus introduced macrophytes. Marine Pollution Bulletin 44:32-
38. 

Bray, R. T. and Curtis, J. 丁. 1957. An ordination o f the upland forest communit ies of 

Southern Wisconsin. Ecological Monographs 27:325-49. 

Breeman, A. M. 1988. Relative importance o f temperature and other factors in 
determining geographic boundaries o f seaweeds: Experimental and phenological 
evidence. Helgoland Marine Research 42:199-241. 

Breeman, A. M., Oh, Y. S.，Hwang, M. S. and Van den Hoek, C. 2002. Evolution of 

temperature responses in the Cladophora vagahunda complex and the C. 

alhicla/sericea complex (Chlorophyta). European Journal of Phvcology^ 37:45-

58. ‘ 

Breeman, A. M. and Pakker, H. 1994. Temperature ecolypes in seaweeds: Adaptive 
s ignif icance and biogeographic implications. Botanica Marina 37:171-80 . 

Briggs, J. C. 1974. Marine Zoogeography. McGraw-Hil l , N e w York, U S A , 475 pp. 

Briggs, J. C. 1995. Global Biogeography. Elsevier Science B. V., Amsterdam, 
Netherlands, 4 5 2 pp. 

Carballo, J. L.，Olabarria, C. and Osuna, T. G. 20(12. Analysis o f four macroalgal 
assemblages along the Pacific Mexican Coast during and after the 1 9 9 7 - 9 8 El 
Nino. Ecosystems 5:749-60. 

Cheang, C. C. 2003 . Genetic and morphological variation among populations of 
Sargassum hemiphyllum (Phaeophyta). Master Thesis, The Chinese University 
o f Hong Kong, 136 pp. 

Cheang, C. C.’ Chu，K. H. and Ang, P. O. 2008. Morphological and genetic variation in 

the populations o f Sargassum hemiphyllum (Phaeophyceae) in northwestern 

Pacific. Journal of Phycology 44:855-65. 

Chen, C. S. 1986. The structure and function of Sargassum community in northern 
Taiwan. Doctoral Dissertation, National Taiwan University, 127 pp. 

Chiang, T. Y.’ Chiang , Y. C.’ Chen, Y. J., Chou, C. H.’ Havanond, S., Hong, T. N. and 
Huang, S. 2001. Phylogeography o f Kandelia candel in East Asiatic mangroves 
based on nucleotide variation o f chloroplast and mitochondrial D N A s . Molecular 
Ecology 10:2697-710. 

223 



-一 References 

Chiang, Y.-C. , Schaal, B. A., Ge, X. J. and Chiang, T.-Y. 2004 . Range expansion 
leading to departures from neutrality in the nonsymbiot ic hemoglobin gene and 
the c p D N A trnL-frnF intergenic spacer in Trema dielsiana (Ulmaceae) . 
Molecular Phylogenetics and Evolution 31 :929-42. 

Chiang, Y. M. 1960. Marine algae o f northern Taiwan (Cyanophyta, Chlorophyla, 
Phaeophyta). Tahvania 7:51-75. 

Choi , T. S. and Kim, K. Y. 2004 . Spatial pattern o f interlidal macroalgal assemblages 
associated with tidal levels . HyJrohiologia 512:49-56. 

Chu, K. H .，L i , C. P. and Ho, H. Y. 2001 . The first internal transcribed spacer (ITS-1) o f 
ribosomal D N A as a molecular marker for phylogenet ic and population analyses 
in Crustacea. Marine Biotechnology 3 :355-61 . 

Clarke, K. R. and Ainsworth, M. 1993. A method o f linking multivariate community 
structure to environmental variables. Marine Ecology Progress Series 92 :205-19 . 

Clarke，K. R. and Gorley, R. N. 2006 . PRIMER \ 6: User manual/tutorial. PRIMER-E, 
Plymouth, UK, 192 pp. 

Clarke, K. R., Somerf ie ld, P. J. and Chapman, M. G. 2006 . On resemblance measures 
for ecological studies, including laxonomic dissimilarities and a zero-adjusted 
Bray二Curtis coef f ic ient for denuded assemblages . Journal of Experimental 

Marine Biohgy and Ecology 330:55-80. 

Clement , M., Posada, D. and Crandall, K. A. 2000 . TCS: a computer program to 
estimate gene genealogies. Molecular Ecology^ 9:1657-59. 

Comes , H. P. and Abbott, R. J. 2001 . Molecular phylogeny, reticulation, and lineage 
sorting in Mediterranean Senecio sect. Senecio (Asleraceae) . Evolution 55:1943-
62. 

Coyer, J. A. , Hoarau，G.，Stam, W. T. and Olsen, J. L. 2004 . Geographical ly specif ic 
heteroplasmy of mitochondrial DNA in the seaweed, Fucus serratus 
(Heterokontophyta: Phaeophyceae, Fucales). Molecular Ecology 13:1323-26. 

Coyer, J. A. , Hoarau, G.’ Stam, W. T. and Olsen, J. L. 2007 . Hybridization and 
introgression in a mixed population o f the intertidal s eaweeds Fucus evanescens 
and F. serratus. Journal of Evolutionafy Biology 20:2322-33. 

Coyer, J. A. , Peters, A. F., Stam, W. T. and Olsen, J. L. 2003 . Post-ice 'age 
recolonization and differentiation of Fucus serratus L. (Phaeophyceae; 
Fucaceae) populations in Northern Europe. Molecular Ecology 12 :1817-29. 

224 



Rd'crcnccs 

Coyer, J. A•，Smith, G. J. and Andersen, R. A. 2001. Evolution of Macrocystis spp. 
(Phaeophyceae) as determined by ITSl and 1TS2 sequences. Journal of 
Phycology 37:574-85. 

Crisci, J. V. 2001, The voice o f historical biogeography. Journal of Biogco^rap/iv 
28:157-68. ^ 

Critchley, A. T. 1983a. Sargassum niuticum: A laxonomic history including world-wide 
and western Pacific distributions. Journal of Marine Biological Association of 
the United Kingdom 63:617-25. ‘ 

Critchley, A. T. 1983b. The establishment and increase of^ar^assiim muticum (Ycndo) 
Fensholt populations within the Solent area，of southern Britain. 11. An 

investigation o f the increase in canopy cover o f the alga at low water. Botanica 

Marina 26:539-45. 

Critchley, A. T., De Visscher, P. R. M. and Nienhuis, P. H. 1990. Canopy characteristics 
o f the brown alga Sargassum muticum (Fucales, Phaeophyla) in Lake 
Grevlingen, southwest Netherlands. Hydrohiologia 204/205:21 1-17. 

Critchley, A. T. and Dijkema, R. 1984. On the presence of the introduced brown alga 
Sargassum muticum^ attached to commercial ly imported Ostrca edulis in the 
S.W. Netherlands. Botanica marina 27:211-16. 

Critchley, A. T.’ Famham, W. F. and Morrell, S. L. 1983. A chronology of the new 
European sites o f attachment for the invasive brown alga, Sargassum muticum, 
1973-1981. Journal of the Marine Biological Association of the United Kingdom 
63:799-811. 

Cunningham, E. M., Guiry, M. D. and Breeman, A. M. 1993. Environmental regulation 
o f development, life history and biogeography of Helminthora stackhousei 
(Rhodophyta) by daylength and temperature. Journal of Experimental Marine 
Biology and Ecology 171:1-21. 

Curiel, D.，Bellemo, G.，Marzocchi, M.，Scaltolin, M. and Parisi, G. 1998. Distribution 
o f introduced Japanese macroalgae Untlaria pinnatifida, Sargassum muticum 
(Phaeophyta) and Antithamnion pectinatum (Rhodophyta) in the Lagoon o f 
Venice. Hydrohiologia 385:17-22. 

De Wreede, R. E. 1978. Growth in varying culture conditions of embryos of three 
Hawaiian species o f Sargassum (Phaeophyta, Sargassaceae)�Phycnlogia 17:23-

31. 

Deysher, L. and Norton, T. A. 1982. Dispersal and colonization in Sargassum muticum 
(Yendo) Fensholt. Journal of Experimental Marine Biology and Ecology 56:179-
95. 

225 



Kct'crcnccs 

Deysher, L. E. and Dean, T. A . 1986. Interactive effects o f light and temperature on 
sporophyle production in the giant kelp Macrocystis pvrifera. Marine Biology 
93:17-20. 

Dover, G. 1982. Molecular drive: a cohesive mode of species evolution. Nature 
299:111-17. 

Drew, K. M. 1949. Conchocelis-phasc in the life-history of Porphvra iimhUicalis (L.) 
Kutz. Nature 164:748-49. ‘ 

Duggins, C. J.，Karlin, A., Mousseau, T. and Relyca, K. 1995. Analysis o f a hybrid zone 
in Fundulus majalis in a northeastern Florida ecolone. Heredity 74:1 17-28. 

Durand, C.，Manuel, M., Boudouresque, C. F.，Meinesz, A., Verlaque, M. and Le Parco, 

Y. 2002. Molecular data suggest a hybrid origin for the invasive Caulerpa 
racemosa (Caulerpales, Chlorophyta) in the Mediterranean Sea. Journal of 
Evolutionary Biology 15:122-33. 

Engel, C. R., Billard, E., Voisin, M. and Viard, F. 2008. Conservation and 
polymorphism o f mitochondrial intergenic sequences in brown algae 
(Phaeophyceae). European Journal of Phycolo^ 43:195-205. 

Engle, V. D. and Summers, J. K. 1999. Latitudinal gradients in benthic community 
composit ion in Western Atlantic estuaries. Journal of Bio^en^raphy 26:1007-23. 

Eppley, R. W.’ Holmes, R. W. and Strickland, J. D. H. 1967. Sinking rates of marine 
phytoplankton measured with fluorometer. Journal of Experimental Marine 
Biology and Ecology 1:191 -208. 

Espinoza, J. 1990, The southern limit o f Sargassum muticum (Yendo) Fensholl 
(Phaeophyta, Fucales) in the Mexican Pacific. Botanica Marina 33:193-96. 

Excoffier, L.’ Laval, G. and S., S. 2005. Arlequin ver. 3.0: An integrated software 
package for population genetics data analysis. Evolutionary Bioinformatics 
Online 1:47-50. 

