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Abstract 

  

As the global epicentre of marine biodiversity, the Indo-Australian Archipelago (IAA) 

and the Coral Triangle (CT), is one of the most evolutionary and biogeographically complex 

regions on Earth. While there has been a rapid increase in marine phylogeographic studies 

in the region, exploring connectivity, dispersal barriers and the evolution of species diversity 

– studies on benthic marine macroalgae are rare.   

This study examined major phylogeographic patterns in 2 common species of 

Rhodophyta, Gracilaria salicornia and Hypnea pannosa, within the IAA and CT region. 

Specifically, the influence of the Wallace’s Line (WL) on the distribution and connectivity of 

G. salicornia populations in the Pacific Ocean; the influence of the Indonesian Through Flow 

(ITF) in the isolation and genetic structuring of H. pannosa populations; and whether the 

center of diversification for G. salicornia populations is located in either, the marine 

biodiversity hotspots inside the CT, or in peripheral ecosystems. For G. salicornia, a total of 

171 individuals from 8 populations and 195 individuals from 29 distinct localities were 

analysed, respectively, using the cox2-cox3 mtDNA and the rbcL-rbcS cpDNA sequencing 

markers. For H. pannosa, a total of 80 individuals from Indonesia and Australia were 

analysed using mtDNA cox1 and cpDNA rbcL DNA sequences. 

Study results indicate that the phylogeography of G. salicornia is likely a result of 

different past and contemporary processes promoting isolation and connectivity around the 

Makassar Straits and Lombok Straits – with the WL proved to be a porous barrier to gene 

flow for this particular species. Analysis also confirmed the monophyly of this species and 

supported the Center of Accumulation Model as the diversification mechanism for 

populations of G. salicornia in the Indo-Pacific Ocean. In H. pannosa, strong genetic 

structure was found across the IAA, particularly among populations from Indonesia, 

Ningaloo Reef, and the Great Barrier Reef and suggests the presence of a Sahul-Sunda 

genetic break between these three regions. 
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Preamble 

This thesis provides a comprehensive study on the phylogeography of two, 

common and economically-important, tropical benthic marine red macroalgae 

(Rhodophyta) in the Indo-Pacific region; the agarophyte Gracilaria salicornia (C. Agard) 

E.Y. Dawson (Gracilariales) and the carragenophyte Hypnea pannosa (J. Agardh) 

(Gigartinales). This study tested and described the influence of major geographical 

barriers in the region, namely the Wallace’s Line and the Indonesian Through Flow 

(ITF), in the genetic isolation and differentiation of their populations. Including insights 

into the origin of tropical macroalgal diversity within the Indo-Australian Archipelago 

and Indo-Pacific Ocean region.  

In chapter 1, I present a review of the significant literature, including key 

concepts in phylogeography. The review focuses on the historical and scientific 

importance of the Indo-Pacific region in the study of evolution and biogeography.  

Including our current understanding of the phylogeography of the Indo-Pacific region, 

particularly the influence of the Wallace Line and other biogeographical boundaries. 

This chapter also characterises marine benthic macroalgae, their ecology, economic 

importance, and distribution, including a description of the two species selected for 

this study. In this chapter I also present an overview of macroalgal phylogeographic 

studies, including the benefits and reasons for using marine macroalgae as model 

organisms; background on common molecular markers used in marine macroalgae; 

and provide concluding remarks with focus on current knowledge and knowledge gaps 

in marine macroalgal phylogeography. 

Chapters 2, 3 and 4 are all data chapters. They are presented using the standard 

scientific manuscript format, i.e. abstract, introduction, material and methods, results, 

discussion, acknowledgments, and references. In Chapter 2, I test the correlation of 

the Wallace Line in the genetic isolation and differentiation of marine macroalgae in 

the Indo-Pacific using Gracilaria salicornia as a testing organism. Similarly, in Chapter 3, 

I test the correlation of the Indonesian Through Flow (ITF) in the isolation and 

differentiation of marine macroalgae in the Indo-Pacific using Hypnea pannosa as a 

testing organism. Both, G. salicornia and H. pannosa are common, economically-

important, marine red benthic macroalgae in the region. Finally, in Chapter 4, using G. 



xiii 
 

salicornia populations, I test the origin of tropical macroalgal diversity in the Indo-

Australian Archipelago and broader Indo-Pacific Ocean region.  

Finally, in Chapter 5 I provide final remarks and conclusions, highlighting the 

major results and insights from this research, and identifying key macroalgal 

phylogenetic research priorities and challenges for the future. 
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Chapter 1 

Introduction 

 

1.1 Marine phylogeography of the Indo-Pacific region   

With the rapid and recent development of molecular techniques and 

technologies, high levels of marine biodiversity have stimulated the widespread 

application of phylogeography for studying marine species richness, distribution 

pattern and evolution (Carpenter et al. 2011; Bowen et al. 2014). The tropical Indo-

Pacific region occupies an extensive area of >130 million km2 and importantly, 

encompasses the global epicenter of marine biodiversity (the Indo-Malay region), 

providing globally-significant levels of species richness and endemism, compared to 

other marine regions (Briggs 1999; Montaggioni 2005).  However, despite this 

significant potential for phylogenetic research, the marine phylogeographic features of 

the tropical Indo-Pacific region are poorly understood, compared to  the Atlantic 

Ocean and temperate marine regions around the globe (Montaggioni 2005; Briggs and 

Bowen 2013).  

Recent investigations suggest that habitats in oceanic archipelagos and marine 

biodiversity hotspots, such as the Indo-Pacific (and Caribbean Sea), can not only 

produce and export species, but can also accumulate biodiversity produced in 

peripheral habitats and surrounding islands – a process known as ‘biodiversity 

feedback’ (Bowen et al. 2013).  While opportunities for physical (allopatric) isolation 

are more limited in oceanic ecosystems (compared to terrestrial systems), there is 

greater opportunity for speciation along ecological boundaries. Treml et al. (2015), 

evaluated potential marine dispersal barriers across the Indo-Pacific region (examining 

12 different seascape-level, multispecies barriers), and discovered weak barriers in the 

central area but strong multispecies barriers at the periphery. Similarly, over 30 

phylogeographic studies in the Indo-Pacific region have revealed a range of 

biogeographic boundaries and the existence of short-range species, promoting 

evolutionary innovation, rarity and spatial structure (Briggs and Bowen 2013). 

In short, studying the evolutionary biology of the warm-water species of the 

Indo-Pacific region is  revealing complex evolutionary and biogeographic processes in 
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marine taxa and importantly, is illuminating the origin of tropical marine biodiversity 

(Dawson and Hamner 2008; Bowen et al. 2013).  To this end, wide range taxa sampling 

across several potential dispersal barriers can result in robust phylogeographic 

inferences (Bowen et al. 2014). 

 

1.1.1 Evolution and biogeography of the Indo-Australian Archipelago (IAA)  

Within Indo-Pacific Ocean lies the Indo-Australian Archipelago (IAA), a region 

encompassing the global epicenter of marine biodiversity with species richness 

incrementally decreasing from this region eastward across the Pacific Ocean and 

westward across the Indian Ocean (Briggs 1999; Montaggioni 2005).  As the most 

geologically and geographically complex tropical region on the Earth, the Indo-

Australian Archipelago comprises more than 20,000 islands across the equator in the 

area over 5000 km wide between 95°E and 140°E (Hall 2009; Lohman et al. 2011).  

The IAA region is also variously known as the Coral Triangle (CT) (Hoeksema 

2007; Veron et al. 2009), East Indies Triangle (Briggs 1999), Indonesian and Philippines 

Region (Mora et al. 2003), Indo-Malay-Philippine Archipelago (Carpenter and Springer 

2005), and Malesia or the Malay Archipelago (Van Welzen et al. 2011). These 

biogeographical regions overlap but are not identical.  As such, the Coral Triangle 

defined by Veron et al. (2009) extends from the Philippines to the Solomon Islands but 

does not include the Coral Sea, while the Indo-Australian Archipelago defined by 

Bellwood and Hughes (2001) is inclusive of the Coral Triangle, but extends considerably 

north and south (see Figure 1C in Renema et al. (2008) and Figure 1 in Gaither and 

Rocha (2013)). Significantly, the CT region is not a distinct biogeographic unit, but 

comprises portions of two major biogeographic regions: the Indonesian-Philippines 

Region, and Far Southwestern Pacific Region – encompassing marine species both from 

Asia and Oceania (Veron 1995; Veron et al. 2010). 

The IAA is the global epicentre and a biodiversity hotspot for not only coral and 

fish biodiversity, with >2600 species of reef fishes and 600 species of corals recorded 

(Veron et al. 2009; Allen and Erdmann 2012), but many other marine organisms as 

well. While a range of physical, ecological and evolutionary processes have contributed 

to speciation and globally-significant levels of species richness and endemism within 

the IAA region (see Carpenter and Springer 2005; Bowen et al. 2013), geological, 
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tectonic, oceanographic and climatic processes and history have also played major 

roles  (Lohman et al. 2011). To this end, several evolutionary hypotheses have been 

proposed to explain the species richness in the IAA hotspot and these can be grouped 

into four major categories: (1) centre of origin (Ekman 1953; Briggs 1999, 2003), (2) 

centre of accumulation (Ladd 1960; Jokiel and Martinelli 1992), (3) centre of survival 

(Paulay 1990; Jackson et al. 1993; Bellwood and Hughes 2001), and (4) centre of 

overlap (Briggs 1974; Woodland 1983). Following decades of debate, there is a growing 

recognition that the competing hypotheses are not mutually exclusive but in fact are 

likely to be working in conjunction to create the species richness of the region 

(Bellwood and Hughes 2001; Rocha and Bowen 2008; Bowen et al. 2013; Briggs and 

Bowen 2013; Cowman and Bellwood 2013). 

 

1.1.2 Evolution and biogeography of the Wallacea Region  

Major geological, tectonic and climatic events, particularly over the past 50 My in 

the Indo-Pacific and IAA region, particularly recent Pleistocene sea level changes, have 

also resulted in remarkable patterns in the distribution of higher taxa. Within the IAA, 

several biogeographic borders are recognized and largely based on terrestrial faunal 

distributions i.e. the Wallace’s Line, the Huxley/Merrill-Dickerson’s Line, and The 

Lydekker’s Line (Figure 1.1) (Mayr 1944; Simpson 1977). The Huxley/Merrill-Dickerson 

Line separates a zone with a rich animal life in Borneo and Java from an impoverished 

zone in the Lombok-Celebes region. The Lydekker Line separates the Aru Island with 

166 species of birds from the Kei Island with only 84 species (Mayr 1944).  

The Wallace’s Line (WL) is one of the most famous and most discussed 

zoogeographic boundaries in the world - separating Asian-evolved biota from the 

Australasian-evolved biota.  Significantly, within the broader Indo-Pacific region, 

Wallace's Line also separates the species of Asia and Oceania.  The area spanning the 

Wallace’s Line encompasses the Philippines, some parts of Indonesia (Sulawesi, 

Molluccas, Lesser Sunda or Nusa Tenggara), Timor Leste and northern Australia (see 

Figure 1.1). The areas to the west (Malay Peninsula, Sumatra, Java, Borneo) and to the 

east (New Guinea) are referred to the Sunda Shelf and the Sahul Shelf, respectively 

(Van Welzen et al. 2011).  The establishment of the Wallace’s Line was precipitated by 

two major geological processes: (1) the collision of the Asian and Australasian tectonic 



4 
 

plates which brought organisms from different land masses (ie. Sunda and Sahul Shelf, 

respectively), into close contact (Hall 2002), and (2) the formation of land-bridges 

between western Indonesian Islands and mainland Asia, and among Philippines Islands 

due to Pleistocene glaciations (2.4 Ma – 10,000 years ago), following lowered sea-

levels (up to at least 120 metres) (Voris 2000). The actual formation of Wallace’s Line 

likely resulted from the ‘opening’ of the Makassar Strait (ie. the separation of 

southeast Kalimantan and western Sulawesi), although the age and driving mechanism 

for this opening is still poorly understood and under debate (Guntoro 1999).  

 

Figure 1.1. The Indo-Australian Archipelago (Lohman et al. 2011). 

 

The relationship between ancient sea levels, tectonic movement and continental 

shelves is central to understanding Wallace’s Line and the evolution and biogeography 

of the IAA region. Wallace's Line is a deep-water channel that follows the continental 

shelf contours of the Sunda Shelf (southeastern Asia). Similarly, Lydekker's Line, 

separates the eastern edge of Wallacea from the Sahul Shelf (Australian-New Guinea 

region).  During Late Eocene and Oligocene (40 Mya), the Sundaland edge stretched 

forming one of the deepest, but narrowest, gaps of ocean, establishing the geological 

root for the formation of the deep-water, Wallace’s Line in the Makassar and Lombok 

Straits (Hall 2009). Sundaland was stabilized in the early Mesozoic (parts of southern 

Indochina, the Thai–Malay peninsula, Sumatra and the Sunda Shelf) and in the 

Mesozoic (parts of west Borneo, West Java, and the Java Sea), represents the part of 

https://en.wikipedia.org/wiki/Sea_level
https://en.wikipedia.org/wiki/Continental_shelf
https://en.wikipedia.org/wiki/Continental_shelf
https://en.wikipedia.org/wiki/Biogeography
https://en.wikipedia.org/wiki/Sunda_Shelf
https://en.wikipedia.org/wiki/Richard_Lydekker
https://en.wikipedia.org/wiki/Sahul_Shelf
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Southeast Asia which has formed a promontory of the Eurasian continent (see Figure 

1.2) (Hall 2009). 

 

Figure 1.2. Sundaland, Wallacea, Australia, and the Pacific (Hall 2009). 