Fama, P., Olsen, J. L., Stam, W. T. and Procaccini, G. 2000. High levels o f intra- and 
inter-individual polymorphism in the rDNA ITSl of Caulerpa racemosa 
(Chlorophyta). European Journal of Phycology 35:349-56. 

Farnham, W. F .，Fletcher, R. L. and Irvine, L. M. 1973. Attached Sargassum found in 
Britain. Nature 243:231 -32. • 

Fautin，D. G. 2007. The coastal and marine environmental database, Biogeoinformatics 
o f Hexacorallia. http://hercules.kgs.ku.eclu/hexacoral/envirodata/locationcarty 
loccartmap.cfm 

6
 

2
 

y
2
 

http://hercules.kgs.ku.eclu/hexacoral/envirodata/locationcarty


Kct'crcnccs 

Felsenstein, J. 1985. Confidence limits on phylogenies: An approach using ihe bootstrap. 
Evolution 39:783-91. 

Fensholt, D. E. 1955. An emendation of the genus Cystophyllum (Fucales). American 
Journal of Botany 42:305-22. 

Fernandez, C. 1999. Ecology of Sargassum muticum (Phaeophyta) on the North Coast of 
Spain: IV. Sequence o f Colonization on a Shore. Botanica Marina 42:553-62. 

Freeland, J. R. 2005. Molecular Ecolo^'. John Wiley and Sons, Chichcslcr, UK, 400 pp. 

Freshwater, D. W., Fredericq, S. and Bailey, J. C. 1999. Characteristics and utility o f 
nuclear-encoded large-subunit ribosomal gene sequences in phylogenetic studies 
of red algae. Phycological Research 47:33-38. 

Fu, Y. X. 1997. Statistical tests o f neutrality of mutations against population growth, 
hitchhiking and background selection. Genetics 147:915-25. 

Galysheva, Y. A. 2004. Subtidal macrobenthos communities o f Vostok Bay (Sea of 
Japan) under conditions o f anthropogenic impact. Russian Journat of Marine 
Biology 30:363-70. 

Garbary, D. 1987. A critique o f traditional approaches to seaweed distribution in light of 
the development o f vicariance biogeography. Helgoland Marine Research 
41:235-44. 

Gavio, B. and Fredericq, S. 2002. Grateloupia turuturu (Halymeniaceae, Rhodophyta) is 
the correct name o f the non-native species in the Atlantic known as Grateloupia 
doiyphora. European Journal of Phycology 37:349-59. 

Geller, J. B. 1996. Molecular approaches to the study o f marine biological invasions. In: 
Ferraris, J. D. and Palumbi, S. R. [Eds.] Molecular Zoology. Wiley, N e w York, 
pp. 119-32. • 

Geller, J. B.，Walton, E. D., Grosholz, E. D. and Ruiz, G. M. 1997, Cryptic invasions of 
the crab Carcinus detected by molecular phylogcography. Molecular Ecology 
6:901-06. 

Goulletquer, P., Bachelet, G., Sauriau, P. G. and Noel , P. 2002. Open Atlantic coast o f 
Europe- A century of introduced species into French waters. In\ Leppakoski, E., 
Gollasch, S. and Olenin, S. [Eds.] Invasive Aquatic Species of Europe. 
Distribution, Impacts and Management. Kluwer Academic Publishers, 
Dordrecht, Netherlands, pp. 276-90. 

Grizel, H. and Heral, M. 1991. Introduction into France o f the Japanese oyster 
{Crassestrea gigas). ICES Journal of Marine Science 47:399-403. 

227 



Kct'crcnccs 

Guiry, M. D. and Guiry, G. M. 2008. AlgaeBase. World-wide electronic publication. 
National University of Ireland, ( ialway. htlp://www.algaebase.org 

Ciurgel, C. F. D., Frcdericq, S. and Norris, J. N. 2004. Phylogeography of Gracilaria 
tikvahiae (Gracilariaceae, Rhodophyla): A study of genetic discontinuity in a 
continuously distributed species based on molecular evidence. Journal of 
Phycology 40:748-58. 

Gusmao, J., Lazoski, C. and Solc-Cava, A. M. 2()()(). A new species o f Penaciis 
(Crustacea: Penaeidac) revealed by al lozyme and cytochrome oxidase I analyses. 
Marine Biology 137:435-46. 

Hales, J. M. and Fletcher, R. L. 1989. Studies on the recently introduced brown alga 
Sargassum muticum (Yendo) Fensholl. IV. The effect o f temperature, irradiancc 
and salinity on germling growth. Botanic a Marina 32:167-76. 

Hales, J. M. and Fletcher, R. L. 1990. Studies on the recently inlroduced brown alga 
Sargassum muticum (Yendo) Fensholl. V. Receptacle initiation and growth and 
gamete release in laboratory culturc. Botanica Marina 33:241-49. 

Hanisak, M. D. and Samuel, M. A. 1987. Growth rates in culture o f several species of 
Sargassum from Florida, USA. Hydrohiolo^ia 151-152:399-404. 

Haraguchi, H., Murase, N., Mizukami, Y., Noda, M., Yoshida, Ci. and Tcrawaki, T. 
2005. The optimal and maximum critical temperatures of nine species o f the 
Sargassaceae in the coastal waters o f Yamaguchi Prefecture, Japan. Japanese 
Journal of Phycology 53:7-13. 

Harries, D. B., Cook, E., Donnan, D. W.’ Mair, J. M., Harrow, S. and Wilson, J. R. 
2007a. The establishment of the invasive alga Sargassum muticum on the west 
coast o f Scotland: Rapid northwards spread and identification o f potential new 
areas for colonization. Aquatic Invasions 2:367-77. 

Harries, D. B., Harrow, S., Wilson, J. R., Mair, J. M. and Donnan, D. W. 2()()7b. The 
establishment o f the invasive alga Sargassum muticum on the west coast o f 
Scotland: a preliminary assessment o f community effects. Journal of (he Marine 
Biological Association of the United Kingdom 87:1057-67. 

Harris, D. J. and Crandall, K. A. 2000. Intragenomic variation within ITSl and ITS2 of 
freshwater crayfishes (Decapoda: Cambaridae): Implicatrons for phylogenelic 
and microsatellite studies. Molecular Biology and Evolution 17:284-91 ,^ 

Hayano, A., Amano, M. and Miyazaki, N. 2003. Phylogeography and population 
structure o f the Dali's porpoise, Phocoenoides cJalli, in Japanese waters revealed 
by mitochondrial D N A . Genes and Genetic Systems 78:81-91. 

228 

http://www.algaebase.org


• Kcfcrcnccs 

Hill is-Colinvaux, L. 1986. Deep water populations o f Ualinicda in ihe e c o n o m y of an 
atoll. Bulletin of Marine Science 38:155-69 . 

Ho, C.-L., Phang, S.-M. and Pang, T. 1995. Molecular characterisation o f Surpass urn 
polycystum and S. siliquosum (Phacophyta) by polymerase chain reaction (PCR) 
using random amplif ied polymorphic D N A ( R A P D ) primers. Journal of Applied 
Phyco/ogy 7:33-41. 

Hoarau, G., Coyer, J. A.，Vcldsink, J. H., Slam, W. T. and Olscn, J. L. 2007. (i lacial 
rcfugia and recolonizalion pathways in the brown seaweed Fucus serratus. 
Molecular Ec()lo^> 16:3606-16. 

Hoffmann, F. G. and Baker, R. J. 2003 . Comparative phylogeography of shorl-lailed 
bats {Carollia: Phylloslomidac) . Molecular Ecolo^v 12:3403-14. 

Hoffmann, W. A. and Poorler, H. 2002. Avoid ing bias in calculations o f relative growth 
rale. Annals of Botany 90:37-42. 

Honda, M. and Okuda, T. 1990. Egg liberation, germ ling development and .seasonal 
changes in pholosynthetic rates of autumnal Sar^assum micracanthum. Japanes\' 
Journal ofPhycology 38 :263-68 . : 

Huang, S. F. 1990. The marine algal flora o f Hsiao-Liuchiu island. Botanical Bulleti^n of 
Acaclemia Sinica 31:245-55. 

Huang, S. F. 2002. Temporal and spatial variation o f benlhic marine algae in 
northeastern Taiwan. Journal of the National Taiwan Museum 55:9-20. 

Hunt, R. 1982. The Functional Approach to Plant Growth Analysis. Edward Arnold, 
London, UK, 248 pp. 

Hwang, E., Park, C. and Back, J. 2006 . Artificial seed production and cultivation o f the 
edible brown alga, Sargassum fu I veil urn (Turner) C. Agardh: Deve loping a new 
spec ies for seaweed cultivation in Korea. Journal of Applied Phycology 18:251-
57. ‘ 

Hwang, E. K.. and Dring, M. J. 2002 . Quantitative photoperiodic control o f crecl lhallus 
production in Sargassum muticum. Botanica Marina 45:471-75. 

Hwang, J.-S. and Wong, C. K. 2005 . The China Coastal Current as a driving force for 
transporting Calanus sinicus (Copepoda: Calanoida) from its population centers 
to waters o f f Taiwan and Hong Kong during the winter northeast monsoon 
period. Journal oj Plankton Research 27:205-10 . 

Hwang, R. L.’ Tsai, C. C, and Lee, T. M. 2004 . Assessment o f temperature and nutrient 
limitation on seasonal dynamics among species o f Sargassum from a coral reef 
in southern Taiwan. Journal ofPhycology 40:463-73 . 

2 2 9 



Rcrcrcncc!； 

Inoh, S. 1930. Embryological studies on Sar^assum. Scicncc Reports of the Tohoku 
Imperial University, Series 4 (BiologyO 5:421 -38. 

“ 

Inoh, S. 1932. Embryological Studies on Sar^assiim and Cystohpylluni. Journal of the 
Faculty of Science, I lokkaido University. Series 5, Botany 1:125-33. 

Inouc, K., Odo, S., Noda, T., Nakao, S., Takeyama, S.，Yamaha, E.，Yamazaki, F. and 
Harayama, S. 1997. A possible hybrid zone in the Mytilus eclulis complex in 
Japan revealed by PCR markers. Marine Biolo^' 128:91-95. 