 

During the low sea-levels of the Pleistocene glaciations, the islands on the 

continental shelves of both Asia and Australia (ie. Sunda and Sahul Shelf, respectively), 

were united to form continuous land masses. However, the deep water between the 

large Sunda and Sahul continental shelf areas was, for over 50 million years, a barrier 

that kept the terrestrial flora and fauna of Australia separated from Asia. The islands 

between Sunda Shelf and Sahul Shelf are known as the Wallacea Region. The original 

biogeographical concept of the Wallacea Region by Dickerson (1928) included the 

Philippines, however Lohman et al. (2011) assert these islands should be considered as 

a separate entity. Further, the Wallacea region consists of islands that were not 

recently connected by dry land to either of the continental land masses, and thus were 

populated by organisms capable of crossing the straits between islands. 

Significantly, within the IAA region, tectonic movement of the Australasian and 

Asian plates has resulted in the partial, and at times nearly complete, isolation of the 

Pacific and Indian Ocean marine faunas since at least the Miocene, even without 

dramatic changes in sea level (Gaither and Rocha 2013). While the Pacific and Indian 

Oceans were well connected via the Indonesian Seaway (an extension of the Southern 

Equatorial Current) during the Oligocene and early Miocene (Hall 2002; see also Figure 

https://en.wikipedia.org/wiki/Wallacea
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2 in Carpenter and Springer 2005) – flow between the two ocean basins were greatly 

reduced during the mid-Miocene (c.16–8 Ma), following collision of the Australasian 

and Asian plates (and Sahul and Sunda shelves).  This resulted in shallow seas and land 

barriers in the region (Kennett et al. 1985) and also, water flow between the Pacific 

and Indian Oceans largely confined and restricted to a narrow path through the 

Indonesian Archipelago: the Indonesian Throughflow (Figure 1.3) (Gordon 2005).  

 

1.1.3 The Indonesian Through Flow and Wallace’s Line  

As the major oceanic through flow in the IAA, the Indonesian Through Flow (ITF) 

have played a critical role in the marine biogeography of the region.  As such, the 

deep-waters of Wallace’s Line (200-2000m) i.e. the Makassar Strait and Lombok Strait, 

have played major roles in the formation of the Indonesian Through Flow (Hall 2009) - 

the major oceanic current in the region and potential major dispersal barrier.  As the 

upper branch of the global heat conveyer belt, the ITF has a major role in global 

climate, providing the only low-latitude  transfer of tropical fresh waters from the 

Pacific to the Indian Ocean,  with significant impact on the oceanic heat and freshwater 

budgets and on the climate system (Gordon 2005; Gordon et al. 2008). Higher ocean 

surface topography in the western Pacific than in the Indian Ocean drives upper 

thermocline water from the North Pacific through the western route of the Makassar 

Strait to either directly exit through the Lombok Strait or flow eastward into the Banda 

Sea. Weaker flow of saltier and denser South Pacific water passes over the Lifamatola 

Passage into the Banda Sea, where these water masses are mixed due to tidal effects, 

Ekman pumping, and heat and fresh water flux at the ocean surface. From the Banda 

Sea the ITF exits to the Indian Ocean via 3 passages - Timor, Ombai, and Lombok 

passages (Gordon 2005). 

Water properties indicate that Makassar Strait is the primary inflow passage for 

Pacific water above the Makassar sill depth of 680m (Figure 1.3), carrying ~80% of the 

total ITF  transport (Gordon 2005). East of Sulawesi the Lifamatola Passage with a sill 

depth of ~2000m represents the dominant inflow path for deeper Pacific water. The 

Makassar stream comes across a sill (680 m depth), one part entering the Indian Ocean 

through the Lombok Strait (300 m depth), while the main part turns eastwards in the 

Flores Sea into the Banda Sea and finally passing into the Indian Ocean on either side 

https://en.wikipedia.org/wiki/Ocean_surface_topography
https://en.wikipedia.org/wiki/Ocean_surface_topography
https://en.wikipedia.org/wiki/Thermocline
https://en.wikipedia.org/wiki/Makassar_Strait
https://en.wikipedia.org/wiki/Makassar_Strait
https://en.wikipedia.org/wiki/Lombok_Strait
https://en.wikipedia.org/wiki/Banda_Sea
https://en.wikipedia.org/wiki/Banda_Sea
https://en.wikipedia.org/wiki/Ekman_spiral
https://en.wikipedia.org/wiki/Timor_Sea
https://en.wikipedia.org/wiki/Ombai_Strait
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of Timor Island (Ombai Strait and Timor Passage) (Gordon 2005). Recent multi-year 

moorings in the major inflow and outflow passages suggest a total average ITF of 

about 15 Sv (Sverdrup, 1 Sv = 106 m3/sec) into the Indian Ocean. Of this, about 2.6 Sv 

exited via Lombok Strait, 4.9 Sv via Ombai Strait and the remaining 7.5 Sv through 

Timor Passage (Sprintall et al. 2009). Significantly, approximately 90% of the total 

average ITF outflow (~13 Sv) was measured in the Makassar Strait inflow (Gordon et al. 

2012) – the major route of Wallace’s Line.  Further underscoring the importance of the 

ITF as a major influence on Wallace’s Line and the major potential barrier to dispersal 

in the IAA region. 

 

Figure 1.3. The Indonesian Through Flow (ITF) (Sprintall et al. 2009). 

 

1.1.4 The Wallace Line as a potential marine barrier  

While there have been many detailed studies on the terrestrial biogeography of the 

IAA region and the influence of Wallace’s Line as a terrestrial boundary or dispersal 

barrier - marine phylogeographical studies are more far more limited and recent.  

Within the IAA, high levels of marine biodiversity and a complex geological history (Hall 

2002) have created a dynamic evolutionary environment for marine taxa distributed 

across the region. Significantly, greater isolation of ocean basins during historically low 

sea levels is thought to have caused genetic divergence between Indian and Pacific 
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Ocean populations among many marine taxa (Lavery et al. 1996; Benzie 1998; Duda Jr 

and Palumbi 1999; Barber et al. 2000; Benzie et al. 2002; Crandall et al. 2008; DeBoer 

et al. 2008; Vogler et al. 2008; Mendoza et al. 2010).  As such, these recent studies on 

marine organisms have revealed deep and fine-scale population genetic structuring, 

with repeated exposure and flooding of the Sunda and Sahul continental shelves 

during Pliocene and Pleistocene sea level fluctuations (up to 130m) (Pillans et al. 1998; 

Voris 2000), thought to have contributed to vicariance isolation, diversification and 

divergence among many marine taxa.  Here we define, isolation as geographically 

restricted monophyly (Hickerson et al. 2010), diversification as an increase in (genetic) 

variation among populations within a particular species or species complex, including 

adaptive divergence of lineages, as well as the special case of the formation of new 

hybrid lineages (Vellend et al. 2007). For instance, populations of the mantis shrimp, 

Haptosquilla pulchella, are genetically distinct in the basins of the Celebes Sea, Tomini 

Bay and the South China Sea, waters which were partially enclosed during low-sea-

level stands, and also areas long considered to be crucibles of species formation 

(McManus 1985; Randall 1998).  

Similarly, many taxa display molecular signatures consistent with range 

expansions onto continental shelves as sea levels rose during the Pleistocene (Crandall 

et al. 2008). For instance, phylogeographic structure and range expansion (particularly 

seeding of sites) in the false clownfish, Amphiprion ocellaris, reflects Pleistocene sea 

level changes and flooding on the Sunda Shelf (rather than surface currents) (Nelson et 

al. 2000).  Notwithstanding, recent marine dispersal and connectivity studies (Treml 

and Halpin 2012) suggest strong concordance between predicted dispersal barriers 

and genetic barriers identified from population genetic and phylogeographic 

approaches (Carpenter et al. 2011) – with barriers identified in the vicinity of 

Cenderawasih Bay, near Halmahera, south of Luzon, and across the Sunda Shelf.  

Further, broad correspondence across fish and invertebrate taxa suggest that these 

common breaks function as persistent barriers to dispersal, forming ecologically and 

evolutionarily distinct units (Treml and Halpin 2012). 

Wallace's Line is a major biogeographic boundary both within the IAA, separating 

Asian and Australasian biota, and also, the CT, separating species of Asia and Oceania 

(Veron 1995; Veron et al. 2010).  Within the IAA, as the major oceanic through-flow, 
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Wallace’s Line is a major permeable and semi-permeable marine barrier. The strong 

currents of the ITF and Wallace’s Line pass through the Wallacea region via the very 

deep, but narrow waters of the Makassar and Lombok Straits. This strong flow can 

either, potentially expedite the dispersal of marine larvae - or act as a barrier to gene 

flow blocking their dispersion. To this end, several studies have identified the presence 

of some degree of genetic discontinuity among marine populations across Wallace’s 

Line, including the seahorse Hippocampus trimaculatus (Lourie and Vincent 2004), the 

mantis shrimp Haptosquilla pulchella (Barber et al. 2000), and the false clown fish 

Amphiprion ocellaris (Nelson et al. 2000)  and for some freshwater organisms with 

marine larvae (Wowor and Ng 2008). In H. pulchella, the identification of genetically 

distinct ‘northern’ and ‘southern’ clades located just 300 km apart confirmed the 

presence of a localized biogeographic boundary, a suggested marine equivalent of 

Wallace’s Line. The populations were identified as possible relics of Indian and Pacific 

Ocean populations separated by the emergence of the Sunda and Sahul continental 

shelves during Pleistocene low-sea-level stands (and glacial maxima) (Barber et al. 

2000). Increasingly, these phylogenetic studies provide important insights on the 

existence and role of potential marine phylogeographical barriers and how major 

barriers like Wallace’s Line and past biogeographic history and events can help explain 

current major patterns of marine population connectivity in the IAA, CT and Indo-

Pacific region.  

While studies using poorly-dispersed marine species, such as benthic marine 

macroalgae are rare, studies on these species are urgently needed. With their different 

life histories and dispersal capabilities, these species may well reveal potential new 

patterns of genetic structuring and connectivity and further insights into the evolution 

of marine species within this complex but globally significant region. 

 
 

1.2 Advances in marine phylogeography    

Concordances among biogeography, phylogenetics and population genetics are 

linked by the field of phylogeography (Avise et al. 1987). Further development of 

integrative statistics and methodological frameworks (Avise 2000; Edwards 2009; 

Knowles 2009) has greatly improved genealogical patterns and the incorporation of 
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biogeographic processes for testing phylogeographic hypotheses (Hickerson et al. 

2010). Even though the association between spatial patterning of gene genealogy, 

organismal lineages and demographic histories is occasionally conceptually misleading 

(Irwin 2002), phylogeography is fast becoming one of the most integrative fields in 

evolutionary biology (Hickerson et al. 2010; Cutter 2013; Bowen et al. 2014). 

While the field of phylogeography initially had a rapid and strong impact on animal 

and plant research worldwide, the distribution of these studies were highly spatial 

heterogeneous (Avise 1998; Schaal et al. 1998; Zuccarello et al. 1999). While 

phylogeography has provided critical and valuable contribution to many areas of study 

in biology and earth sciences, such as speciation, historical biogeography, conservation 

biology, biodiversity research and taxonomy, palaeoecology, palaeoclimatology  and 

volcanology (Beheregaray 2008)- rarely have these studies been undertaken on the 

same ecosystems or species.  Further, phylogeographic studies, particularly on plants 

and algae, also suffered from the lack of genetic variation (Schaal et al. 1998) and the 

lack of highly variable markers (Zuccarello et al. 1999).  Significantly, these two major 

hurdles have been overcome in the last 15 years with the discovery of new markers 

and techniques (Hickerson et al. 2010; Cutter 2013). Currently phylogeographic studies 

of plants and algae show great promise, and the application of these new techniques 

and approach is now widespread across various taxa (Avise 2009; Hickerson et al. 

2010). 

Phylogeographic patterns between marine and terrestrial ecosystems are 

considerable. Dissimilar patterns of species distribution have led to the perception that 

different processes affect distributional dynamics and diversification in marine and 

terrestrial settings (Paulay and Meyer 2002). In contrast to terrestrial systems, marine 

systems also have a greater diversity of major lineages and a large number of species 

with extensive, dispersal potential and large effective population sizes (Bowen et al. 

2014).  While Dawson and Hamner (2008) argue that differences in the evolution 

between marine and terrestrial organisms are statistical not fundamental; if genetic 

drift and gene flow are considered as the starting point for speciation, the 

disagreement of ocean and landmass evolution becomes unambiguous (Bowen et al. 

2013). In the oceans, water provides an effective medium for dispersal while land 

provides a major barrier. Marine gene exchange is characterised by extensive dispersal 
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through relatively ‘unlimited’ geographic distributional range, plus fewer physical 

barriers, while termination of gene flow by geographic isolation is common in 

terrestrial ecosystems (Rocha and Bowen 2008; Bowen et al. 2014). The distributions 

of marine species are largely bounded by ocean basin typography and isotherms acting 

as barriers to dispersal.  Moreover, although there are similar processes controlling 

gene flow in marine and terrestrial ecosystems, the efficacy is different, generating 

different patterns in population connectivity in space and time (Paulay and Meyer 

2002). 

Similar to terrestrial ecosystems, dispersal also plays a major role in marine 

communities and populations structuring (Treml et al. 2015). Paramount to isolation 

and differentiation between communities and populations in the marine environment 

is the nature and strength of biophysical processes associated with penetrable, semi- 

penetrable and impenetrable barriers to dispersal and gene flow (Bowen et al. 2013). 

As a fundamental biological process in ecology and evolution, dispersal in the marine 

realm establishes and defines specific patterns of connectivity between populations 

and also assists migration to different habitats (Page and Holmes 1998; Avise 2000). 

Natural dispersal of marine populations results mostly from movements of planktonic 

larvae, propagules, transport by animals and rafting.  As a consequence, population 

connectivity in marine ecosystems is overwhelmingly driven by biological characters 

and the physical environment (Cowen and Sponaugle 2009).  

 

1.2.1 Ecological and economic importance of marine macroalgae  

Algae have been described as phylogenetically unrelated, chlorophyll-containing 

organisms, with a simple morphology and mode of reproduction (Bold and Wynne 

1985). However, the trigenetic life cycle in the red algae is among the most complex 

life history known in nature (Lobban and Harrison 2004), including reproductive 

structures not protected by complex vegetative tissue (Bold and Wynne 1985). Algae 

include single-celled, colonies or multi-cellular organisms and display a wide variation 

in size, from 2 – 5 µm (= picoplankton) up to 70 m long individuals, e.g. Macrocystis 

pyrifera (Lee 2008; El Gamal 2010). Algae depend on water in at least one part of their 

life cycle and can be found in almost all environments on earth.  Ecologically, algae are 
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globally important, functioning as the major primary producers in both freshwater and 

marine food chains, generating both organic material and oxygen (Lee 2008). As such, 

marine phytoplankton contributes between 50 and 85% of the oxygen in Earth’s 

atmosphere. Algae also perform important and essential roles in aquatic ecosystems 

such as a source of food, energy and nutrients, a major carbon sink (in climate 

regulation), settlement substrate for aquatic invertebrates, and habitat and refuge for 

a plethora of benthic animals.  

Algae can be classified into two major groups: microalgae or phytoplankton, small, 

mobile species which inhabit the photic zone of the water column in marine (oceanic) 

and freshwater environments; and macroalgae large, benthic species  sessile or 

attached to the substrate and dominated by the green, brown, and red algae 

(Ulvophyta, Phaeophyta and Rhodophyta, respectively) (van den Hoek et al. 1998). 

Marine macroalgae (also known as seaweeds) are multicellular algae, although in 

one stage of their life-cycle, gametes and spores are unicellular, and may be 

temporarily planktonic (Amsler & Searles 1980 in Lobban and Harrison 2004). Most 

marine macroalgae exhibit seasonal differences in growth in response to factors such 

as light, nutrient availability and possibly water temperature (Lobban and Harrison 

2004; Lee 2008).  According to Norton et al. (1981), there are eight environmental 

factors that influence the morphological features of marine macroalgae: vertical 

position on the shore, substratum, light, water motion, temperature, salinity, chemical 

factors and damage. Together with other marine species, macroalgae in turn, influence 

marine biogeochemical cycles, food webs, and reef accretion (Graham et al. 2009). 

In addition to their ecological role, marine macroalgae also provide major 

ecosystem goods and services, and also, economic benefits. This includes supporting 

and maintaining essential coastal and marine ecosystem goods and services, such as 

water quality, coastal protection, biodiversity, fisheries aquaculture and tourism.  A 

number of marine macroalgae species are also highly valued as human food, especially 

in Asia, while other species are sources of gels (i.e., phycocolloids) and chemicals 

widely used in a range of commercial products such as textile, cosmetics, 

microbiological and pharmaceutical industries. Other economic uses and benefits of 

marine macroalgae include their use as fertilizers, soil conditioners and animal feed for 

agriculture and aquaculture (Roesijadi et al. 2010). 
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Among the commercial uses of macroalgae, phycocolloids in particular are 

structural polysaccharides of high commercial value and include alginates from brown 

algae and agar and carrageenan from red algae. To this end, the two species studied in 

this dissertation are also economically important macroalgae: Gracilaria salicornia 

(Order Gracilariales) is an agarophyte (agar producer), while Hypnea pannosa (Order 

Gigartinales) is a carrageenophyte (carragenan producer) (Roesijadi et al. 2010; Bixler 

and Porse 2011).  

 

1.2.2 Factors affecting the dispersal and distribution of marine macroalgae  

Phylogeographic patterns and the connectivity of marine populations are greatly 

influenced by the life history characteristics of species, in particular, dispersal 

characteristics.  In benthic ecosystems, many species with complex life-cycles possess 

high dispersal capacities via a free-swimming larval stages (Strathmann 1990; Cowen 

and Sponaugle 2009). Though this capability is common in the marine environment, 

most benthic marine macroalgae have limited dispersal potential, and are largely non-

motile. As such, marine macroalgae gametes are non-motile, short-lived, heavier than 

water, and depend on physical forces for dispersal specifically water movement 

(Shanks et al. 2003; Lobban and Harrison 2004). Consequently, water motion (i.e. 

height, period, and wavelength) is a major determinant of the fate of marine 

macroalgae gametes, especially for settling tetraspores, carpospores or spermatangia 

(Lobban and Harrison 2004). 

Water temperature also plays a crucial ecological role in the geographic 

distribution of marine macroalgal populations at multiple scales, from local 

microhabitats to world-wide patterns (Lobban and Harrison 2004). In some cases, 

considerable genotypic variation in temperature tolerance, and in optimal 

temperature for growth, can be found within species. Such variation in some 

circumstances is sufficient to provide a mechanism for diversification of populations or 

even a vicariant isolation process for  distinct species (Lobban and Harrison 2004). As 

such,  marine macroalgae distribution is not simply a result of dispersal via water 

movement but also, by the adaptation of populations and propagules to different 

environmental and climatic conditions, including temperature regimes (van den Hoek 

et al. 1998). 
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Significantly, due to their short-range dispersal potential, the phylogeographic 

discontinuities of marine macroalgae are generally associated with biogeographic 

boundaries (Montecinos et al. 2012). However, conversely, genetic studies have also 

frequently discovered convergent phylogeographic breaks among co-distributed 

marine algal species, even in the absence of clear biogeographic barriers (Irwin 2002; 

Gurgel et al. 2004). Indeed, a number of macroalgal studies are revealing shared 

genetic discontinuities occurring between nearby populations (e.g. Brunsfeld et al. 

2001; Fraser et al. 2010; Montecinos et al. 2012).  These genetic studies underscore 

the potential complexity of macroalgal phylogeographic patterns and also, the need to 

understand the broader geological, biogeographical and evolutionary environment, in 

addition to contemporary patterns of connectivity. 

 

1.2.3 Macroalgae as test organisms for marine phylogeographic studies  

Due to their biological features and ecological and economic significance, marine 

macroalgae are increasingly and  recently  gaining more attention among 

phylogeographers as test organism (Hu et al. 2011). Marine macroalgae are ideal for 

phylogeographic studies for  various reasons i.e. the large number of abundant, 

common, cosmopolitan species in marine floras (Zuccarello et al. 2002; Uwai et al. 

2009; Cheang et al. 2010), although some species are considered endemic (Cheshire et 

al. 1995); species are often phenotypically complex (Kooistra et al. 2002); the high 

number of potential cryptic species (Gurgel et al. 2004); and the potential strong 

influence of  past and present climate change on macroalgal populations (Lee et al. 

2012).  

Phylogeographic studies on marine macroalgae have also been greatly assisted by 

major technological and methodological advances. The exploration of genetic diversity 

of marine macroalgae over time and space requires detailed knowledge of different 

populations, histories of migration and the gene exchange between them. For 

understanding and bridging this relationship among populations, species or clades, the 

identification of robust genetic markers is essential. The most widely used genetic 

markers underpin these comparative analyses of marker selection, molecular 

adaptation and historical biogeographical studies (Hurst and Jiggins 2005). As such, the 

number of nuclear, mitochondrial and plastid DNA markers is increasing constantly to 
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address new and revisit old questions in phylogeogaphy (Beheregaray 2008; Cutter 

2013; Bowen et al. 2014). Very recently, further genetic explorations in selected taxa 

and areas have improved from single or a few genetic markers to genomics. Further, 

with the introduction of next generation DNA sequencing technologies, it is now 

possible to generate nuclear, entire chloroplast or mitochondrial genomic data (e.g., 

Puritz et al. 2012) and even the complex gene expression profiles (Carstens et al. 

2012). To this end, the future integration of full genomic data into phylogeographic 

studies will improve our understanding of evolution in the marine environment at all 

levels (Cutter 2013). 

 

1.3 Macroalgal taxa analysed in this study 

1.3.1 Gracilaria salicornia (C. Agardh) E.Y. Dawson 

The genus Gracilaria sensu lato are marine red macroalgae (Rhodophyta, Order 

Gracilariales) and economically-important agarophytes. The genus has more than 172 

recognized species (M.D. Guiry in Guiry and Guiry 2018) and is currently, the main 

source of agarose in the world. Specifically, Gracilaria salicornia is a common, 

widespread and easily distinguished species, with a unique thallus morphology formed 

by club-shaped segments (Abbott and Huisman 2005). Gracilaria salicornia occupies a 

range of marine ecological niches, including intertidal and subtidal habitats, occurring 

in mangroves, coral reefs and on rocky shores.  

With the wide range of ecological conditions and habitats, at least two major 

morphological forms and habits can be identified in G. salicornia – a prostrate, 

clumped and taller, erect, non-clumped form (Carpenter and Niem 1998; Lim et al. 

2001) (see Figure 1.4).  The prostrate form occurs in turbid waters and under moderate 

to strong water movement; thalli are dark-green to greenish-brown, forming prostrate 

clumps on the substrate; branching is irregularly subdichotomous to trichotomous to 

alternate; and branches are not distinctly divided into clavate segments except at the 

terminal portions, hence, they are shorter (Yamamoto 1991; Carpenter and Niem 

1998).  The erect form occurs in clear, calm waters, and is exposed to full sunlight; 

thalli are orange-brown with branching dichotomous to tetrachotomous divaricate; 

branches are distinctly divided into terete, subclavate to clavate segments, swollen at 

the distal end and constricted at the base.  
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Erect, non-clumped thallus Prostrate, clumped thallus 

Figure 1.4. Two distinct morphological forms and habits of G. salicornia: (a) from 

Maratua Island; (b) from Samama Island. Both sites are located in Kalimantan, 

Indonesia. 

The mat- or clump-forming habit is an adaptation that allows macroalgal 

species, such as G. salicornia, to tolerate and also, dominate under a wide range of 

physical conditions (particularly water movement) (Beach et al. 1997). Physiological 

adaptations of G. salicornia also allow this species to tolerate a wide range of 

environmental conditions and fluctuating temperatures from cool Pacific Ocean waters 

to warm waters of Indian Ocean (Smith et al. 2004).  To this end, this ecologically and 

economically important species is common and widespread on reefs in both the 

tropical western Pacific and Indian oceans (Lim et al. 2001; Liao and Hommersand 

2003; M.D. Guiry in Guiry and Guiry 2018).  However, while populations of G. salicornia 

occur widely within these geographical regions, they are distributed discontinuously 

(Nelson et al. 2009).  

 

1.3.2 Hypnea pannosa J. Agardh   

The genus Hypnea sensu lato are marine red macroalgae (Rhodophyta, Order 

Gigartinales) and economically-important carrageenophytes. Hypnea pannosa is the 

most common species of the genus Hypnea in tropical and subtropical regions in the 

western Pacific. It was first described by Jacob G. Agardh (Agardh 1847) using type 

locality from St Augustin (Oaxaca), Pacific Mexico (Yamagishi and Masuda 1997; M.D. 

Guiry in Guiry and Guiry 2018). H. pannosa diagnostic characters include: “thalli 

prostrate, greenish to purple, forming thick clumps of intricating branches on rocky 
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substrate. Branches terete to slightly compressed, 1.5 to 3 mm broad. Branching 

irregularly alternate to opposite, forming wide angles and rounded axils. Branches 

divided into short stubby spines at the terminal portion; the short ultimate branchlets 

are characteristically stout, stubby, and spinose” (Carpenter and Niem 1998).  H. 

pannosa is also characterized by having branches and branchlets with a uniform 

thickness, similar to the main axes, almost all the way to the apex (see Figure 1.5) 

(Tanaka 1941).  

 

 

Figure 1.5. Hypnea pannosa from Maratua, Indonesia. 

 

Yamagishi and Masuda (1997) distinguished H. pannosa from other Hypnea 

species by its compact, tufted, densely interwoven, highly branched fronds of 

crassulaceous texture which form a well-knitted matt or clump.  However, other 

species, such as H. nidulans Setchell and H. saidana Holmes, have also been suggested 

as synonyms, due to the occurrence of similar defining characters. 

 

1.4 Common markers in marine macroalgal phylogeographic studies 

Mitochondrial and chloroplast genomes have remained the markers of choice and 

continue to provide powerful assessments of phylogeographic patterns for all 

eukaryotes (Bowen et al. 2014). Despite this, cytoplasmic markers are single gender-

inherited that describe part of the evolutionary history of a single gender and hence 

never reflect the history of the whole species in a population (Hurst and Jiggins 2005). 

Other limitations of cytoplasmic genomes for phylogenetic and phylogeographic 

studies have been detailed  by Edwards and Beerli (2000), Bensasson et al. (2001), Hey 

and Machado (2003), Ballard and Whitlock (2004), Hurst and Jiggins (2005), Felsenstein 
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(2005), Hickerson et al. (2006), Carling and Brumfield (2007), Balloux (2010), and 

DeSalle et al. (2005) for DNA barcoding.  However, due to their exclusively maternal or 

paternal inheritance, haploidy status, fast evolutionary rate and lack of recombination 

(although see Barr et al. 2005), mtDNA and cpDNA have been considered excellent 

markers for phylogeographic studies, including marine macroalgae (Brito and Edwards 

2009). 

Studies using nuclear loci (microsatellite DNA and ribosomal DNA) as markers for 

phylogeography of marine macroalgae are relatively few (Cutter 2013). Although the 

nuclear genome provides unlimited opportunities for studying the mechanisms of 

evolution, there are some challenges of nuclear DNA as phylogeography markers.  