Ishizuka, A. and Tanaka, J. 2004. Seaweed and seagrass flora at the Tenjin-jima Island 
in the west coast o f Miura Peninsula, Kanagawa Prcf. Science Report of the 
Yokosuka City Museum 51:53-66. 

Kafanov, A. I., Ivanova, M. B. and Kollypin, M. V. 2004. On the knowledge of the 
inlertidal zone o f Russian Far Eastern Seas. Russian Journal of Marine Biology 
30 ,Suppl . 1:S56-S67. 

Kalisz, S., Nason, J. D.’ Hanzawa, F. M. and Tonsor, S. J. 2001. Spatial population 
genetic structure in Trillium grand if Jorum: the roles o f dispersal, mating, history, 
and selection. Evolution 55:1560-68. 

Kang, J. W. 1966. On the geographical distribution o f marine algae in Korea. Bulletin of 
Pusan Fisheries College 7:1-125. 

Karlsson, J. and Loo, L. O. 1999. On the distribution and the continuous expansion of 
the Japanese seaweed - Sar^assum muticwh - in Sweden. Bo tunica Marina 
42:285-94. 

Kashcnko, N. V. 1999. Benthic communit ies o f macrophylic algae in Vostok Bay, the 
Sea o f Japan. Russian Journal of Marine Biology 25:360-64. 

Kawai, 丁. 1997. Distribution o f large algae at Suttsu Bay, western Hokkaido, Japan. 

Scientific Reports of the Hokkaido Fisheries Experiment Station 51:77-82. 

Kendrick, G. A. and Walker, D. I. 1995. Dispersal o f propagules o f Sar^assum spp. 
(Sargassaceae: Phaeophyla): Observations o f local patterns of dispersal and 
consequences for recruitment and population structure. Journal of Experimental 
Marine Biology and Ecology 192:273-88. 

Khfaji, A. K. and Norton, T. A. 1979. The effects o f salinity on the distribution of Fucus 
ceranoides. Estuarine and Coastal Marine Science 8:433-39. 

Kim, B. J., Lec, H. J., Yum, S., Lee, H. A., Bhang广Y. J., Park, S. R., Kim, H. J. and 
Kim, J. H. 2004. A short-term response o f macroalgae to potential competitor 
removal in a mid-intertidal habitat in Korea. Hydrohiologia 512:57-62. 

230 



Kct'crcnccs 

Kim, K. Y., Choi, T. S.’ Huh, S. H. and (iarbary, D. J. 1998. Seasonality and community 
structure of subtidal benlhic algae from Daedo Island, southern Korea. Botanica 
A/flrmfl 41:357-65 . 

Kim, M. K. and Kim, K. T. 2000. Studies on the seaweeds in the Islands o f Ullungdo 
and Dokdo: I. Decrease o f algal species composit ions and changes o f marine 
algal flora Algae 15:1 19-24. 

Kim, M. K., Shin, J. K. and Cha, K. H. 2004. Variation o f specics composit ion of 
benlhic algae and whitening in ihc coast o f Dokdo Island during summer. Algae 
19:69-78. 

Kim, Y. H., Ahn, J. K., Lee, J. I. and Bum, H. M. 2004. Effects o f healed eff luents on 
the interlidal macroalgal community near Uljin, the east coast o f Korea. A I卯 e 

19:257-70. 

Kim, Y. H.，Nam, K. W. and Sohn, C. H. 1997. Inlerlidal benlhic marine algae at 

Chumunjin on the east coast o f Korea: Flora, distribution and community 
structure. Algae 12:117-30. 

Kim, Y. H. and Park, S. H. 1997. Succession pattern of inlerlidal benlhic algal 
communitites in Cheju Island. Algae 12:23-30. 

Kim, Y. H,, Yoon, H. J. and Yoo, J. S. 1995. Species composit ion and biomass o f 
marine algal community on the mid-western coast o f Korea. Journal of Plant 

38:389-98. 

Kitayama, T. 1996. Brown algae from Onagawa Bay, Miyagi Pref., Japan. Memoris of 
the National Science Museum of Tokyo 29:223-30. 

Kitayama, T. 1998. Brown algae from Fukue Island, Nagasaki Prof., Japan. Memoris of 
the "National Science Museum of Tokyo 31:97-106. 

Kitayama, T.’ Dai, H. P. and Han, J. X. 1995. Brown algae from Zhoushan Islands, 
Zhejiang Province, China. Bulletin of the National Science Museum, Tokyo, 
series B2\:\69-n. 

Klochkova, N. G. 1998. An annotated bibliography of marine macroalgac on northwest 
coast o f the Bering Sea and the Southeast Kamchatka: the first revision o f flora. 
Algae 13:375-418. 

Koh, C. H. and Shin, H. C. 1990. Growth and size distribution o f some large brown 
algae in Ohori, east coast o f Korea. Hydrohiologia 204-205:225-31. 

Kojima, S.’ Kamimura, S., lijima. A., Kimura, T.’ Kurozumi, T. and Furota, T. 2006. 
Molecular phylogeny and population structure o f tideland snails in the genus 
Cerithidea around Japan. Marine Biology 149:525-35. 

231 



Rcfercnccs 

Komalsu, T.，Tatsukawa, K., Filippi, J. B., Sagawa, T.’ Matsunaga, D., Mikami, A.， 

Ishida, K., Ajisaka，T.’ Tanaka, K., Aoki , M., Wang, W.-D. , Liu, H.-F., Zhang, 
S.-D. , Zhou, M.-D. and Sugimolo , T. 2007. Distribution o f drifting seaweeds in 
eastern East China Sea. Journal of Marine Systems 67:245-52 . 

Konishi, Y. and Hayashida, F. 2004. Vegetation o f benthic marine algae in Suruga Bay, 
Central Japan. Journal of the School of Marine Science and Technology 1:15-27. 

Kurihara, A. and lima, M. 1999. On growth and maturation o f Sar^assum thiinher^ii 
from southern pari o f Nagasaki Prefecture, Japan. Japanese Journal of 
Phycology 

Kusumo, H. T. and Druehl, L. D. 2000. Variability over space and time in the genetic 
structure o f the winged kelp A /aria marginata. Marine Biology 136:397-409. 

LaJeunesse, T. C. and Pinzon, J. H. 2007. Screening inlragenomic rDNA for dominant 
variants can provide a consistent retrieval o f evolutionarily persistent ITS 
( r D N A ) sequences. Molecular Phylogenetics and F.voliition 45:417-22 . 

Lande, R. 1988. Genetics and demography in biological conservation. Science 
241:1455-60 . 

Le Provost, C., Bennett, A. F. and Cartwright, D. E. 1995. Ocean tides for and from 
T O P E X / P O S E I D O N . Science 267:639-42 . 

Lee, I. 'K. and Kim, Y, H. 1999. Biodiversity and distribution o f marine benlhic 
organisms and used o f algal resources in the coastal zone o f Korea and Japan I. 
Benthic Marine Algae in the East Coast o f Korea. Algae 14:91-110. 

Lee, J. W . ， O h , B. G. and Lee, H. B. 1997. Marine algal flora and community o f Padori 
area in the Tacan Peninsula, the west coast o f Korea. Algae 12:131 -38. 

Lee, J. W . ， O h , B. G. and Lee, H. B. 2000. Marine benthic algal community at Padori, 
west coast o f Korea. AIgae 15:111-17. 

Lee, S. Y.’ Lee, J. W. and Lee, H. B. 1997. Marine benthic algal flora o f Yongil Bay and 
its adjacent areas, the eastern coast o f Korea. Algae 12:303-11. 

Lee, W. J.，Yoon, H. S. and Boo, S. M. 1997. Marine algal community of Gyonggiman 
Islets on the west sea o f Korea. Algae 12:139-44. 

Lessios, H. A., Kessing, B. D. and Pearse, J. S. 2001 . Population structure and speciation 
in tropical seas: Global phylogeography o f the sea urchin Diadema. Evolution 
55:955-75. 

Lewis, J. E. 1990. Evaluating taxonomic databases for biogeographic use. Bulletin of 
Marine Science 47:丨 990. 

232 



Rcrcrcncc!； 

Lincoln, J. M. and Schlanger, S. O. 1991. Atoll stratigraphy as a record o f sea level 

change: Problems and prospects. Journal of Geophysical Research 9 6 : 6 7 2 7 - 5 2 . 

Lindstrom，S. C. 2001 . The Bering Strait connect ion: dispersal and speciation in boreal 
macroalgae. Journal of Biogeography 28 :243 -51 . 

Lindstrom, S. C. 1977. An Annotated Bibliography of the Bent hie Marine Algae of 
Alaska. Alaska Department o f Fish and Game , Juneau, Alaska, 172 pp. 

Lindstrom, S. C. 1987. Possible sister groups and phylogenet ic relationships a m o n g 
se lected North Pacif ic and North Atlantic red algae. Helgoland Marine Research 
4 1 : 2 4 5 - 6 0 . 

Liu, J.-X., Gao, T . -X. , Wu, S.-F. and Zhang, Y.-P. 2007 . Ple is tocene isolation in the 
Northwestern Pacif ic marginal seas and limited dispersal in a marine fish, 
Chelon haematocheilus (Temminck and Schlege l , 1845). Molecular Ecology 
16:275-88 . ‘ 

Liu, J.-X., Gao，T.-X., Y o k o g a w a , K. and Zhang, Y.-P. 2006 . Differential population 
structuring and demographic history o f two c lose ly related f ish species , Japanese 
sea bass {Lateolahrax japonicus) and spotted sea bass {Lateolahrax maculatus) 
in Northwestern Pacif ic . Molecular Phylogenetics and Evolution 3 9 : 7 9 9 - 8 1 1 . 

Liu, K.-K., Peng, T.-H.’ Shaw, P.-T. and Shiah, F.-K. 2003 . Circulation and 
b iogeochemica l processes in the East China Sea and the vicinity o f Taiwan: an 
o v e r v i e w and a brief synthesis . Deep Sea Research Part II: Topical Studies in 
Oceanography 50:1055-64. 

Loughnane, C. and Stengel , D. B. 2 0 0 2 . Attached Sargassum muticum ( Y e n d o ) Fensholt 
found on the west coast o f Ireland. Irish Naturalists‘ Journal 27 :70-72 . 

Lourie, S. A. , Green, D. M. and Vincent , A. C. J. 2005 . Dispersal , habitat d i f ferences , 
and comparat ive phylogeography o f Southeast Asian seahorses (Syngnathidae: 
Hippocampus). Molecular Ecology 14:1073-94. 

Lu, B. R. and Tseng , C. K. 2004 . Studies on four n ew spec ies o f the malacocarpic 
Sargassum (Sargassaceae, Heterokontophyta) in China. Hydrohiologia 512:193-
99. 

Liining, K. 1980. Control o f algal l ife-history by daylength and temperature. In: Price, J. 
H .， I r v i n e , D. E. G. & F a m h a m ， W . F. [Eds.] The Shore Environment Vol . 2. 
Ecosystems. Sys temat ics Assoc iat ion Special V o l u m e 17b. A c a d e m i c Press, 
London, U K , pp. 9 1 5 - 4 3 

Liining, K. 1986. N e w frond formation in Laminaria hyperhorea (Phaeophyta): a 
photoperiodic response. British Phycological Journal 21 :269-73 . 

2 3 3 



-一 References 

Liining, K. 1990. Seaweeds: Their Environment, Bingeo^raphy, and Ecop hys in logy. 
John Wi ley and Sons, Inc., N e w York, U S A , 527 pp. 

Liining, K. and Dring, M. J. 1979. Continuous underwater light measurement near 
Helgoland (North Sea) and its s ignif icance for characteristic light limits in the 
sublittoral region. Helgoland Marine Research 32 :403-24 . 

McCauley , D. E. 1991. Genetic consequences o f local population extinction and 
recolonization. Trends in Ecology and Evolution 6:5-8. 

McCourt, R. M., Casanova, M. T.，Kami, K. G. and Feist, M. 1999. Monophyly o f 
genera and spec ies o f Characeae based on rbcL sequences , w i th special reference 
lo Australian and European Lychnothammis bar hat us (Characeae: 
Charophyceae) . Australian Journal of Botany 47 :361-69 . 

Mclvor , L.，Maggs, C. A., Provan, J. and Stanhope, M. J. 2001 . rbcL sequences reveal 

multiple cryptic introductions o f the Japanese red alga Polysiphonia harveyi. 

Molecular Ecology 10:911-19. 

Meusnier, I., Valero, M., Olsen, J. and Slam, W. 2004 . Analys i s o f r D N A ITSl indels in 
Caulerpa tax if alia (Chlorophyta) supports a derived, incipient spec ies status for 
the invasive strain. European Journal of Phycology 39 :83-92 . 

Michanek, G. 1979. Phytogeographic provinces and seaweed distribution. Botanica 
Marina 22:375-91. 

Middlebrook, R., Hoegh-Guldberg, O. and Leggal, W. 2008 . The effect o f thermal 
history on the susceptibility o f reef-building corals to thermal stress. Journal of 
Experimental Biology 211:1050-56. 

Miller, K. G.，Kominz, M. A.，Browning, J. V. , Wright, J. D.，Mountain, G. S., Katz, M. 
E.’ Sugaiman, P. J., Cramer, B. S., Christie-Blick, N. and Pekar, S. F. 2005 . The 
Phanerozoic record o f global sea-level change. Science 310 :1293 -98 . 

Mincur, F.，Belsher, T., Johnson, M. P.，Maggs, C. A. and Verlaque, M. 2007 . 

Experimental assessment o f oyster transfers as a vector for macroalgal 

introductions. Biological Consen'ation 137:237-47 . 

Miura, O.’ Tprchin，M. E.’ Kuris’ A. M., Hcchinger, R. F. and Chiba, S. 2006 . 
Introduced cryptic spec ies o f parasites exhibit different invasion pathways. 
Proceedings of the National Academy of Sciences of the United States of 
America 103:19818-23. 

Mosisch , T. D. 1993. Effects o f salinity on the distribution o f Caloglossa leprieurii 
(Rhodophyta) in the Brisbane river, Australia. Journal of Phycology 29 :147-53 . 

2 3 4 



Rct'crcnces 

Muirhead, J. R.，Gray, D. K., Kelly, D. W.’ Ellis, S. M., Heath, D. D. and Macisaac, H. 
J. 2008 . Identifying the source o f species invasions: sampling intensity vs. 
genetic diversity. Molecular Ecology 17:1020-35. 

Murase, N. O.，Kito, H. I., Mizukami, Y. U. and Maegawa, M. I. 2000 . Productivity o f a 
Sargassum macrocarpum (Fucales, Phaeophyla) population in Fukawa Bay, Sea 
o f Japan. Fisheries Science 66:270-77 . 

Muss , A., Robertson, D. R., Stepien, C. A., Wirtz, P. and Bowen, B. W. 2001. 
Phylogeograph)^ o f Ophiohlennius: the role o f ocean currents and geography in 
reef fish evolution. Evolution 55:561-72 . ， 

Myers, A. A. and G i l l e r，P . S. 1988. Analytical Biogeography. An Integrated Approach 

to the Study of Animal and Plant Disthhiitions. Chapman and Hall, London, UK, 

578 pp. 

Nam, K. W.’ Kim, Y. S.’ Kim, Y. H. and Sohn, C. H. 1996. Benthic marine algae in the 
east coast o f Korea: Flora, distribution and community structure. Journal of the 
Korean Fisheries Society 29:727-43. 

Nei , M. 1987. Molecular Evolutionary Genetics. Columbia University Press, N e w York, 
U S A , 2 5 6 pp. 

N g , K. Y. 2009 . The study of epifaunal assemblage of Sargassum heel in I long Kong 
SAR, China. Master Thesis , The Chinese University o f Hong Kong. • ， 

Nguyen , H. D., Huynh, Q. N.’ Tran, N. B. and Nguyen , V. T. 1993. Phaeophyta. Marine 
algae of north Vietnam. Nha xuat ban Khoa hoc va ky thuat. Ha Noi (Ha Noi), 
Vietnam, pp. 107-80. 

Nichols , S. A. and Barnes, P. A. G. 2005 . A molecular phylogeny and historical 
biogeography o f the marine sponge genus Placospongia (Phylum Porifera) 
indicate low dispersal capabilities and widespread crypsis. Journal of 
Experimental Marine Biology and Ecology 323:1-15. 

Norton, T. A. 1976. Why is Sargassum miiticum so invasive? British Phycological 
Journal \ \:\91-9S. 

Norton, T. A. 1977a. The growth and development o f Sargassum muticiim (Yendo) 
Fensholt. Journal of Experimental Marine Biology and Ecology 26:41-53 . 

Norton； T. A. 1977b. Ecological experiments with Sargassum nniticum. Journal of the 
Marine Biological Association of the United Kingdom 57:33-43 . 

Norton, T. A. 1992. Dispersal by macroalgae. European Journal of Phycology 27:293-
301. 

235 



-一 References 

Oak, J. H.’ Suh, Y. and Lee, I. K. 2002. Phylogenel ic relationships o f ^ S a r g a s s u m 
subgenus Bactrophycus (Sargassaceae, Phaeophyceae) inferred from rDNA ITS 
sequences. Algae 17:235-48. 

Oba, T.’ Kato, M., Kitazato, H., Koizumi, I., Omura, A.’ Sakai, T. and 丁akayama, T. 
1991. Paleoenvironmenlal changes in the Japan Sea during the last 85 ,000 years. 
Paleoceanography 6 :499-518 . 

Oba, T. and Murayama, M. 2004 . Sea-surface temperature and salinity changes in the 
northwest Pacific since the Last Glacial Maximum. Journal of Quaternary 
Science 19:335-46. -

Ogawa, H. 1986. Combined ef fects o f temperature and salinity on the early development 
o f marine algae. II. Rhizoid development o f Sargassum horncri (Turner) C. 
Agardh. Japanese Journal of Phycology 34:137-41 . � 

Ogawa, H. 1994. Effects o f temperature and salinity on the rhizoid development of 

Sargassum muticum. Suisanzoshoku 42:25-31. 

Ogawa, H., Kanaya, N. and Kiuchi, E. 1995. Effects o f temperature and salinity on the 

rhizoid development o f Sargassum yezoense. Suisanzoshoku 43:445-48 . 

Ogawa, H., Kanaya, N. and Kiuchi, E. 1996. Effects o f temperature and salinity on the 

rhizoid development o f brown alga, Hizikia fiisiformis. Suisanzoshoku 44:407-

1 1 . 

Ohno, M. 1984. Observation on the floating seaweeds o f near-shore waters o f southern 

Japan. Hydrohiologia 116-117:408-12. 

Ohta, M. and Ninomiya, S. 1990. Relationship between distribution o f Sargassum 
species and water movement . Japanese Journal of Phycolog}' 38:179-85 . 

Okamura, K. 1928. Icones of Japanese Algae. Kazamashobo, Tokyo, Japan, 202 pp. 

Ono, Y. 1990. The northern landbridge o f Japan. Quaternary Research 29:183-92. 

Orfanidis，S.，Venekamp, L. A. H. and Breeman, A. M. 1999. Ecophysiologica! 

adaptations o f two Mediterranean red algae in relation to distribution. European 

Journal of Phycology 34:469-76. 

Omel las , A. B. and Coutinho, R. 1998. Spatial and temporal patterns o f distribution and 
abundance o f a tropical fish assemblage in a seasonal Sargassum bed, Cabo Frio 
Island, Brazil. Journal of Fish Biology 53:198-208 . 

Ota, H. 1998. Geographic patterns o f endemism and specialion in amphibians and 
reptiles o f the Ryukyu Archipelago, Japan, with special reference to their 

236 



Rcrcrcncc!； 

paleogeographical implications. Population Ecolo^' 40:189-204 . 

Pakker, H., van Reine, W. F. P. h. and Brecman, A. M. 1994. Temperature responses 
and evolution o f thermal traits in Cladophoropsis memhranacea 
(Siphonocladales, Chlorophyla). Journal of Phycolog\> 30:777-83 . 