These include: (1) recombination occurs frequently, (2) selection, (3) insertion/deletion 

polymorphism, (4) low divergence and polytomy (‘polytomy’ - an internal node of a 

cladogram that has more than two immediate descendents, i.e, sister taxa), (5) 

presence of duplications, family gene formation and pseudogenes, and (6) 

heterozygosity and allele discrimination (Zhang and Hewitt 2003). Despite these 

limitations, many researchers have used simple sequence repeats (microsatellite loci) 

and ribosomal subunit genes to investigate phylogeographic patterns (Cutter 2013). 

Despite the challenges outlined above, multiple explanations are needed to 

describe the diverse range of marine phylogeographic patterns of tropical marine 

macroalgae. Testing alternative null-hypotheses is a robust approach to disentangle 

patterns of marine phylogeography. To this end, designing specific studies to test the 

specific influence of the Wallace’s Line and the Indonesian Through-flow as dispersal 

barriers for marine macroalgae can provide important evidence to better understand 

the evolutionary drivers and history. Patterns drawn from empirical data can reveal 

the degree of genetic isolation and differentiation of marine macroalgal populations in 

this region, and also, provide a better understanding of the genetic structuring of co-

occurring marine organisms. Including providing insights into the origin of tropical 

macroalgal diversity within the Indo-Pacific Ocean region and particularly, the Indo-

Australian Archipelago - one of the highest marine biodiversity hotspots in the world. 
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Chapter 2 

Testing the Influence of the Wallace Line on the 

 Phylogeography of Gracilaria salicornia (C. Agardh.) E.Y. Dawson 

 

Abstract 

The Wallace Line (WL) is a major biogeographical boundary and oceanic barrier to the 

dispersal for several terrestrial taxa, such as birds and mammals. However the 

potential of the WL to influence the distribution and population connectivity of marine 

organisms remain poorly explored. To-date few studies have documented the 

presence of strong genetic isolation promoted specifically by the WL in the marine 

environment. Using molecular techniques, we examined the influence of the WL in the 

isolation and genetic differentiation of the common, widespread, and ecologically 

important benthic marine red macroalga Gracilaria salicornia. We analysed 171 

individuals from 8 populations, 4 on each side of the WL, using two genetic markers: 

mtDNA cox2-cox3 and cpDNA rbcL-rbcS spacer. Our results varied between markers 

and detected complex structural patterns varying from very low (FST = 0.9) to high 

levels of genetic connectivity (FST = 0.0) within and between each side of the WL. Cox2-

cox3 and rbcL-rbcS spacers identified 3 and 1 distinct evolutionary lineage in the 

region, respectively.  Like all organisms, the phylogeography of G. salicornia appears to 

be a result of different past and contemporary processes promoting isolation 

(differentiation) and connectivity (panmixia) – and for G.salicornia along the WL 

region, around the Makassar Straits and Lombok Straits that includes the WL. As such, 

the WL proved to be a porous barrier to gene flow for this benthic marine red 

macroalga. 
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2.1 Introduction 

The Wallace Line (WL) is one of the earliest and most well-studied, 

zoogeographic boundaries in the world. Located in the Indo-Australian Archipelago 

(IAA), the global epicenter of tropical marine biodiversity (Briggs 1999, 2005; 

Hoeksema 2007; Veron et al. 2009; Carpenter et al. 2011; Lohman et al. 2011), the WL 

separates the Asian-evolved biota from the Australasian-evolved biota. The WL was 

established based on the seminal terrestrial faunal biogeographical work of Alfred 

Russell Wallace (Van Welzen et al. 2011). Understanding the WL and the biogeography 

of the region centers on the relationship of plate tectonics, glaciation events of the last 

2 million years, changes in ancient sea levels, and the relative movements between the 

Sunda continental shelf on the west (southeastern Asia), the Sahul continental shelf on 

the east (Australasia), and the Wallacea region in between is important. The Wallacea 

region is a biogeographic designation for a large group of islands interspersed by deep 

water straits between the Sunda and the Sahul plates. Wallacea includes Sulawesi, the 

largest island in the group, as well as Lombok, Sumbawa, Flores, Sumba, Timor, 

Halmahera, Buru, Seram, and many smaller islands (Figure 2.1).  

 The WL is a deep-water channel that follows the continental shelf contours of 

the Sunda Shelf on its west side (= southeastern Asia) and the Wallacea on the right 

(Figure 2.1). Similarly, Lydekker's Line, separates the eastern edge of Wallacea from 

the Sahul Shelf (Australian-New Guinea region) (Figure 2.1). These two major 

continental biotas remained isolated for 45 million years by a deep-water channel as 

distinct continental masses broke up from Pangea and drifted away to become what 

are known today as the Sunda and the Sahul Shelf, respectively. Then, at the beginning 

of the Miocene (around 23 million years ago), these two continental plates made 

contact again, closing and narrowing, along Makassar and Lombok Straits, forming the 

geological basis for the WL (Hall 2002; Hall 2009; Lohman et al. 2011).  While the 

Sunda and Sahul Shelves became land areas connected with Asia and Australia, 

respectively, with lowered sea levels during the Pleistocene – the deep-water 

Makassar and Lombok Straits (i.e. the Wallace Line) remained sea barriers within the 

Wallacea region. To this end, the Wallace Line remains the major biogeographical 

boundary separating Asian-evolved biota (Sunda Shelf) from Australasian-evolved 

https://en.wikipedia.org/wiki/Sulawesi
https://en.wikipedia.org/wiki/Lombok
https://en.wikipedia.org/wiki/Sumbawa
https://en.wikipedia.org/wiki/Flores
https://en.wikipedia.org/wiki/Sumba
https://en.wikipedia.org/wiki/Timor
https://en.wikipedia.org/wiki/Halmahera
https://en.wikipedia.org/wiki/Buru
https://en.wikipedia.org/wiki/Seram
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biota (Sahul Shelf) – and also, within the western Indo-Pacific, separating species of 

Asia and Oceania (Veron 1995; Veron et al. 2009).   

 

Figure 2.1. The Wallacea, Sundaland, and Sahulland 

(https://id.pinterest.com/pin/521010250613467949/) 

The WL is expected to continue acting as an extant barrier to gene flow not only 

because it remains a long deep-water chasm between Asia and the Wallacea, but also 

due to the presence of the very strong south-bound current, the Indonesian Through-

Flow (ITF).  The ITF is the only low-latitude connection between the Pacific and Indian 

Ocean and is responsible for most of the drainage between these two ocean basins;- 

with approximately 90% of the total average ITF outflow (~13 Sv; 1 Sverdrup = 106 

m3/sec) measured in the Makassar Strait inflow (Gordon et al. 2012) – the major route 

of Wallace’s Line.  The probability that a random propagule released in any point of the 

WL will disperse south is higher than across the WL. In fact, drifters have crossed the 

entire WL within 4 weeks (Barber et al. 2000). While other barriers to gene flow and 

biogeographic boundaries or ‘lines’ in the Indo-Australian Archipelago have been 

detected and recognized (e.g. Huxley/Merrill Dickerson, Lydekker, Weber), these are 

based on the dispersal and distribution of terrestrial biota (Mayr 1944; Simpson 1977; 

Van Welzen et al. 2011).  

As such, none is expected to be more pronounced as a marine barrier than the 

WL, due to its unique oceanographic, geological and evolutionary history. The WL has 
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undoubtedly played a major role in terrestrial phylogeography within the Indo-

Australian Archipelago region, the extent to which the WL helps to isolate and 

structure marine populations, species and communities remains relatively 

understudied (Lourie and Vincent 2004). The traditional expectation is that 

connectivity in the ocean is far greater than on land due to the existence of direct 

physical (water) continuity across all oceans. However, sea level changes and land 

bridges can have major impacts on marine dispersal. To this end, molecular data have 

revealed a plethora of distinct patterns of genetic discontinuities in the marine 

environment, many associated with past and contemporary geological and 

oceanographic processes, particularly sea level fluctuations and tectonic movements  

e.g., Mirams et al. (2011), Fraser et al. (2010), Lessios and Robertson (2006), Barber et 

al. (2006); Taylor and Hellberg (2006). Marine breaks in genetic continuity have also 

been described in the absence of an apparent extant barriers to gene flow e.g. Irwin 

(2002), Gurgel et al. (2004). 

An increasing number of studies have identified deep and fine-scale marine 

phylogeographic structure in the Indo-Australian Archipelago region. Significantly, 

greater isolation of ocean basins during historically low sea levels is thought to have 

caused genetic divergence between Indian and Pacific Ocean populations among many 

marine taxa (Lavery et al. 1996; Williams and Benzie 1998; Duda Jr and Palumbi 1999; 

Barber et al. 2000; Benzie et al. 2002; Crandall et al. 2008; DeBoer et al. 2008; Vogler 

et al. 2008; Mendoza et al. 2010). As such, repeated exposure and flooding of the 

Sunda and Sahul continental shelves during Pliocene and Pleistocene sea level 

fluctuations (up to 130m) (Pillans et al. 1998; Voris 2000), is thought to have 

contributed to vicariant isolation, diversification and divergence among many marine 

taxa. Williams and Benzie (1998) reported a north-east to south-west genetic structure 

across the Indo-Pacific, perpendicular to the WL, in the highly dispersed starfish Linckia 

laevigata. Significantly, molecular divergence of the Indian and Pacific Ocean 

populations occurred  during Pleistocene time (<3 Mya), when gene flow was 

restricted, probably at times of lowered sea levels when land connected much of SE 

Asia, New Guinea and Australia, closing the sea connection between the Indian and 

Pacific Oceans (Williams and Benzie 1998). Similarly, Barber et al. (2000) describe a 

Pleistocene genetic separation between Indian and Pacific Ocean populations of the 
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mantis shrimp Haptosquilla pulchella, including a deep genetic divergence in central 

Indonesia, which they dubbed  a marine equivalent of ‘Wallace’s Line’, although the 

major separation was also north-south, rather than east-west. Substantial 

phylogeographical structure was also identified in the false clownfish, Amphiprion 

ocellaris, though the major lineages were disconnected by only 0.48% divergence and 

several haplotypes were shared among populations (Nelson et al. 2000). The authors 

identified one lineage of A. ocellaris haplotype restricted to the Indian Ocean, west of 

the WL, while other haplotype lineages occurred in the Pacific Ocean (both west and 

east of the WL). Significantly, while A. ocellaris is considered a low-dispersal organism 

with a relatively short pelagic larval phase (8-12 days) the observed  genetic structure 

suggested they can spread across the WL, but not within the Sunda Shelf (Nelson et al. 

2000).   

In contrast, other marine studies, have detected a clear east-west 

phylogeographical discontinuity that is consistent with the terrestrial biogeographical 

division of the WL (Lourie and Vincent 2004). Using a 696 base pair fragment of 

cytochrome b DNA of 100 individuals of three-spot seahorse Hippocampus 

trimaculatus, significant genetic divergence by two distinct lineages (separated by an 

average of 2,9%) was detected between both sides of the WL (Lourie and Vincent 

2004). This result indicated a major east-west division although the degree of genetic 

and geographical structure within each lineage was different.  

To date, very little is known of the potential influence of the WL on the evolution 

and phylogeography of marine benthic macroalgae (Ulvophyta, Phaeophyceae, and 

Rhodophyta) in the Indo-Pacific region. Macroalgae are important components of 

tropical marine reefs and play a crucial role in the maintenance of marine ecosystem 

services (Graham et al. 2009). Like many widely distributed tropical macroalgae, 

wherever they occur, Gracilaria salicornia (C. Agardh) E. Y. Dawson (Gracilariales) is a 

conspicuous component of marine benthic communities. Gracilaria salicornia can be 

considered a test organism for phylogeographic and phylogenetic analysis in the Indo-

Pacific because red algal propagules (gametes and spores) do not have flagella, and 

after release propagules remain in the water column for a limited period of time.   

The present study aims to understand the influence (if any) of the Wallace Line 

on the phylogeography (i.e. genetic isolation and differentiation) of G. salicornia 
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populations in the Indo-Australian Archipelago region. The study uses a dual marker 

approach, the cox2-cox3 mtDNA and rbcL-rbcS cpDNA gene regions. Cox2cox3 has 

been specifically used to study intraspecific relationships in red algae (Zuccarello et al. 

1999) while rbcL-rbcS spacer, a non-protein coding region, is a highly variable region. 

These two molecular markers have been extensively used to study phylogeographic 

patterns of marine macroalgae such as the red algae Caulanthus ustulatus from 

Europe, USA and Asia including the Philippines and Australia (Zuccarello et al. 2002), 

the invasive red alga Gracilaria vermiculophylla in the USA, Canada, and Europe 

(Gulbransen et al. 2012), and the brown algae Sargassum aquifolium of Southeast Asia 

(Chan et al. 2014), Sargassum horneri of northwestern Pacific (Hu et al. 2011), and 

Padina boryana of Thai-Malay Peninsula (Wichachucherd et al. 2014). 

 

2.2 Material and Methods 

2.2.1 Sampling sites and collections 

A total of eight sample sites were selected along the length of the Makassar and 

Lombok Strait (Indonesia) with four located on the west and four on the east side of 

the WL (Figure 2.2, Table 2.2). An effort to find and collect 25 specimens per site (= per 

population) was attempted, totaling 200 targeted plants. However, only 172 samples 

were found matching our quality standards (see below) following the population 

distribution seen in Table 1. Specimens were collected either by snorkeling, SCUBA 

diving or hand-picked during low tide. Selection of sample sites followed a strategy 

designed to cover a diverse range the accessible sites alongside Makassar Straits and 

Lombok Straits that were far apart to cover the longest extension of the WL. 

 Sample selection targeted specimens growing at least 1.5 meters apart from 

each other without interconnecting specimens (i.e. not belonging to continuous G. 

salicornia beds) and attached to the substrate (no drift specimens were used), 

regardless of sex or life-cycle stage. Voucher specimens were pressed on herbarium 

paper without being previously fixed in formalin solution. Vouchers were deposited in 

the Plant Systematics Laboratory herbarium of the Faculty of Biology, Universitas 

Gadjah Mada, Yogyakarta, Indonesia. In the field, 1 g of tissue from young thalli 

(apices) was cleaned using freshwater, blot dry with absorbent paper, and 

subsequently preserved in silica gel desiccant (Hillis and Dixon 1991). Marine algal 
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samples are transferred from Indonesia to Australia after obtaining permission from 

Local Centre for Plant Quarantine and related departments.  

 

2.2.2 DNA extraction, PCR amplification, and DNA sequencing 

Total DNA was extracted from silica-dried specimens using the DNeasy Plant Mini 

Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. Amplification 

of cox2-cox3 and rbcL-rbcS spacer regions were carried out using standard polymerase 

chain reaction (PCR) procedures. The cox2-cox3 was obtained with primer Fcox2 and 

Rcox3 from Zuccarello et al. (1999) and the partial rbcL-rbcS was gained by using 

primer F993 and RrbcSstart from Freshwater and Rueness (1994).  

PCR amplifications had a final volume of 25 µL at a concentration of 10 ng/μL 

comprised 2.5 µl 10x PCR buffer, 3 µl 25 mM MgCl2, 5 µl 5M Betaine, 1 µl 10 mM dNTP, 

1µl 10 mM of each primer, 1 µl 5 U/µl TaqGold, 1 µl template DNA diluted 1:10 and 

10.5 µl dH2O. Thermal cycling was conducted under the following conditions: initial 

denaturation at 94°C for 3 min, followed by 40 cycles of 94°C for 45s/50°C (cox2-cox3) 

or 52°C (rbcL) for 1 min/72°C for 1.5 min, and a final step at 72°C for 5 min. Amplified 

product aliquots (2 µl loading buffer and 4 µl PCR product) were electrophoresed in 2% 

agarose. Primers and extra dNTPs were removed from PCR products using EBU 

Milipore PCR cleaning plates. Saenger DNA sequencing was performed on an Applied 

Biosystem 3730 and 3730xl capillary sequencer at Australian Genome Research Facility 

(AGRF), Adelaide, South Australia. These automated platforms use Big Dye Terminator 

version 3.1 (Applied Biosystems) under standardized thermocycling conditions 

according to the Applied Biosystems protocols. 
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Figure 2.2. Sampling sites for Gracilaria salicornia along the Wallace Line, Indonesia. 

The major pathway of the Indonesian currents is shown by red lines (modification from 

Sprintall et al. 2014). WW = West of the WL; EW = East of the WL. 

 

Table 2.1.  Gracilaria salicornia sampling sites, sample size, and population codes. WW 

= West of the Wallace Line. EW = East of the Wallace Line. N = number of samples per 

population. 

No Populations (locations) Code GPS Coordinates N 

1 Maratua, Kalimantan Timur WW1 N 02°11’42.30’’ 

E 118°36’36.71’’ 

26 

2 Balabalakan, Sulawesi Barat WW2 S 02°21’’06.70’’ 

E 117°19’06.70’’ 

19 

3 Madura, Jawa Timur WW3 S 07°07’14.47’’ 

E 113°45’42.64’’ 

25 

4 Menjangan, Bali WW4 S 08°05’39.90’’ 

E 114°30’05.78’’ 

25 

 

5 Donggala, Sulawesi Tengah EW1 S 00°41’27,08’’ 

E 119°45’39.20’’ 

15 

6 Mamuju, Sulawesi Barat EW2 S 02°38’59.10’’ 

E 118°52’58.60’’ 

25 
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7 Spermonde, Sulawesi Selatan EW3 S 05°00’57.20’’ 

E 119°19’31.60’’ 

15 

8 Belang-Madasanger, Nusa 

Tenggara Barat 

EW4 S 09°00’49.53’’ 

E 116°45’40.46’’ 

16 

             Total  171 

 

2.2.3 Genetic diversity and structure 

The generated raw sequence data were proof-read and edited with BioEdit 7.2.5 

with default parameters (Hall 2004). The presence of multiple peaks in chromatograms 

was checked in both directions to see whether there were intragenomic variations. 

When there was a poor sequence on the right and (or) left in one of the strands, the 

sequence was highlighted in the chromatograms window and deleted (using the 

backspace or delete button). When a poor sequence was in the interior, the miscalled 

base in the consensus was highlighted and the correct base typed or gaps removed 

(using the delete button). The better of the two chromatograms was used to decide 

which nucleotide is present. “N” was used when it was not possible to assign a base 

unambiguously. We never reconstructed sequences but only followed the data 

obtained, paying attention to quality control all chromatograms. Multiple alignments 

were completed using Clustal W in BioEdit with parameters set to full multiple 

alignment and 1000 bootstrap NJ tree (Thompson et al. 1994). Presence of stop 

codons were assessed by comparing newly generated sequences with genomic 

sequence references downloaded from GenBank. 

DNA polymorphism, genetic diversity, gene flow and gene differentiation 

statistics were estimated for each population using Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010). Calculated DNA polymorphism indexes included: number of haplotypes 

(h), number of segregating (polymorphic) sites (S), haplotype diversity (Hd), and 

nucleotide diversity (Pi). Levels of population differentiation were assessed by 

calculating FST (Wright 1965) statistics. Deviation of neutrality was tested using 

Tajima’s D, and Fu & Li’s D and F tests (Tajima 1989; Fu and Li 1993) implemented in 

DnaSP 5.1 (Librado and Rozas 2009). Analysis of variance for haplotype (Hd) and 

nucleotide diversity (Pi) data were calculated from summary statistics and performed 

in R using the ‘HH’ package (Heiberger and Holland 2004). 
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Population clustering analyses using the un-weighted pair group method with 

arithmetic mean (UPGMA) was done using DendroUPGMA web service (Garcia-Vallvé 

et al. 1999) based on population pairwise FST values. The result was displayed as an un-

weighted tree (phenogram). Isolation by distance analysis was conducted via a partial 

Mantel Test as implemented in the online version of IBDWS 3.23 using 1000 

randomizations (Jensen et al. 2005). Geographical distances were measured using the 

shortest marine pathway between two sites extracted from the online software 

Google Earth 7.1.8.3036.  Secondary matrix for the partial Mantel Test was 

implemented based on the influence of the WL promoting genetic structure among 

sites (instead of pure geographic distance) where 1 = distances among populations on 

the west side of the WL, 2 = populations between west and east sides of the WL, and 3 

= distances among populations on the east of the WL. Correlation between genetic 

distances and geographic distances (in kilometer) was estimated without using the log-

correction as suggested by Rousset (1997). A Reduced Major Axis (RMA) regression 

was used to calculate intercept and slope of correlation between genetic and 

geographic distances.  

Inference on the degree of population sub-division based on analysis of 

molecular variance (AMOVA) was implemented using Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010). Using the fine-scale approaches from Ravago-Gotanco and Juinio-Menez 

(2010), estimation of spatial patterns of genetic structure at a regional scale was done 

based on three hypotheses. First, assuming no regional structure (= null hypothesis). 

Secondly, assuming a structure produced by the WL, i.e. an east-west of the WL 

division (= hypothesis 1). Thirdly, assuming a north-south genetic structure comparing 

samples found at the Makassar Strait in the north with those from the Java Sea + 

Flores Sea in the south (= hypothesis 2) (Figure 2.3). Wilcoxon signed-rank test was 

employed in R (R Core Team 2017) to test whether all pooled east populations were 

different from west WL populations. 
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Figure 2.3. The biogeographic hypothesis. Hypothesis (Hyp) 1 tested the presence of 

genetic structure between east-west populations of the Wallace Line. Hypothesis (Hyp) 

2 tested the presence of a north-south structure comparable to a Java Sea and Flores 

Sea separation.  

 

2.2.4 Phylogeny and haplotype network 

Using only distinct haplotype data, i.e. after redundant sequences were 

removed, Maximum Likelihood (ML), and Bayesian Inference (BI) phylogenetic analyses 

were performed. First, best fit models of nucleotide substitutions were determined 

based on Akaike Information Criterion (AIC) using jModelTest 0.1.1. (Posada 2008). For 

cox2-cox3, AIC selected the Hasegawa-Kishino-Yano parameter with evolutionary rate 

among sites modeled by gamma distribution (HKY+G) as best model to fit the dataset, 

while rbcL-rbcS the model selected was the General-time Reversible invariable sites 

(GTR+I). ML analyses were done in online version of PhyML 3.0 (Guindon et al. 2005; 

Guindon et al. 2010) using a BioNJ as starting tree, SPR and NNI as improving tree 

topology algorithms, and both optimizing tree topology and branch length options in 

effect. Node supports for the ML trees were assessed by 1000 non-parametric 

bootstrap replications. Bayesian phylogenetic analysis was implemented using 

MrBayes 3.2.2 (Huelsenbeck and Ronquist 2001). The Markov Chain Monte Carlo 



37 
 

(MCMC) processes was run for 107 generations using 4 chains with sampling frequency 

assigned at every 1000 trees and a burn-in fraction of 25%. 

A statistical parsimony network among distinct haplotypes was created using TCS 

1.21  (Clement et al. 2000) with a 95% connection limit. If the haplotypes could not be 

connected under this limit, the number of connections was incrementally increased 

until all haplotypes were connected. The network was edited in CorelDraw X5 v.15.0.0 

(2010 Corel Corporation). 

 

2.2.5 Demographic history 

Demographic history of G. salicornia was only conducted for cox2-cox3 as no 

molecular clock is available for rbcL-rbcS spacer (Chan et al. 2014). Mismatch 

distributions or ‘distributions of pairwise differences’ have been extensively used to 

estimate demographic parameters of past population expansions as characterized by 

the presence of a unimodal distribution (Rogers and Harpending 1992). Mutation rate 

of cox2-cox3 was calibrated to 0.60 – 0.51% Ma−1 substitutions per site per year 

(Zuccarello and West 2002).  The generation time of G. salicornia was assumed to be 1 

year including all triphasic alternation of generations. Time of expansion (in 

generation), t, can be calculated with τ = 2μt, where τ is the crest of the distribution 

calculated by ARLEQUIN and μ is the mutation rate per generation. 

A Bayesian skyline plot was also used to estimate the demographic history of G. 

salicornia so results could be compared with results from the mismatch distribution 

estimates. Bayesian Skyline Plot analyses was implemented in Beast 1.7.5 (Drummond 

et al. 2012) to reconstruct the demographic changes in all sites a single population and 

then individually in each of eight populations. For the individual population analyses 

we also used HKY+G as the optimal model of molecular evolution. The mean 

substitution rate was implemented at 1.0 to estimate time in unit of substitutions/site. 

Number of grouped intervals was set to ten and each run was initialized with a random 

tree. The MCMC analyses were run for 1 x 106 steps, sampling every 1000 steps and 

discarding 100.000 samples as burn-in. The Bayesian skyline reconstruction was 

performed in Tracer 1.5 (Drummond et al. 2012). 

 

 



38 
 

2.3 Results 

2.3.1 Genetic diversity and structure 

From eight populations and 171 samples collected, we were able to generate 

cox2-cox3 and rbcL-rbcS for 118 and 75 samples, respectively (Table 2.2).  

 

2.3.2 Intraspecific variation 

Cox2-cox3 

The cox2-cox3 alignment was 383 bp long, contained 26 haplotypes (considering 

gaps as a 5th character state) and 53 polymorphic sites, of which 14 were gaps.  

Differences in both nucleotide and haplotype diversity among the eight populations 

were statistically different (Pi: ANOVA, SS = 0.038, F7,74 = 24.414, p < 0.0001; Hd: 

ANOVA, SS = 9.729, F7,119 = 107.163, p < 0.0001). WW1, the northern most population 

in our sampling design, presented the highest values for number of haplotypes (h = 

12), total polymorphic sites (S = 16), nucleotide diversity (Pi = 0.00915), and haplotype 

diversity (Hd = 0.962).  The EW3 population contained the lowest genetic diversity of 

them all (h = 2, S = 3, Pi = 0.001, Hd = 0.514).  Statistically significant negative 

deviations from neutrality were confirmed for WW3 and EW1 using Tajima’s D and Fu 

& Li’s D and F tests. All remaining populations, despite presenting either positive or 

negative values, were not significantly different from zero and hence were neutral or 

in demographic equilibrium (Table 2.3). 

 

RbcL-rbcS  

The rbcL-rbcS alignment consisted of 574 nucleotide sites of which 192 were 

polymorphic, representing 17 haplotypes. There were no gaps in the rbcL-rbcS 

alignment. The WW1 and EW4 populations were the most genetically diverse in terms 

of number of haplotypes (h = 6 for both of them) and total number of polymorphic 

sites (87 and 70, respectfully).  WW3, WW4 and EW2 were the least diverse 

populations with only 3 haploypes and 3 segregating sites each. Significant negative 

values for Fu & Li’s D and F and Tajima’s D tests were found only for the EW4 

population (Table 2.3).  
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Table 2.2. Sample localities and number of samples sequenced from cox2-cox3 

(mtDNA) and rbcL-rbcS (cpDNA) of the marine red macroalga Gracilaria salicornia. WL 

= Wallace Line. N = number of DNA sequences generated. 