Palumbi, S. R. 1994. Genetic divergence, reproductive isolation, and marine spcciation. 
Annual Review of Ecology and Systematics 25:547-72. 

Palumbi, S. R. 1997. Molecular biogeography o f the Pacific. Coral Reefs 16:S47-S52. 

Pamilo, P. and Nei；' M. 1988. Relationships between gene trees and species trees. 
Molecular Biology and Evolution 5:568-83. 

Park, S. and Chu, P. 2006. Thermal and haline fronts in the Yel low/East China Seas: 
Surface and subsurface seasonality comparison. Journal of Oceanography 
62:617-38 . 

Pearl, R. 1928. The Rate of Living. Alfred A. Knopf., N e w York, 185 pp. 

Peters, A. F. and Breeman, A. M. 1993. Temperature tolerance and latitudinal range o f 
brown algae from temperate Pacific South America. Marine Biology 115:143-50. 

Phillips, N. 1995. Biogeography of Sargassum (Phaeophyta) in the Pacific basin. In: 
Abbott, I. A. [Ed.] Taxonomy of Economic Seaweeds Volume 5. California Sea 
Grant Col lege Program, La Jolla, U S A , pp. 107-45, 

Phillips, N. and Fredericq, S. 2000. Biogeographic and phylogenctic investigations of 
the pan-tropical genus Sargassum (Fucales, Phaeophyceae) with respect to Gulf 
o f Mex ico species. Gulf of Mexico Science 18:77-87. 

Phillips, N. E.’ Smith, C. M. and Morden, C. W. 2005. Testing systematic concepts o f 
Sargassum (Fucales, Phaeophyceae) using portions of the rbcLS operon. 
Pliycological Research 53:1-10. 

Pijanka, R. 2006. History on the half-shell- The Kumamolo oyster flourishes on North 
American menus. Pacific Rim Magazine Online. 

Porzecanski, A. L. and Cracrafl, J. 2005. Cladistic analysis o f distributions and 
endemism (CADE): using raw distributions o f birds to unravel the biogeography 
o f the South American aridlands. Journal of Biogeography 32:261-75. 

Posada, D. and CrandalC K. A. 1998. MODELTEST: testing the model o f D N A 
substitution. Bioinformatics 14:817-18. 

Posada, D. and Crandall, K. A. 2002. The effect o f recombination on the accuracy o f 
phylogeny estimation. Journal of Molecular Evolution 54:396-402. 

237 



Rcrcrcncc!； 

Proches, S. 2005. The world's biogeographical regions: cluster analyses based on bat 
distributions. Journal of Biogeography 32:607-14. 

Provan, J.，Booth, D., Todd, N. P., Beatty, G. E. and Maggs, C. A. 2008. Tracking 
biological, invasions in space and time: elucidating the invasive history o f the 
green alga Codium fragile using old D N A . Diversity and Distributions 14:343-
54. ‘ 

Provan, J. I. M.’ Murphy, S. and Maggs, C. A. 2005. Tracking the invasive history o f the 
green alga Codium fragile ssp. tomentosoides. Molecular Ecology 14:189-94. 

Quayle, D. B. 1964. Distribution o f introdiTced marine mollusca in British Columbia 
waters. Journal of Fisheries Research Board of Canada 21:11 55-81. 

Reeb, C. A. and Avise , J. C.. 1990. A genetic discontinuity in a continuously distributed 
species: mitochondrial D N A in the American oyster, Crassnstrca vir^inica. 
Genetics 124:397-406. 

Riddle, B. R.’ Hafner, D. J., Alexander, L. F. and Jaeger, J. R. 2000. Cryptic vicariance 
in the historical assembly of a Baja California Peninsular Desert biota. 
Proceedings of the National Academy of Sciences of the United States of 

97:14438-43 . 

Rieseberg, L. H. and Soltis, D. E. 1991. Phylogenetic consequences of cytoplasmic gene 
f low in plants. Evolutionary Trends in Plants 5:65-84. 

Rocha, L. A., Bass，A. L., Ross Robertson, D. and Bowen, B. W. 2002. Adult habitat 
preferences，larval dispersal, and the comparative phylogeography o f three 

Atlantic surgeonfishes (Teleostei: Acanthuridae). Molecular Ecology 11:243-51. 

Rogers, A. R. and Harpending, H. 1992. Population growth makes waves in the 
distribution o f pairwise genetic differences. Molecular Biology and Evolution 
9:552-69. 

Ronquist, F. and Huelsenbeck, J. P. 2003. MrBayes 3: Bayesian phylogenetic inference 
under mixed models . Bioinformatics 19:1572-74. 

Rousset, F. 1997. Genetic differentiation and estimation of gene f low from F-slatistics 
under isolation by distance. Genetics 145:1219-28. 

、 
Rueness, J. 1989. Sargasswn muticum and other introduced Japanese macroalgae: 

Biological pollution o f European coasts. Marine Pollution Bulletin 20:173-76. 
Ruiz, G. M., Carlton, J. T., Grosholz, E. D. and Mines, A. H. 1997. Global invasions o f 

marine and estuarine habitats by non-indigenous species: Mechanisms, extent, 
and consequences. American Zoologist 37:621-32. 238 



Rcrcrcncc!； 

Russell, G. 1987a. Salinity and seaweed vegetation. In: Crawford, R. M. M. [Ed.] Plant 
Life in Aquatic and Amphibious Habitats. Blackwell Scientific Publications, 
Oxford, Boston Mass., U.S .A, pp. 35-52. 

<V 

Russell，G. 1987b. Spatial and environmental components of evolutionary change: 
interactive effects o f salinity and temperature on Fucus vcsiculosus as an 
example. Helgoland Marine Research 41:371 -76. 

Sakai, A. Allendorf, F. W.，Holt, J. S.’ Lodge, D. M., Molofsky, J., With, K. A., 
Baughman, S.’ Cabin, R. J., Cohen, J. E., Ellstrand, N. C.’ McCauley, D. E., 
O'Neil, P., Parker, I. M., Thompson, J. N. and Wcller, S. G. .2001. The 
population biology of invasive species. Annual Review of funlo^v and 
Systematics 32:305. 

Sarich, V. M. and Wilson, A. C. 1973. Generation time and genomic evolution in 
primates. Science 179:1144-47. 

Sasaki, H., Flores-Moya, A.’ Henry, E. C., Muller, D. G. and Kawai, H. 2001. Molecular 
phylogeny o f Phyllariaceae, Halosiphonaceae and Tilopleridalcs 
(Phaeophyceae). Phycologia 40:123-34 . 

Salo, M. and Wada, K. 2000. Resource utilization for decorating in three intertidal majid 
crabs (Brachyura: Majidae). Marine Biology 137:705-14. 

Saunders, N. C , Kessler, L. G. and Avise , J. C. 1986. Genetic variation and geographic 
differentiation in mitochondrial D N A of the horseshoe crab. Limn I us 
polyphemus. Genetics 112:613-27. 

Scagel , R. F. 1956. Introduction o f a Japanese alga, Sargassum muticum into the 
northeast Pacific. Fisheries Research Papers. Department of Fisheries, State of 
Washington 1:49-58. 

Schelly, R.’ Salzburger, W.，Koblm.ller, S., Duftner, N. and Sturmbauer, C. 2006. 

Phylogenetic relationships o f the lamprologine cichlid genus Lepiciiolamprolo^us 

(Teleoslei: Perciformes) based on mitochondrial and nuclear sequences, 
suggesting introgressive hybridization. Molecular Phylogenetics and Evolufion 
38:426-38. 

Schils, T. and Wilson, S. C. 2006. Temperature threshold as a biogeographic barrier in 
northern Indian Ocean macroalgae. Journal of Phycology 42:749-56. 

Schonbeck，M. W. and Norton, T. A. 1978. Factors controlling the upper limits o f fucoid 
algae on the shore. Journal of Experimental Marine Biology and Ecology 
31:303-13. 

Schroth, W.’ Jarms, G., Streil, B. and Schierwater, B. 2002. Speciation and 
phylogeography in the cosmopolitan marine moon jel ly, Aurelia sp. BMC 

239 



Rct'crcnces 

Evolutionary Biology 2:1-10. 

Secq, M.-P., Goer, S.，Slam, W. and Olsen, J. 2006. Complete mitochondrial g e n o m e s of 

the three brown algae (Heterokonta: Phacophyceae) Dictyota dichotoma, Fucus 
vesiculosiis and Desmarestia viridis. Current Genetics 49:47-58 . 

Sckine, Y. and Kutsuwada, K. 1994. Seasonal variation in vo lume transport o f the 
Kuroshio south o f Japan. Journal of Physical Oceanography 24:261-72 . 

Scnjyu, T., Enomoto, H., Matsuno, T. and Matsui, S. 2006 . Inlerannual salinity 
variations in the Tsushima Strait and its relation to the Changjiang discharge. 
Journal of Oceanography 62:681-92 . 

Serrao, E. A.’ Alice，L. A. and Brawley, S. H. 1999. Evolution o f the Fucaccac 
(Phacophyceae) inferred from nrDNA-ITS. Journal of Phycolony 35:382-94 . 

Sclchel l , W. A. 1931a. Hong Kong Seaweeds , Part I. The Hong Kong Naturalist: a 
Quarterly Illustrated Journal Principally for Hong Kong and South China 2:39-
6 0 . ‘ . 

Setchell , W. A. 1931 b. Hong Kong Seaweeds , Part II Sargassaceac. The I long Kon^ 
Naturalist: a Quarterly Illustrated Journal Principally for I/on^ Kan^ and South 
China 2:237-53. 

Setchell , W. A. 1933. Hong Kong Seaweeds , III, Sargassaceac, Plates 3 - 20. The Hong 
Kong Naturalist: a Quarterly Illustrati^cl Journal Principally for I long Kon^ and 
South China Supp. 2:33-49. 

Setchell , W. A. 1936. Hong Kong Seaweeds , V. Hon^ Kong Naturalist S u p p . 5:1-20. 

Shen, X. Q., Fan, W. and Cui, X. S. 2004 . Study on the relationship o f f ishing ground 
distribution o f Oniniastrephes hart rami and water temperature in the Northwest 
Pacific Ocean. Marine Fisheries Research: 11-15. 