Locality Code Latitude Longitude 
N 

cox2-cox3 rbcL-rbcS 

Western of the WL 

Maratua, Kalimantan Timur WW1 N 02°11.705' E 118°36.612' 15 6 

Balabalakan, Sulawesi Barat WW2 S 02°21.112' E 117°19.112' 15 6 

Madura, Jawa Timur WW3 S 07°07.241' E 113°45.711' 15 9 

Menjangan, Bali WW4 S 08°05.665' E 114°30.096' 15 10 

Eastern of the WL 

Donggala, Sulawesi Tengah EW1 S 00°41.451' E 119°45.653' 15 13 

Mamuju, Sulawesi Barat EW2 S 02°38.985' E 118°52.977' 15 11 

Spermonde, Sulawesi Selatan EW3 S 05°00.953' E 119°19.527' 15 11 

Belang-Madasanger, NTB EW4 S 08°32.603' E 116°46.663' 13 9 

Total 118 75 

 

Table 2.3. Genetic diversity and neutrality test results for eight populations of the 

marine red macroalga Gracilaria salicornia from the Indo-Pacific region, based on cox2-

cox3 mtDNA sequences. N = number of sequence; h = number of haplotypes; S = 

number of segregating/polymorphic sites; Pi = nucleotide diversity (± s.d.); Hd = 

haplotype diversity (± s.d.); numbers in bold = p-values < 0.05. 

Population  N h S Pi Hd Fu & Li’s D & F Tajima’s D 

Total West 60 10 10 0.002 ± 0.0005 0.385 ± 0.080 D = -2.440, F = -2.658 -1.875 

WW1 15 12 16 0.009 ± 0.005 0.962 ± 0.040 D = -1.074, F = -1.241 -1.094 

WW2 15 4 7 0.004 ± 0.003 0.448 ± 0.134 D = -0.476, F = -0.577 -0.594 

WW3 15 3 6 0.002 ± 0.002 0.257 ± 0.142 D = -2.344, F = -2.518 -1.816 

WW4 15 3 3 0.002 ± 0.001 0.343 ± 0.128 D = 0.701, F = 0.661 0.235 

        

Total East 58 6 15 0.003 ± 0.0008 0.532 ± 0,059 D = -4.641, F = -4.473 -2.127 

EW1 15 3 3 0.001 ± 0.001 0.476 ± 0.155 D = -2.490, F = -2.671 -1.911 

EW2 15 5 5 0.002 ± 0.002 0.771 ± 0.100 D = 0.646, F = 0.874 1.072 

EW3 15 2 3 0.001 ± 0.001 0.514 ± 0.116 D = -1.470, F = -1.559 -1.071 

EW4 13 4 10 0.005 ± 0.003 0.769 ± 0.103 D = -1.946, F = -2.032 -1.319 

Total 118 26 53 0.002 ± 0.0004 0.478 ± 0,054 D = -5.125, F = -4.826 -2.280 
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Table 2.4. Genetic diversity within eight populations of Gracilaria salicornia based on 

rbcL-rbcS cpDNA sequence data. Notes: N = number of sequence; h = number of 

haplotypes; S = number of segregating/polymorphic sites; Pi = nucleotide diversity (± 

s.d.); Hd = haplotype diversity (± s.d.); numbers in bold = p-values < 0.05. 

Population N h S Pi Hd Fu & Li’s D & F Tajima’s D 

Total West 31 10 89 0.060 ± 0.010 0.839 ± 0.043 D = 1.746, F = 2.214 2.119 

WW1 6 6 87 0.083 ± 0.049 1.000 ± 0.096 D = 1.485, F = 1.676 1.677 

WW2 6 3 16 0.015 ± 0.009 0733 ± 0.155 D = 1.479, F = 1.618 1.523 

WW3 9 3 3 0.002 ± 0.002 0.556 ± 0.165 D = 0.231, F = 0.303 0.410 

WW4 10 3 3 0.002 ± 0.002 0.600 ± 0.131 D = 1.154, F = 1.350 1.378 

        

Total East 44 11 118 0.056 ± 0.012 0.774 ± 0.052 D = -0.243, F = 0.095 0.643 

EW1 13 3 4 0.003 ± 0.002 0.615 ± 0.078 D = 0.334, F = 0.652 1.265 

EW2 11 3 3 0.002 ± 0.002 0.636 ± 0.089 D = 0.127, F = 0.338 0.830 

EW3 11 4 6 0.003 ± 0.002 0.491 ± 0.175 D = -1.617, F = -1.562 -0.691 

EW4 9 6 70 0.030 ± 0.017 0.833 ± 0.127 D = -1.932, F = -2.114 -1.723 

Total 75 17 192 0.058 ± 0.008 0.803 ± 0.036 D = -0.785, F = 0.043 1.239 

 

Two populations that have the highest genetic differences based on cox2-cox3 

data were EW1 and EW3 (FST = 0.684), followed by EW1 and WW4 (FST = 0.632) 

indicating a great genetic differentiation of EW1 in relation to other populations. In 

average, pairwise genetic differences between EW1 and all other populations was 

higher (FST = 0.460) than all other pairwise differences (2-tailed T-Test, FST = 0.066, p = 

0.0001). For rbcL-rbcS data, the highest value of population differentiation was 

detected between WW2 and WW3 (FST = 0.935), while between EW1 and WW4 was 

the lowest (FST = 0.002). Average FST values for rbcL-rbcS and cox2cox3 were similar 

and not statistically different from each other, suggesting that both markers present 

similar amounts of interpopulation genetic differentiation (2-tailed T-tests: rbcL-rbcS 

FST = 0.113, Cox2cox3 FST = 0.0164, p=0.254). 

The two most distinct populations in the cox2-cox3 dataset forming basal nodes 

in a UPGMA tree, were EW1 and WW1, followed by paraphyletic lineages composed of 

eastern WL populations. Even though a 100% separation between east and west WL 

populations was not observed in the UPGMA tree, a population clustering pattern 

could be seen in Figure 2.4.A. The cox2-cox3 data also presented an isolation by 



41 
 

distance signal, R2 = 0.37, albeit not statistically significant, p-value = 0.97 (Fig. 2.4.B). 

For rbcL-rbcS dataset, three distinct UPGMA clades were obtained without any 

biogeographic concordance following the WL hypothesis.  Populations situated on 

both sides of the WL, or even farther apart, were more similar to each other than 

those from the same side of the WL or geographically closer (Figure 2.4.C). The 

disconnection between geographic and genetic distances observed in the rbcL-rbcS 

dataset produced a negative albeit not statistically significant correlation in the IBD 

analysis, R2 = -0.24, p = 0.09 (Figure 2.4.D). 

 

Table 2.5. Pairwise values for FST (upper diagonal) for eight populations of the marine 

red macroalga Gracilaria salicornia, based on cox2-cox3 DNA sequence data. Cells 

highlighted in blue = inter-population distances among west WL sites, yellow = inter-

population distances among east WL sites, green = inter-population distances between 

east and west sides of the Wallace Line, Indonesia.  

 WW1 WW2 WW3 WW4 EW1 EW2 EW3 EW4 

WW1 0 0.398 0.478 0.484 0.603 0.471 0.514 0.447 

WW2  0 0.005 0.008 0.474 0.030 0.084 0.056 

WW3   0 0.023 0.588 0.016 0.000 0.021 

WW4    0 0.632 0.029 0.536 0.010 

EW1     0 0.554 0.684 0.452 

EW2      0 0.016 0.021 

EW3       0 0.034 

EW4        0 
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Table 2.6. Pairwise values for FST (upper diagonal) for eight populations of the marine 

red macroalga Gracilaria salicornia, based on rbcL-rbcS DNA sequence data. Cells 

highlighted in blue = inter-population distances among west WL sites, yellow = inter-

population distances among east WL sites, green = inter-population distances between 

east and west sides of the Wallace Line, Indonesia. 

 WW1 WW2 WW3 WW4 EW1 EW2 EW3 EW4 

WW1 0 0.353 0.396 0.408 0.398 0.399 0.389 0.349 

WW2  0 0.935 0.934 0.932 0.935 0.932 0.332 

WW3   0 0.214 0.017 0.065 0.052 0.892 

WW4    0 0.002 0.207 0.273 0.891 

EW1     0 0.054 0.073 0.889 

EW2      0 0.036 0.892 

EW3       0 0.888 

EW4        0 
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Figure 2.4. UPGMA results (A, C) and correlations between genetic and geographic 

distances (B, D) for 8 populations of the marine red macroalga Gracilaria salicornia 

along the Wallace Line, SE Asia. A, B: cox2-cox3 mtDNA, C, D: rbcL-rbcS cpDNA. A and 

C: UPGMA tree depicting population similarities based on FST values. B and D: Isolation 

by distance analysis based on FST values. 

  

In Km 

In Km 

A B 

C D 

I 

I 

II 

III 

R2 = 0.3732  
p-value = 0.9730 

R2 = -0.2370  
p-value = 0.0990 



44 
 

AMOVA results for the east-west division hypothesis (= the Wallace Line) and the 

north-south division hypothesis (= the Java Sea + Flores Sea) showed the presence of 

statistically significant genetic differences in both among populations within regions 

(FSC) and within populations (FST) for both markers (Table 2.7). However, no significant 

regional genetic variations were detected between regions for both hypotheses (Table 

2.7). 

 

Table 2.7. AMOVA among 8 Gracilaria salicornia populations and 2 genetic markers 

(cox2-cox3, rbcL-rbcS DNA sequences). Two hypotheses of molecular structure were 

tested: East-west division (= Wallace Line) and the North-south division (the Java Sea + 

Flores Sea). Degrees of freedom (d.f.), percentage of variance (% var), F-statistic among 

regions, among populations within regions, and within populations.  

Hypothesized 

structure 

Among regions Among populations 

within regions 

Within populations 

d.f. % var FCT d.f. % var FSC d.f. % var FST 

cox2-cox3 

No structure - - - 7 33 - 110 66 0.33552* 

East-west division 1 -4.97 -0.04969ns 6 37 0.35350* 110 68 0.32137* 

North-south division 1 0.61 0.00612ns 6 33 0.33336* 110 66 0.33744* 

rbcL-rbcS 

No structure - - - 7 21 - 67 79 0.20571* 

East-west division 1 -4.95 -0.04955ns 6 24 0.22667* 67 81 0.18835* 

North-south division 1 -5.11 -0.05113ns 6 24 0.22655* 67 81 0.18700* 

F-statistics are based on un-corrected P-distances and 1000 permutations. * = P < 0.0001; ns = not significant. 

  



45 
 

2.3.3 Phylogeny and haplotype network 

The cox2-cox3 dataset yielded 26 haplotypes (named c1 to c26), 5 of which were 

shared among more than one population. C1 was the most common and widespread 

haplotype, found in all populations but in WW1. For the rbcL-rbcS dataset 31 

haplotypes were detected (named r1 to r31) of which 18 were shared among 

populations. Haplotype r3 was found in all populations with the exception of WW2 and 

EW4. 

ML and Bayesian cox2-cox3 analyses produced highly congruent topologies. Only 

the ML tree is shown in Figure 2.5. Phylogenetic results recognized three distinct cox2-

cox3 haplogroups labeled phylogroups 1, 2 and 3 (Figure 2.5). Phylogenetic topologies 

showed strong geographic differences among these three haplogroups. Haplogroup 1 

was comprised of haplotypes found on both east and west WL populations and hence 

with a wide geographic distribution in the region. Haplogroup 2 consisted of 

haplotypes found only in WW1, on the west side of the WL, with the exception of c22 

found in EW3. Haplotypes belonging to haplogroup 3 were found only on the west side 

of the WL but spread across all four western populations: WW1, WW2, WW3, and 

WW4. 

The statistical parsimony network analyses also grouped haplotypes into three 

haplogroups, with c1, the most widely distributed haplotype, recognized as the central, 

and hence oldest, haplotype (Figure 2.6). Pie charts in Figure 2.7 describe haplotype 

frequency of cox2-cox3 in each of the eight populations studied.  

 

 



46 
 

 

Figure 2.5. Maximum likelihood phylogenetic tree of 26 cox2-cox3 haplotypes of 

Gracilaria salicornia. Bayesian Posterior Probabilities values are shown in the 

parentheses and ML bootstrap values are in the left of the parentheses. 

 

Figure 2.6. The respective haplotype network of Gracilaria salicornia for cox2-cox3 

haplotypes. 
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Figure 2.7. Geographical distribution and relative frequency of phylogroups in 8 

populations of the marine red macroalga Gracilaria salicornia. Data based on cox2-

cox3 DNA sequences. WL = Wallace Line. 

 

Phylogenetic analyses of the 17 rbcL-rbcS haplotypes under both ML and BI 

methods formed a single clade composed of several paraphyletic lineages. One highly 

divergent haplotype (r14) was removed from the analyses (Figure 2.8) because it is not 

Gracilaria salicornia under NCBI Blast searching. In the statistical parsimony network 

we could identify three rbcL-rbcS haplogroups: 1, 2 and 3. Haplogroups 1 and 3 are 

peripheral to the network while haplogroup 2 is located in the center (Figure 2.9). 

Previously, the network analyses of rbcL-rbcS haplotypes produced three networks 

that could not be joined up to 90% connection limits. Further analyses of rbcL-rbcS 

haplotypes was completed by increasing fix connection limit at 50 steps resulting in a 

single network. Pie charts in Figure 2.10 describe haplotype frequency of rbcL-rbcS in 

each of the eight populations studied. Significant differences between the abundances 

of each rbcL-rbcS haplotype in both sides of the WL were detected (Wilcoxon signed-

rank test, W=-0.272, d.f. = 0.785, p = 0.250). 



48 
 

 

Figure 2.8.  ML phylogeny of Gracilaria salicornia for rbcL-rbcS.  Bayesian Posterior 

Probabilities values are shown in the parentheses and ML bootstraps are in the left of 

the parentheses.  

 

Figure 2.9. Statistical parsimony network of 17 rbcL-rbcS haplotypes of Gracilaria 

salicornia collected in the Indo-Pacific. 