Shen, Y. F. and Fan, K. C. 1950. Marine algae o f Formosa. Taiwania 1:3 17-45. 

Shi, G. R. 1993. Multivariate data analysis in palaeoecology and palaeobiogeography - a 
review. Palaeogeography, Palaeoclimatology, Palaeoecology 103:199-234. 

Shimabukuro, H., Terada, R., Sotobayashi, J., Nishihara, G. N. and Noro, T. 2007. 
Phenology o f Sargassum Juplicatum (Fucales, Phacophyceae) from the southern 
coast o f Satsuma peninsula, Kagoshima, Japan. Bulletin of the Japanese Society 
of Scientific Fisheries 73:454-60 . 

Silva, P. C. 1992. Geographic patterns o f diversity in benthic marine algae. Pacific 
Science 46 :429-37 . 

2 4 0 



Rcrcrcncc!； 

Slalkin, M. 1987. G e n e f l o w and the geographic structure o f natural populations. Scicnce 
236:787-92. 

Soltis , D. E. and Kuzof f , R. K. 1995. Discordance between nuclear and chloroplasl 
phy logen ie s in the Hem hera group (Saxifragaccac) . Evolution 4 9 : 7 2 7 - 4 2 . 

Soltis，D. E.，Morris, A. B.’ McLachla , J. S. N., Manos , P. S. and Soltis , P. S. 2006 . 
Comparat ive phylogeography o f unglacialed eastern North America. Molecular 
Ecology 15:4261-93. . 

Southward, A. J.’ Hawkins , S. J. and Burrows, M. T. 1995. Seventy years' observat ions 
o f changes in distribution and abundance o f zooplanklon and intertidal organisms 
in the western English Channel in relation to rising sea temperature. Journal of 
Thermal Biology 20:丨 27-55. 

Slaihr, P. A. , Pedersen, M. F., Thomson , M. S.，Wernberg, T. and Krause-Jensen, D. 
2000 . Invasion o f Sargassum muticum in Limljorden (Denmark) and its poss ible 
impact on the indigenous macroalgal communi ty . Marine Ecology Progress 
Series 207:79-88. ‘ ‘ ^ 

Steele , E. N. 1964. The Immigrant Oyster (Ostrea g igas) Now Known as the Pacific 
Oyster. Pacif ic Coast Oyster Growers Assoc iat ion, Inc, Olympia , U S A , 179. 

S lcen, H. 2003 . Intraspecific compet i t ion in Sar^assitm muticum (Phaeophyceae) 
germ lings under various density, nutrient and temperature regimes. Boianica 
Marina 46:36-43. 

Steen, H. 2 0 0 4 . Effects o f reduced salinity on reproduction and germling dcvc lopmcnl in 
Sargassum muticum (Phaeophyceac , Fucalcs) . European Journal of Phycolo^v 
39:293-99. • 

Steen, H. and Rueness , J. 2004 . Comparison o f survival and growth in germ lings o f six 
fucoid spec ie s (Fucales , Phaeophyceac) at two different temperature and nutrient 
levels . •Wa/V? 89 :175 - 83. 

Stephenson, T. A. 1948. The constitution o f the intertidal fauna and flora o f South 
Africa. Annals of the Natal Museum 11:2()7-324. 

Stiger, v . , Horiguchi , 丁.，Yoshida, 丁•，Coleman, A. W. and Masuda, M. 2000 . 

Phylogenet ic relationships o f Sargassum (Sargassaceae, Phaeophyccae) with 

reference to a l a x o n o m i c revis ion o f the sect ion Phyi locystae based on ITS-2 
n r D N A sequences . Phycological Research 48:251 -60 . 

Stiger, v . , Horiguchi , T.’ Yoshida , T., Co leman, A. W. and Masuda, M. 2003 . 
Phylogenet ic relationships within the genus Sargassum (Fucales , Phaeophyceae) , 
inferred from ITS-2 n r D N A , with an emphas i s on the l axonomic subdivis ion o f 
the genus. Phycological Research 51 :1-10 . 

241 



Rcrcrcncc!； 

Stromgrcn, T, 1994. Apical elongation of fucoid algae exposed lo low salinities. Aquatic-
Botany 49:67-74. 

Sundcrmann, J. and Feng, S. 2004. Analysis and modell ing of the Bohai sea c c o s y s t c m -
a joint German-Chinese study. Journal of Marine Systems 44:127-40. 

Sunnucks, P. 2000. Efficient genetic markers for population biology. Trends in FaoIo^v 
and Evolution 15:199-203. 

Swofford, D. L. 2000. PAUP*. Phylogenclic analysis using parsimony (* and other 
methods). Ver. 4.Ob 10. 4.Ob 10 ed. Sinauer Associates, Sunderland, USA. 

Tajima, F. 1989. Statistical method for testing the neulral mutation hypothesis by D N A 
polymorphism. Genetics 123:585-95. 

Taki, K. and Ogishima, 丁. 1997. Distribution of some developmental stages and growth 

of Euphausia pacifica Hansen in the northwestern Pacific (Japan) on the basis o f 

norpac net samples. Bulletin of Tohokii National Fisheries Research Institute 
59:95-1 17. 

Tamura, K., Dudley, J.’ Nei , M. and Kumar, S. 2007. ME(JA4: Molecular evolutionary 
, genetics analysis ( M E G A ) Software version 4.0. Molecular Biology and 

F.volution 24:1596-99. 

Taylor, R. B. 1998. Short-term dynamics o f a seaweed epifaunal assemblage. Journal of 
Experimental Marine Biology and Ecolo^ 227:67-82. 

Terry, L. A. and Moss, B. L. 1980. I he effect o f pholoperiod on rcccpladc initiation in 
Ascophyllum nodosum (L.) Lc Jol. European Journal of Phycolo^ 15:291 - 301. 

Thomson, J. M. 1952. The acclimatization and growth of the Pacific oyster ( G r y p h a e a 
^igas) in Australia. Australian Journal of Marine and Freshwater Research 
3:64-73. 

Timm, J. and Kochzius, M. 2008. Geological history and oceanography of the Indo-
Malay Archipelago shape Ihc genetic population structure in the false c lown 
anemonefish {Amphiprion ocellaris). Molecular Ecohgy 17:3999-4014. 

Tokida, J. and Masaki, T. 1959. A list o f marine algae collected in the vicinity o f Oshoro 
Marine Biological Station, at Oshoro, Hokkaido, Japan. Bulletin of the Faculty of 
Fisheries Hokkaido University 10:173-95.‘ 

Tokuda, H., Kawashima, S.’ Ohno, M. and Ogawa, H. 1994. A Photographic Guide to 
Seaweeds of Japan. Midori Shobo Co. Ltd., Tokyo, Japan, 194 pp. 

Tomanek, L. and Somero, G. N. 1999. Evolutionary and acclimation-induced variation 
in the heat-shock responses o f congeneric marine snails (genus Tegiila) from 

242 



Rd'crcnccs 

different thermal habitats: implications for limits o f thcrmololerance and 
biogcography. Journal of Experimental Biolo^iv 202:2925-36 . 

Tsai, C. C., Wong , S. L., Chang, J. S., Hwang, R. L.，Dai, C. F.’ Yu, Y. C., Shyu, Y. T., 
Sheu, F. and Lec, T, M. 2004 . Macroalgal assemblage structure on a coral reef in 
Nan wan I^ay in southern Taiwan. Botanica Marina 47:439-53 . 

Tsang, L. M., Chan, B. K. K., Ma, K. Y. and Clui, K. H. 2008 . ( ienet ic differentiation, 
hybridization and adaptive divergence in two subspecies o f the a c o m barnacle 
Tetradita japonica in the northwestern Pacific. Molecular Ecology 17:4151 -63. 

Tseng, C. K. 1983. Common Seaweeds of China. Sc ience Press, Beijing, China, 316 pp. 

Tseng, C. K. 1985. Sar^assiim sect. Phyllocystac seel, now, a new section of Sar^assum 
subgenus Bactrophycus. In: Abbott, 1. A. [Ed.] Taxonomy of Economic 
Sea weeds. Volume 1. California Sea Grant Col lege Program, La JLolla, U S A , pp. 
15. 

Tseng, C. K. 1996. Spec ies o f Hong Kong Sar^assum and their biogcography. /": 
Morion, B. [Ed.] The Marine Biology of the South China Sea / / / . Hong Kong 
University Press, Hong Kong, China, pp. 3-10. 

Tseng, C. K.. and Chang, C. F. 1954. Studies on Chinese Sar^cissums, II. Sargassums 
k/ellmanianum Yendo. Acta Botanica Sinica 3 :353-66 . 

Tseng, C. K. and Lii, B. R. 2()()0. Flora Al^antm Marinarum Sinicarum, Tom us HI 
Phacophyta. No. II Fucales. Sc ience Press, Beijing, China, 238 pp. 

Uchida, T. and A rim a, S. 1993. Crossing experiments between autumn- and spring-
fruiting types o f Sar^assitm horneri (Phacophyta). Bulletin of the Japanese 
Society of Scientific Fisheries 59 :1685-88 . 

Umar, M. J., McCook, L. J. and Price, 1. R. 1998. Effects o f sediment deposition on the 
seaweed Sargassuni on a fringing coral reef. Coral Reefs 17:169-77. 

Umczaki , I. 1984a. Ecological studies o f Sargassum horneri (Turner) C. Agardh in 
Obama Bay, Japan Sea. Bulletin of the Japanese Society of Scientific Fisheries 
50:1193-200 . 

Umezaki , I. 1984b. Ecological studies o f Scirgassum hemiphyllum C. Agardh in Obama 
Bay, Japan Sea. Bulletin of the Japanese Society of Scientific Fisheries 50:1677-
83. 

Uwai , S.，Nelson, W.’ Neil l , K., Wang, W. D., Aguilar-Rosas, L. E., Boo, S. M., 
Kitayama, T. and Kawai, H. 2006b. Genetic diversity in Undaria pinnatifida 
(Laminariales, Phaeophyceae) deduced from mitochondria genes - origins and 
success ion o f introduced populations. Phycologia 45 :687-95 . 

243 



Kct'crcnccs 

Uwai，S., Yotsukura, N., Serisawa, Y., Muraoka, D., Hiraoka, M. and Kogamc, K. 
2006a. Intraspccific genetic diversity o f Undciria pinnatifida in Japan, based on 
the mitochondrial cox3 gene and the ITSl o f nrDNA. IlyJrohiolo^ia 553:345-
56. ‘ 

Valeria Ruggiero, M. and Procaccini, G. 2004. 1 he rDNA ITS region in the Lessepsian 
marine angiosperm Halophila stipulacca (Forssk.) Aschers. (Hydrocharitaceae): 
Intragcnomic variability and putative pscudogcnic sequences. Journal of 
Molccular Evolution 58:1 15-21. 

van den Hoek, C. 1975. Phytogeographic provinces along the coasts of the northern 
Atlantic Ocean. Phycolo^ia 14:317-30. 

van den Hoek, C. 1982. The distribution of bcnlhic marine algae in relation lo the 
temperature regulation o f their life histories. Biological Journal of the Linncan 
Society 18:81-144. ^ 

van den Hoek, C. 1984. World-wide latitudinal and longitudinal seaweed dislribulion 
patterns and their possible causes, as illustrated by the distribution o f 
Rhodophylan genera. Helgoland Marine Research 38:227-57. 

van dcr Slrale, H. J.，van de Zandc, L., Slam, W. T, and Olscn, J. L. 2002. The 
contribution o f haploids, diploids and c lones to fine-scalc population structure in 
ihc seaweed Claclophoropsis nwmhranacea (Chlorophyta). Molecular Ecology 
11:329-45, ‘ 

van Oppcn, M. J. H., Diekmann, O. E.’ Wiencke, C.，Slam, W. T. and Olscn, J. L. 1994. 
Tracking dispersal routes: phylogeography of the Arctic-Antarctic disjunct 
seaweed Acrosiphonia arcta (Chlorophyta). Journal of Phycolo^v 30:67-80. 

van Oppen, M. J. H., Klerk, H., Graaf, M.，Slam, W. T. and Olscnz, J. L. 19%. 
Assess ing the limits o f random amplified polymorphic D N A s (RAPDs) in 
seaweed biogeography. Journal of Phycolo^y 32:433-44. 

Verlaque, M., Durand, C.’ Huisman, J., Boudouresque, C. F. and Le Parco, Y. 2003. On 
the identity and origin o f Ihe Mediterranean invasive Caiilerpa raccmosa 
(Caulerpales, Chlorophyta). European Journal of Phycolo^y 38:325-39. 

Veron, J. 2000. Corals of the World. Australian Institute of Marine Science Press, 
Townsvi l lc , Australia, 1382 pp. 

Vgisin，M.，Engel, C. R. and Viard, F. 2005. Differential shuffl ing of native genetic 
diversity across introduced regions in a brown alga: AquaculUire vs. maritime 
traffic effects. Proceedings of the National Academy of Sciences of the United 
Stales of America 102:5432-37. 

244 



： Rcfcrcnccs 

Voris, H. K. 2000 . Maps o f Pleistocene sea levels in Southeast Asia: shorelines, river 
sys tems and l ime durations. Journal of Biogeography 27 :1153-67 . 

* • -

Wang, W. D. 2003 . Investigation and study on Sargassum and Hizikia in Zhcjiang 
Province. Journal of Shanghai Fisheries University 12:227-32. 

Wang, W. L. and Chiang, Y. M. 2001 . The marine macroalgae o f Lu Tao (Green Island), 
Taiwan. Taiwania 46:49-61. 

Warwick, R. M.，Clarke, K. R. and Suharsono 1990. A statistical analysis o f coral 
community responses to the 1 9 8 2 - 8 3 El Nino in the Thousand Islands, 
Indonesia.'Com/ Reefs 8:171-79. ‘ 

Westermeier, R.，Patino, D., Ines Piel, M., Maier, I. and Mueller, D. G. 2006 . A new 
approach to kelp mariculture in Chile: production o f free-floating sporophyte 
seedlings from gametophyte cultures of Lessonia traheculata and Macrocystis 
pyrifera. Aquaculture Research 37:164-71. 

私 ， 

Wilkinson, M., Telfer, T. and Grundy, S. 1995. Geographical variation in the 
distributions o f macroalgae in estuaries. Aquatic Ecology 29:359-68 . 

Wil l iamson, M. and Fitter, A. 1996. The varying success o f invaders. Ecology 77:1661-
.66. ‘ 

Will is , B. L.’ van Oppen, M. J. H.，Miller, D. J.’ Vollmer, S. V. and Ayre, D. J. 2006 . 
The role o f hybridization in the evolution o f reef corals. Annual Review of 
Ecology, Evolution, and Systematics 37 :489-517 . 

Womers ley , H. B. S. 1954. Australian species o f Sargassum, subgenus Phyllotrichia. 
Australian Journal of Botany 2 :337-54. 

Wright, S. 1943. Isolation by distance. Genetics 28:114-38 . 
1 

‘ r c 

Xu, X. and Oda, M. 1999. Surface-water evolution o f the eastern East China Sea during 
the last 3 6 , 0 0 0 y e ^ s . Marine Geology 156:285-304 . 

Yang, H, N. 1994. Marine algal flora o f Pengchia Yu and its special place in the marine 
phylogeography o f Taiwan. Botanica Marina 37:429-32 . 

Yang , H. N. 1995. Taiwanese taxa o / Sargassum (Sargassaceae, Fucales, Phaeopbyta). 
Doctoral Dissertation, Taiwan National University, 2 丨 2 pp. 

Yendo, K. 1907. The Fucacaeae o f Japan. Journal of College of Science, Imperial 
.‘ University of Tokyo 21:1-174. » _ 

Yokogawa , K. 1997. Morphological and genetic di f ferences between Japanese and 
Chinese red ark shell Scapharca hroughtonii. Fisheries Science 63:332-37 . 

245 

feilTiMirftatltfirr^ imi iim hniVi i 丨 n.丨 f 丨丨 



^ Rct'crcnccs 

Yokoyama, H.，Ishihi, Y., Toyokawa, M., Yamamoto, S. and Ajisaka, T. 1999. 
Community structure on sargassoceous beds in GokavSho Bay II. Seasonal 
growth, maturation periods o f sargassoceous species, and annual net production 
of seaweeds. Bulletin of National Research Institute of AquacuIture 28:27-37. 

Yoo , J. S. 2003a. Biodiversity and commumty structure o f marine bcnthic organisms in 
Ihc rocky shore o f Dongbaekscom, Busan. Algae 18:225-32. 

Yoo，J . S. 2003b. Community dynamics o f bcnthic marine algae in the interlidal and 

sublidal rocky shore o f Samyang, Jejudo Island. Algae 18:301-09. 

Yoo, J. S. 2003c . Structural characteristics o f bcnthic algal community in the sublidal 
zone o f Yeongi l Inner and Oler Bay. Algae 18:365-69. 

Yoshida, G., Murase, N. and Terawaki, T. 1999. Comparisons o f germ ling growth 
abilities under various culture conditions among two Sargassum horneri 
populations and S. fUicinum in Hiroshima Bay. Bulletin of Fisheries and 
Environment of Inland Sea 1:45-54. 

Yoshida, G., Yoshikawa, K. and Terawaki, T. 2001. Growth and maturation o f two 
populations o f Sargassum horneri (Fucales, Phacophyla) in Hiroshima liay, the 
Selo Inland Sea. Fisheries Science 67:1023-29 . 

Yoshida, T. 1978. Lcctotypificalion o f Sargassum kjellnianianum and S. niiyahci 
(Phacophyla, Sargassaceae). Japanese Journal of Phycology 26:121 -24. 

Yoshida, T. 1983. Japanese spccies o f Sargassum subgenus Bactrophyciis (Phacophyla, 
Fucales). Journal of faculty oj science, Hokkaido Imperial University, Series V 
(Botany) 13:99-246. 

Yoshida, T. 1998. Marine Algae of Japan. Uchida Rokakiiho Publishing Co., Ltd., 
Tokyo, Japan, 1222 pp. 

Yoshida, T., Stigcr, V. and Horiguchi, T. 2000. Sargassum horeale sp. no v. ( F u c a l e s， 

Phaeophyceae) from Hokkaido, Japan. Phycological Research 48:125-31 . 

Yolsukura, N. , Denboh, T., Motomura, T., Horiguchi，T., Coleman, A. W. and Ichimura, 
T. 1999. Little divergence in ribosomal D N A internal transcribed spacer -1 and -
2 sequences among non-digitate species o f Laminaria (Phaeophyceae) from 
Hokkaido, Japan. Phycological Research 47 :71-80 . 

Zar, J. H. 1999. Biostatistical Analysis. Prentice Hall, Upper Saddle River, U S A , 929 pp. 

Zhang, J.’ Cai, Z. and Huang, L. 2006 . Population genetic structure o f crimson snapper 
Liitjanus erythropterus in East Asia, revealed by analysis o f the mitochondrial 
control region. ICES Journal of Marine Science 63:693-704 . 

246 



-一 References 

Zhao, F.’ Liu，F., Liu, J., Ang , P. and Duan, D. 2008a. Genetic structure analysis o f 
natural Sargassum muticum (Fucales, Phaeophyta) populations using R A P D and 
ISSR markers. Journal of Applied Phycnlogy 20:191 -98. 

Zhao, Z.’ Zhao, F., Yao, J., Lu, J., Ang, P. and Duan, D. 2008b. Early devc lopmcnl o f 
germlings o f Sargassum thunhergii (Fucales, Phaeophyta) under laboratory 
conditions. Journal of Applied Phycolo^ 20:925-31 . 

Zhou, S. Q.，Guo, F., Wu, L. S. and Li, R. G. 2001 . The study on the eco logy o f the 
benthic community in intertidal zone, Fuji an islands. Acta Occanologica Sinica 
23:104-09 . L 

Zink, R. M. 2002 . Methods in comparative phylogeography, and their application lo 
studying evolution in the North American aridlands. Integrative and 

.Comparative Biology 42:953-59. 