11.6 
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Figure 2.10. Geographical distribution and relative frequency of 17 Gracilaria salicornia 

rbcL-rbcS haplotypes organized into 3 distinct phylogenetic lineages represented by 

each coulour (red, yellow and blue). 
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2.3.4 Demographic history 

Mismatch distribution for all cox2-cox3 DNA sequences of G. salicornia 

populations combined showed a unimodal topology that fits into the sudden 

population expansion model (sum of squared deviation = 0.05649, p > 0.05, Figure 

2.11.A). Estimated expansion time was 19.371 Mya in Burdigalian Age, Miocene (τ = 

1.95801). Bayesian skyline plot displayed almost steady yet positive growth over time 

in population size followed by a recent sudden increase since 0.0005 Mya, i.e. the 

Holocene (Figure 2.11.B). Bayesian skyline plot reconstructions for each population 

showed a trend of increasing population size over time that for populations WW1, 

EW2, and EW4; a declining size for populations WW2, and nearly stable population 

sizes over time for WW3, WW4, EW1, and EW3 (Figure 2.12). 

 

A B  

  

Figure 2.11. Mismatch distribution (A) and Bayesian skyline plot (B) of the red marine 

macroalga Gracilaria salicornia population located along the Wallace Line, Indo-Pacific. 

Marker used: cox2-cox3 DNA sequences. Blue lines and red lines in the mismatch 

distribution indicate the observed and expected frequencies, respectively. Bayesian 

skyline plots are shown in effective population size with function of time (year before 

present in Mya). 95 % confidence interval is shaded in gray. 
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WW1 EW1 

  

WW2 EW2 

  

WW3 EW3 

  

WW4 EW4 

Figure 2.12. Historical demography of 8 populations of Gracilaria salicornia using 

Bayesian skyline plot. Marker used: cox2-cox3 DNA sequences. The solid line 

represents the median estimate and the grey area the 95% highest probability density.  
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2.4 Discussion 

Despite the presence of genetic structuring, the Wallace Line is not a major 

phylogeographic boundary acting as a clear hard barrier to gene flow among 

populations of G. salicornia. Our results suggest that the WL is a semi-permeable or 

porous barrier that has, along geological time, exerted influence on the genetic 

structuring of G. salicornia populations. Near panmixia was detected between EW3 

and WW3 (FST = 0.0) suggesting that the WL as a barrier to gene flow is more porous at 

its more southern latitudes. A range of FST within and between east and west WL 

values varied from panmixia to high levels of differentiation. Hypothesis testing 

procedures (e.g. AMOVA) did not find statistically significant differences between the 

genetic variations at the regional levels (both east and west and north-south 

hypotheses), however, the haplotype abundances on each side of the WL were 

statistically different (= Wilcoxon test). Usually one to three highly abundant and 

widely distributed haplotype occurred in most populations for both genetic markers 

tested. The observed differentiation was given by the presence of low frequency and 

highly population-endemic haplotypes. Our findings agree with a recent review of 

Bowen et al. (2013) which recognized the region as composed of a combination of 

hard, soft and intermittent barriers to connectivity such as oceanic currents water 

masses, expanses of deep ocean, or land masses exposed during glaciation. These 

geological, climatic and oceanographic processes have been the main biogeographic 

drivers in the region. 

While Lourie and Vincent (2004) proposed that the WL had likely driven 

cladogenesis in marine communities – with western and eastern lineages –  Barber et 

al. (2000) asserted that the ‘invisibility of the WL’ in marine species is related to the 

strong currents of the Indonesian Through-flow (ITF) and their role in marine larvae 

dispersal. Our data showed that connectivity between G. salicornia populations east 

and west of the WL can occur but how this process happens , i.e. via either gametes 

dispersal (tetrasporangia and carpospores) or drifting thalli, is yet unknown. Regardless 

of dispersal vector, G. salicornia can disperse across several kilometers at an estimated 

average rate of spread so far determined to be around 280 m/yr as documented for 

introduced populations in slow moving inshore and embayment waters in Hawaii 

(Rodgers and Cox 1999). At the WL northern populations, along the Makassar Strait, 
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the closest distance between Borneo and Sulawesi, excluding offshore reefs, is only 

170 km. Migrants therefore could potentially cross the WL under regular weather 

within a year, or within 2-3 generations. This is a highly conservative estimate because 

the current speeds along the WL far exceeded inshore current speeds inside Kaneohe 

Bay, Hawaii where Rodgers and Cox (1999) spread rates were calculated.  At the WL 

southern-most sites where its narrowest width is observed, i.e. the Bali-Lombok 

passage, the distance between east and west WL populations is only 23-35 km.   

In agreement with Williams and Benzie (1998) observations, albeit at the 

population level, the present patterns of genetic variation among G. salicornia 

populations resulted from a combination of past and recent isolation and re-

connection events driven by long-term changes in climate (last glaciation), geology and 

oceanography. The east or west endemic haplotype clades and singletons suggest that 

these geographic-specific signatures originated during a period of higher isolation 

promoted by a less-porous WL. Alternatively these haplotypes could have been 

historically widespread and lately removed via multiple events of either demographic 

bottlenecks or selective sweeps, in different populations.  Our demographic analyses 

suggest that most populations have been either historically stable or even underwent 

recent increase in size. Presence of significant selective sweep was observed for only 

one out of 8 populations. Thus, results support the existence of a historical influence of 

the WL in the origin of these geographically unique haplotypes and haplogroups. 

Demographically wise, G. salicornia populations tend to be stable compared to other 

marine macroalgal species with either very short life-cycles or that inhabit high stress 

and very dynamic habitats such as filamentous, epiphytic and turfs species and taxa 

characteristic of high intertidal areas (Smith et al. 2004). 

 For both markers, a clear diversity gradient was observed west of the WL 

where the most genetic diverse population was represented by the most northwestern 

populations, Maratua, Kalimantan Timur (WW1). Maratua is located in a relatively 

pristine area. Starting July 2005, the Head of Berau District endorsed the concept of 

forming a large-scale, multiple-use and multi-stakeholder Marine Protected Area 

(MPA) to protect marine biodiversity in the area and to sustain coastal livelihoods in 

the Berau Archipelago including Maratua island (Wiryawan 2008). The Kalimantan 

region also holds the second highest coral diversity in the planet (Tomascik 1997; 
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Wiryawan 2008) and hence may represent one of the most climatic and geologically 

stable refuge in the region. Other studies have also reported the northwest region of 

the WL as an area of high genetic diversity for the marine species such as the mantis 

shrimp Haptosquilla pulchella (Barber et al. 2000). A southern x northern WL structure 

was also observed in our cox2-cox3 results where both southernmost populations, i.e. 

populations WW1 and EW1, were both more genetically distant to any other 

populations on their respective sides of the WL based on FST values. Fixation index (F 

statistics) is the mean reduction in heterozygosity of a subpopulation (relative to the 

total population) due to genetic drift among subpopulations. FST by Wright (1978) 

considered only one bi-allelic locus while GST by Nei (1973) accommodates multiple 

loci. For example, average cox2-cox3 FST values for WW1 to all other west WL 

populations was 45 times higher (average FST = 0.45) than the value observed among 

WW2, WW3 and WW4 populations (average FST = 0.01) (2-tailed T-Test, p= 0.0001, 

n=3). For the rbcL-rbcS data, the southernmost eastern population was the richest due 

to a large number of segregating sites compared to those found in any other of the 

seven populations. Patterns of genetic diversity among populations however were not 

enough to reject our phylogeographic hypothesis 2 (i.e., south x northern hypothesis) 

via AMOVA analysis. 

While isolation by distance was detected in the cox2-cox3 marker, the rbcL-rbcS 

dataset produced an inverse relationship where populations more distance from each 

other were genetically closer. This marker disagreement represents a phylogeographic 

discordance usually observed only between fast-evolving cytoplasmic markers and 

nuclear markers (e.g. Gurgel et al. 2004).  In red algae both cytoplasmic genomes are 

maternally inherited. Comparative phylogenetic studies have shown that the rbcL-rbcS 

gene is more conserved than the cox1 gene, leading to the observation that for red 

algae, mitochondrial markers tend to be more variable than chloroplast markers (Hind 

and Saunders 2013). Our results agree with this observation, as our cox2-cox3 dataset 

presented more variation and stronger phylogeographic structuring than rbcL-rbcS. 

West and east WL populations tended to form geographically distinct clusters in the 

cox2-cox3-based UPGMA tree compared to the rbcL-rbcS results. Better topological 

resolution was also observed in the phylogenetic analyses of cox2-cox3 haplotypes 

than among rbcL-rbcS haplotypes. 
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Our findings are in agreement with other marine phylogeographic studies 

conducted in the region. A number of marine species also presented a lack of 

phylogeographical breaks in the region  including the marine snail Nerita plicata 

(Crandall et al. 2008),  the sea urchin Tripnustes (Lessios et al. 2003), the trumpetfish 

Aulostomus chinensis (Bowen et al. 2001), three species of surgeonfishes of the genus 

Naso (Horne et al. 2008), and the Eastern Little Tuna Euthynnus affinis (Santos et al. 

2010). For other oceanic barriers, Lessios and Robertson (2006) argued that 18 of 20 

reef fishes present gene flow across the eastern Pacific barrier. We expected to find 

higher levels of genetic structuring seeing that marine red benthic macroalgae are 

considered poor dispersers compared to invertebrate and vertebrate marine animals 

(Kinlan and Gaines 2003). Connectivity, gene flow or the exchange of individuals 

among marine populations is a central issue in phylogeography. Population 

differentiation will not occur in the presence of constant gene flow. For most benthic 

marine species with complex life cycles, this exchange occurs primarily during the 

pelagic larval stage. However, for macroalgae drifting fragmented thalli, many of which 

can be fertile, also represents an efficient way to disperse (Shanks et al. 2003), 

sometimes across vast distances (e.g. Macaya et al. 2005). 

Currents may contribute to biogeographic breaks, even occasionally working as a 

major oceanic barrier to gene flow (Montecinos et al. 2012). However our results 

suggest that the strong currents along the WL do not seem to act as a strong barrier to 

gene flow among G. salicornia populations.  Nevertheless, AMOVA identified 37.11% 

and 23.79% of the WL explaining part of the genetic structure found in the cox2-cox3 

and rbcL-rbcS datasets, respectively. While the deep strait between the Sunda and 

Australia-Papua plates could act as a physical barrier to gene flow between shallow, 

coastal marine habitats on either side of the WL, alternatively, the strong currents of 

the ITF most likely contribute to higher levels of connectivity between marine 

populations across both sides of the WL. Both antagonistic processes, when combined 

with the complex, finer-scale oceanographic processes in the region likely explain the 

patterns of genetic differentiation found in this study. These finer-scale processes in 

the IAA include counter currents and localized, monsoon-driven eddies and upwellings 

(Hendiarti et al. 2004; Marra and Moore 2013; Ningsih et al. 2013), wind-driven 

advection and tidal forcing (Susanto and Marra 2005) and also, atolls and submersed 
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offshore reefs that can act as stepping-stone locations (Potts 1983; Hoeksema 2007), 

all potentially connecting populations on both sides of the WL. As such, in this study, 

the genetic connectivity of G. salicornia between regions is a multifaceted result of 

historical and current climatic, oceanographic and geological processes. Here, the 

genetic diversity within a population (FST) was mostly lower than among population 

within region (FSC), indicating that there is likely some G. salicornia populations are 

starting to diverge genetically (Table 2.7.). 

 

Phylogeny and haplotype network 

Haplotype c1 was the only haplotype shared by a majority of populations, 

suggesting that this pattern results from ancestral haplotype (Templeton et al. 1995), a 

conclusion supported by its position at the centre of the star phylogeny (Figure 2.6.). 

The surplus of haplotype c1 across populations (i.e., c1 presence in 70 of 118 

specimens) is suggestive of a recent population expansion (Barber et al. 2002). This 

haplotype can be found in almost all populations but the most northwestern 

population (WW1) in Maratua, Kalimantan Timur suggestive of a recent southward 

population expansion. 

 

Demographic history 

Our results showed that changes in estimated population sizes for Gracilaria 

salicornia occurred less recently in evolutionary time, i.e. since Burdigalian Age in 

Miocene (19.3 Mya)  based on mismatch distribution but since the Holocene based on 

Bayesian Skyline plots. The mismatch distribution is a graphic way of visualising the 

signature of an expansion. If there is population expansion, then theoretically we can 

calculate the population size before and after expansion including the time that the 

expansion happened. It is important to notice that estimates in population size prior to 

the latest glacial maxima cannot be revealed in Bayesian skyline plot (in our case older 

than 0.0005 Mya) because the demographic signal is erased by the last glacial maxima. 

Therefore, the flat shape of Bayesian skyline plot before the last glacial maxima cannot 

actually describe the demographic history of this species (Grant et al. 2012). 

Nevertheless, when data from all eight populations were combined both analyses 

indicated the presence of a sudden recent increase in population size in the region. 
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These observations agree with the only significant negative values found in Fu & Li’ D 

& F, and Tajima’s D results and the star-shaped topologies present in the two statistical 

parsimony networks. Significant negative values of Fu & Li’ D & F, and Tajima’s D, 

indicate an excess of low-frequency haplotypes (which is the case), corresponding to a 

signature characteristic of either selection or a recent demographic expansion (Fu 

1997). Our demographic results are also in agreement with Crandall et al. (2012) who 

reported that most Southeastern Asian marine species show signs of recent population 

expansion as a result of their recovery from the most recent glacial maxima.  Lack of 

strong population structure in G. salicornia within the WL region may also be the result 

of a population dynamic characterized by local extinctions followed by rapid 

colonization events. Source populations could be either geographically far or near the 

sink population as indicated by the variety of recent population demographic histories 

in Bayesian skyline plots, i.e. populations with either stable, decreasing or increasing 

sizes (Figure 2.11.B) and the range of FST values observed in the rbcL-rbcS dataset. 