Zou, D., Gao, K. and Ruan, Z. 2006 . Seasonal pattern o f reproduction o f Hizikia 
fusifonuis (Sargassaceae, Phaeophyta) from Nanao Island, Shantou, China. 
Journal of Applied Phycology 18:195-201. 

Zuccarcllo, G. C.’ West, J. and Rueness, J. 2002. Phylogeography o f the cosmopoli tan 
red alga Caulacanthus ustulatus (Caulacanthaceae, Gigarlinales). Phycological 
Research 50:163-72. ‘ 

247 



Appendix 

Appendix 2.1 List o f all the Sar^assuni spcc ie s / spec ic s c o m p l e x e s and the O G U s 

c o m p i l e d in this study for N W Pacif ic . 一 
^ . 

Species/ species complexes 

Subgcus Bactrophycus 

S. ammophilum Yoshida ct T. Konno 

S. araii Yoshida 

S. autumnalc Yoshida 

S. horcale Yoshida ct I loriguchi 

S. confusum C. Agardli 

S. corcanum J.八gardh/‘V. ringgolJianum Harvey subsp corcaniim 

S. Jilicinum Harvey 

.V. fulveUum (Turner) C. Agardh/ S. enerve C. Agardli 

S. fusiforme (Harvey) Sctclicll/ Hizikia fusijormis (Harvey) Okamura 

S. giganlcifolium Yamada 

S. hcmiphyllum (Turn.) v. chinensc J. Agardh 

S. hcmiphyllum v. hcmiphyllum (Turner) C. Agardh 

S. hcrklotsii Sctclicll 

S. horneri (Turn.) C. Agardh 

S. macTocarpum C. Agardh 

S. micracanlhum (Ki i tz ing) hndliclicr 

S. microccratium (Turner) C. Agardh 

S. miyahei Ycndo/ S. kJcUmanianuni Ycndo 

S. muticum (Ycndo) Fcnsholt 

S. nigrifoliokJes Tseng ct Lu 

S. nigrifolium Ycndo 

S. nipponicum Ycndo 

S. okanmrae Yoshida ct. T. Konno 

S. ringgolJianum Harvey/ S. ringgoUiianum Harvey Subsp rin^^oldianum 

S. rostralum J. Agardh 

S. sagamianum Ycndo 

S. scf^ii Yoshida/ S. racemosiim Yamada & Segi 

S. serratifolium (C. Agardh) C. Agardh 

S. siliquastrum (Turner) C. Agardh/ S. tortile (C. Agardh) C. Agardh 

S. spathulophyllum J. Tanaka ct Murakami 

S. teniiifolium Yamada 

S. thunhet-gii (Mcrtcns cx Roth) Kuntzc 

S. trichophyllum (Kutzing) O. Kuntzc 
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S. wakayamaense Yoshida 

S. yamadae Yoshida ct Konno 

S. yamamotoi Yoshida 

S. yezoense (Yamada) Yoshida ct. 

Appendix 

Konno 

Subgenus Sargassum 

S. agaviforme Tseng ct Lu 

S. alternato-pinnatum Yamada 

S. amahile Yamada 

S. angustifolium (Turn.) C. Agardli 

S. aquifolium (Turner) C. Agardh 

S. assimile Harvey 

S. bacculaha (Mcrtcns) C. Agardh 

S. heihaiense Tseng ct Lu 

S. hiserrula J. Agardh 

S. hisen ulioides Tseng ct Lu 

S. bulhifcrum Yoshida 

S. capilliformc Tseng ct Lu 

S. capUatum Tseng ct Lu 

S. carpophyllum J. Agardh 

S. carpophyllum v. compressum Griinow 

S. cervicorne Grcvillc 

S. cinctum J. Agardh , 

S. cinereum J. Agardh 

S. crassifulium J. Agardh 

S. crispifoUum Yamada 

S. cnstaefolium C. Agardh/ S. berhenfolium J. Agardh/ S. duplicatum Bory dc Sairrt-Vinccnt； 

S. duplicatum (J. Agardh) J. Agardh 

S. cymosum C. Agardh 

S. cystophyllum Montagnc v. parcespinosa Grunow 

S. distichum Sondcr/ S. aemitlum Sender in Linn. 

S. clotyi Trono 

S, erumpens Tseng ct Lu ‘ 

S. ewyphyllum (Grunow) Tseng ct Lu 

S. felcimannii Pham 

S. frutescens Tseng ct Lu 

S. fruticulosum Tseng ct Lu 

S. fujianense Tseng ct Lu 
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S. fuliginosoides Tseng ct Lu 

S. fuscifolium Tseng ct Lu 

S. gemmiphofum Tseng ct Lu 

S. glaucescens J, Agardh 

S. gracillimum Rcinbold. 

S. graminifolium (Turner) J. Agardh 

S. granuliferum C. Agardh 

S. giiangdongii Tseng ct Lu 

S. hainanense Tseng ct Lu 

S. henslowianum C. Agardh 

S. heterocystum (Kuctzing) Montagnc 

S. ilicifolioicles Tseng ct Lu 

S. ilicifolium (Turner) C. Agardh v. uf/jncluplicatun) (J. Ag.) Grunovv 

S. ilicifolium (Turner) C. Agardh/ S. sanciei Rcinbold 

S. incanum Grunow 

S. integerrimum Tseng ct Lu 

S. intermedium Tseng ct Lu 

S. kashiwajimanum Ycndo 

S. kasyotense Yamada 

S. kuetzingii Sctchcll 

S. kushimotense Ycndo 

S. leizhouense Tseng ct Lu 

S. longicaulis Tseng ct Lu 

S. longifmctum Tseng ct Lu 

S. mcclurei f. duplicatum A. Zin ct H.D. Nguyen 

S. mcclurei Sctchcll 

S. megalocystum Tseng ct Lu 

S. myriocystum J. Agardh 

S. naozhouense Tseng ct Lu 

S. odontocarpum Sondcr/ S. coriifolium J. Agardh 

S. oligocystum Montagnc/ S. hinderi Sondcr cx J. Agardh 

S. paniculatum J. Agardh 

S. parvifolioides Tseng ct Lu 

S. parvifolium (Turn.) C. Agardh 

S. patens C. Agardh 

S. patens C. Agardh v. phylizophylla (Kuctz.) Yendo 

S. patens C. Agardh v. rocigersianum (Harvey) Grunow 

S. patens v. typicum Sctch. 
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S. pilulifenim (Turner) C. Agardh 

S. pinhatifidum Harvey 

S. plagiophyllum C. Agardh 

S. polycystum C. Agardh 

S. polycystum v. linearifolium H.N.Yang & Y.M. Chiang 

S. polyponim Montagnc 

S. primitivum Tseng ct Lu 

S. pseudolanceolatum Tseng et Lu 

S. pumilum Tseng ct Lu 

S. qingdaoense Tseng ct Lu 

S. (finzhouense Tseng ct Lu 

S. qkmghaiense Tseng ct Lu 

S. rhizophorum Tseng ct Lu 

S. salicifolioidcs Yamada/ S. hyugaense Yamada 

^ sanyaen.se Tseng ct Lu 

S. shancJongen.se Tseng, C. F. Zhang ct Lu 

S. shangchuanii Tseng ct Lu 

S. siliculosoides Tseng ct Lu 

S. siliquosum J. Agardh 

S. silvae Tseng ct Lu 

S. spin if ex C. Agardh 

S. squarrosum Grcvillc 

S. suhdroserifolium Tseng ct Lu 

S. subspathulatum Grunow 

S. sullivanii Trono 

S. swarlzii (Turn.) C. Agardh/ S. acutifolium Grcvil lc 

S. symphyorhizoideum Tseng ct Lu 

S. telephifolium (Turner) C. Agardh 

S. tenernmum J. Agardh 

S. tenue J. Agardh 

S. tenuifolioides Tseng ct Lu 

S. tosaense Ycndo 

S. vachellianuni Grcvillc 

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

S. vu-gatum C. Agardh 

S. weizhouense Tseng ct Lu ^ 
a 

S. wenchangense Tseng ct Lu 

S. wightii Grcvillc 

251 



Appendix 

S. xishaense Tseng ct Lu 

S. yendoi Okamura ct. Yamada/ S. henslowianum v. condensatum Yamada 

S. yingehaien.se Tseng ct Lu 

S. ynrngxingense Tseng ct Lu 

Unknown subgenus 

S. kwangyangenses Kang 

OGU 

1: Kuri l Islands (North), Russia 

2: Kuri l Islands (South), Russia 

3: Southern Hokkaido, Japan 

4: Northern Honshu 1，Pacific side, Japan 

5: Northern Honshu 2, Pacific side, Japan 

6: Izu Islands, Pacific side, Japan 

7: Eastern Honshu 1，Pacific side, Japan 

8: Scto Inland Sea, Japan 

9: Southern Shikioku, Japan 

0: Eastern Kyushu, Japan 

1: Ryukyu Islands, Japan 

2: Western Kyushu, Japan 

3: Western Honshu 1，Sea of Japan side, Japan 

4: Western Honshu 2, Sea of Japan side, Japan 

5: Western Hokkaido, Japan 

6: Northern Hokkaido, Japan 

7: Sakhalin South, Russia 

8: Russian coast o f Vladivostok Sea 

9: N. Korea North East (Shimpo & Gcnzan) 

20: Korea, 1 (East) 

21: Dokdo & Ullundo Islands, South Korea 

22: Korea, 2 (East) 

23: Korea, 3 (South) 

24: Chcju Island, South Korea 

25: Korea, 4 (South) 

26: Korea, 5 (West) 

27: Korea, 6 (West) 

28: Korea, 7 (West) 
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29: China mainland，Lioudong East 

30: China mainland, Lioudong west 

31: China mainland, Shandong North and East 

32: China mainland, Shandong South 

33: China mainland, Jiangsu 

S. 34: China mainland, Zhcjiang North 

35: China mainland, Zhcjiang South 

36: China mainland, Fujian North 

37: Taiwan Pcnghu (west) 

38: Taiwan North' 

39: Taiwan East 

40: Taiwan Ludao/ Landao (southeast) 

41: Taiwan South 

42: China mainland, Fujian South 

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

44: China mainland, Guangdong West 

45: China mainland, Hainan 

46: China mainland, Guangxi 

47: Vietnam, North 
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