 

2.5 Conclusions 

Based on our G. salicornia results we conclude that a wide range of genetic 

connectivity levels alongside the Wallace Line have led to a lack of large-scale 

population genetic structuring between both sides of the line. Phylogeography of G. 

salicornia in the region is characterized by a mosaic of distinct levels of genetic 

diversity and differentiation resulted from dynamic system, mostly likely characterized 

by fluctuating demographic histories and variable levels of connectivity, including short 

and long range dispersal events.  Complex, finer scale oceanic circulation around the 

Makassar Straits and Lombok Straits that includes the Wallace Line may be responsible 

for the patterns of genetic connectivity and the isolation observed in the WL region. 

The use of other markers such as single nucleotide polymorphism that includes 

nuclear-encoded genetic variation and wider geographic sampling in the region might 

reveal new and more complex fine-scale phylogeographic patterns of G. salicornia 

populations across the WL. 
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Chapter 3 

Testing the Influence of the Indonesian Through-Flow and Sahul-Sunda 

Separation on the Phylogeography of Hypnea Pannosa J. Agardh 

 

Abstract 

Phylogeographical study of the red macroalga, Hypnea pannosa using two genetic 

markers, the mtDNA cox1 and cpDNA rbcL revealed the populations in the Indo-

Australian Archipelago (IAA) to be heterogeneous. The genetic differences were 

detected between populations from Indonesia, Ningaloo Reef, and the Great Barrier 

Reef, suggesting the presence of genetic break between these three regions. It is 

suggested that a genetic break likely exists between Sundaland and Australia where 

strong current flow through of the Indonesian Through-Flow (ITF) would have 

restricted gene flow between these regions. A scenario is proposed in which 

populations of H. pannosa are suggested to have persisted during the Last Glacial 

Maximum and more recently recolonized in the Sundaland or Australia as indicated by 

genetic signatures of a recent expansion. This presence of different refugia as the 

source of different lineages of H. pannosa populations with a lack of secondary contact 

in the post-glacial dispersal between Sundaland and Australia are the likely 

mechanisms behind the phylogeographical patterns observed. 
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3.1 Introduction 

As the global epicentre of marine biodiversity, the Indo-Australian Archipelago 

(IAA) is one of the most evolutionary and biogeographically complex regions on Earth.  

The IAA is the global epicentre and a biodiversity hotspot for not only coral and fish 

biodiversity, with >2600 species of reef fishes and 600 species of corals recorded 

(Veron et al. 2009; Allen and Erdmann 2012), but many other marine organisms as 

well. While a range of physical, ecological and evolutionary processes have contributed 

to speciation and globally-significant levels of species richness and endemism within 

the IAA region (see Carpenter and Springer 2005a; Bowen et al. 2013), geological, 

tectonic, oceanographic and climatic processes and history have in particular, played a 

major role  (Lohman et al. 2011).  Two physical events are recognised as contributing 

to major evolutionary and phylogeographic structure in the region: (i) the collision of 

the Sahul or Sundaland (Australasian) and Sunda (Asian) continental tectonic plates at 

the beginning of the Miocene (20-23 Mya); and (ii) the repeated exposure and flooding 

of the Sunda and Sahul continental shelves during Pliocene and Pleistocene (5 Mya – 

12 Kya) sea level fluctuations (down to 130 m below present-day level) (Pillans et al. 

1998; Voris 2000).  

Even without dramatic changes in sea level during the Pliocene-Pleistocene, 

tectonic movement of the Australasian and Asian plates resulted in the partial, and at 

times nearly complete, isolation of the Pacific and Indian Ocean marine faunas in the 

IAA region, since at least the Miocene (Gaither and Rocha 2013). While the Pacific and 

Indian Oceans were well connected via the Indonesian Seaway (an extension of the 

Southern Equatorial Current) during the Oligocene and early Miocene (Hall 2002; see 

also Figure 2.1 in Carpenter and Springer 2005b) – flow between the two ocean basins 

were greatly reduced during the mid-Miocene (c.16–8 Mya), following collision of the 

Australasian and Asian plates (the Sahul and Sunda shelves, respectively).   

Significantly, the collision between the Sahul and Sunda continental plates, also, 

resulted in the closure of the wide, but deep, marine gateway currently known as the 

Indonesian Through-Flow (ITF) (Gordon et al. 2003). Through a series of narrow straits 

and currents with strong core velocities at water depths around 100 m, the ITF plays a 

pivotal role in the global ocean and climate systems and the connectivity between the 

Pacific and Indian Oceans (Sprintall et al. 2014). As the only low-latitude pathway 
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connecting the globe’s oceans, the ITF provides a route for warm, less saline waters 

from the Pacific to enter into the Indian Ocean – and thus serves as the only tropical 

pathway in the global thermohaline circulation (Gordon 2005; Sprintall et al. 2014). 

Many studies have documented the passage of the ITF through the complex 

Indonesian Archipelago (Gordon 2005; Gordon et al. 2010), including direct 

measurements under the INSTANT program (Sprintall et al. 2009).  These studies 

confirm that upper thermocline water from the North Pacific enters through the 

western route of the Makassar Strait to either directly exit through the Lombok 

Strait or flow eastward into the Banda Sea. Weaker flow of saltier and denser South 

Pacific water passes over the Lifamatola Passage into the Banda Sea. From the Banda 

Sea, the ITF exits through 3 outflow passages: Timor Strait (1890 m deep, 160 km 

wide), Ombai Strait (1250 m deep, 35 km wide), and Lombok Strait (300m deep, 35km 

wide).  Together, these 3 outflow passages represent 7.5Sv (50%), 4.9Sv (33%) and 

2.6Sv (17%) of the total ITF outflow to the Indian Ocean (15 Sv; Sverdrup, 1 Sv = 106 

m3/sec), respectively (Sprintall et al. 2009) (see Figure 1.3).  Significantly, the main 

passage of the ITF from the Pacific to Indian Oceans is through the deepwater passages 

of the Makassar Strait (11.6 Sv), which accounts for 91% of the total inflow from the 

Pacific Ocean (12.7Sv), compared to the Lifamatola Passage (1.1 Sv)  (Gordon 2005). 

Due to the strength of the ITF flow, particularly in the Makassar Strait, the area has 

been identified as a marine phylogeographic break in the region (Barber et al. 2000; 

Lohman et al. 2011; Briggs and Bowen 2013).   

The ITF and Wallace's Line is a major biogeographic boundary both within the 

IAA, separating Asian and Australasian biota, and also, the CT, separating species of 

Asia and Oceania (Veron 1995; Veron et al. 2010).  Within the IAA, as the major 

oceanic through-flow, the ITF and Wallace’s Line is a major permeable and semi-

permeable marine barrier. The strong currents of the ITF and Wallace’s Line pass 

through the Wallacea region via the very deep, but narrow waters of the Makassar and 

Lombok Straits. This strong flow can either, potentially expedite the dispersal of 

marine larvae - or act as a barrier to gene flow blocking their dispersion.  

In addition to the Miocene tectonic events, Pliocene and Pleistocene sea level 

fluctuations (down to 130m below the present level) on the Sunda and Sahul 

continental shelves (Pillans et al. 1998; Voris 2000) are also recognized as contributing 

https://en.wikipedia.org/wiki/Thermocline
https://en.wikipedia.org/wiki/Makassar_Strait
https://en.wikipedia.org/wiki/Lombok_Strait
https://en.wikipedia.org/wiki/Lombok_Strait
https://en.wikipedia.org/wiki/Banda_Sea
https://en.wikipedia.org/wiki/Timor_Sea
https://en.wikipedia.org/wiki/Ombai_Strait


67 
 

to vicariant isolation, diversification and divergence among many marine taxa in the 

IAA region. Including the significant restriction of gene flow during times of lowered 

sea levels, when land connected much of SE Asia, New Guinea and Australia, closing 

the sea connection between the Indian and Pacific Oceans (Williams and Benzie 1998). 

As such, the greater isolation of ocean basins during historically low sea levels is 

thought to have caused genetic divergence between Indian and Pacific Ocean 

populations among many marine taxa (Lavery et al. 1996; Williams and Benzie 1998; 

Duda Jr and Palumbi 1999; Barber et al. 2000; Benzie et al. 2002; Crandall et al. 2008; 

DeBoer et al. 2008; Vogler et al. 2008; Mendoza et al. 2010). As such, Pleistocene (<3 

Mya) genetic separations between Indian and Pacific Ocean populations have been 

reported in the highly dispersed starfish Linckia laevigata  (Williams and Benzie (1998), 

the mantis shrimp Haptosquilla pulchella (Barber et al. 2000), and the false clownfish, 

Amphiprion ocellaris (Nelson et al. 2000). Barber et al. (2000) also identified a deep 

genetic divergence in central Indonesia, which they dubbed a marine equivalent of 

‘Wallace’s Line’, although the major separation was also north-south, rather than east-

west.  

Similarly, many taxa display molecular signatures consistent with range 

expansions onto continental shelves as sea levels rose during the Pleistocene (Crandall 

et al. 2008). For instance, phylogeographic structure and range expansion (particularly 

seeding of sites) in the false clownfish, Amphiprion ocellaris, reflects Pleistocene sea 

level changes and flooding on the Sunda Shelf (rather than surface currents) (Nelson et 

al. 2000).  Notwithstanding, recent marine dispersal and connectivity studies (Treml 

and Halpin 2012) suggest strong concordance between predicted dispersal barriers 

and genetic barriers identified from population genetic and phylogeographic 

approaches (Carpenter et al. 2011) – with barriers identified in the vicinity of 

Cenderawasih Bay, near Halmahera, south of Luzon, and across the Sunda Shelf.   

To-date the role, contribution and importance of the ITF and the Australia-

Sundaland separation (i.e. Sahul vs Sunda Shelf) on the isolation and evolution of 

marine populations is still relatively unknown due to the complex oceanography and 

geological history, and also, complexity of naturally fragmented islands and a wide 

range of water depth variation in the region (Hall 2009; Carpenter et al. 2011). While 

there are major potential marine phylogeographic barriers resulting from the influence 
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of the ITF (Barber et al. 2006), few studies have been conducted on benthic marine 

macroalgae, despite the fact that macroalgae have been identified as model organisms 

for phylogeographic studies (Chan et al. 2013; Chan et al. 2014). Like most marine 

organisms, the distribution and diversity of benthic macroalgae is strongly influenced 

by currents and temperature (Lobban and Harrison 2004).  Further, with reproductive 

propagules lacking flagella, red algae population connectivity is largely determined by 

ocean currents transporting either single cell propagules or fragmented (drifting) thalli 

between suitable sites. And as with all marine organisms, the dispersion of individuals 

and genetic connectivity among marine algal populations is vital for population 

dynamics and persistence (Treml et al. 2008).  

Hypnea pannosa J. Agardh (Gigartinales) is marine benthic red macroalga widely 

distributed across the tropical Pacific and Indian Oceans, from the Pacific Mexico to 

northern South Africa. H. pannosa common and widespread in tropical rocky, 

calcareous and reef habitats making this species an ideal organism for 

phylogeographical studies in the Indo-Pacific region. Within Southeast Asia, H. pannosa 

is commonly found in abundance and throughout the year in Thailand, the Indo-

Malayan Archipelago, the Philippines, China, Viet Nam, Australia and tropical Pacific 

islands (Carpenter and Niem 1998). H. pannosa can be considered an ideal organism 

for phylogeographic and phylogenetic analysis in the Indo-Pacific because red algal 

propagules (gametes and spores) do not have flagella, and after release propagules 

remain in the water column for a limited period of time.   

The present study aims to test and describe the influence of the ITF and the 

Australia Sahul-Sunda Shelf separation on the phylogeography of H. pannosa using a 

dual marker approach, the 5’-cox1 mtDNA and rbcL-rbcS spacer cpDNA gene regions. 

These two markers have been well characterized and tested in the literature and have 

been extensively and successfully used in other  marine macroalgae phylogeographical 

studies, e.g. Durvillaea potatorum (Fraser et al. 2009),  Durvillaea antartica (Fraser et 

al. 2010), Mazzaella laminarioides (Montecinos et al. 2012), Adenocystis utricularis and 

Bostrychia intricata (Fraser et al. 2013). 
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3.2 Material and Methods 

3.2.1 Sampling sites and collections 

To test the potential Australia – Sundaland biogeographic break and the 

influence of the ITF, sampling of H. pannosa focussed on the Sahul Shelf (i.e. northern 

Australia, Ningaloo Reef, east to Heron Island) and the Sunda Shelf (i.e. Indonesia, west 

of the Makassar and Lombok Strait) (Fig. 3.1). Selection of sample sites followed a 

strategy designed to cover a diverse range of habitats and easily accessible sites, 

together with utilizing existing collections of H. pannosa. Despite extensive field 

surveys and searching for specimens of H. pannosa across Indonesia, a total of 17 

specimens were found from two sites (Maratua Island, May 2013; and Menjangan 

Island, February 2014). For unknown reasons, H. pannosa specimens were not 

abundant along the ITF in Indonesia during 2013 – 2014 collection periods, including in 

west Sulawesi, east Java, and east Kalimantan. Sixty-three samples from the broader 

Indo-Pacific region were confined to three sites from Australia: Ningaloo Reef (West 

Australia), Lizard Island (northern Great Barrier Reef) and Heron Island (southern Great 

Barrier Reef). Specimens from Australia were collected over three sampling periods 

between 2008 and 2010, as part of the Census of Coral Reef Life Program 

(www.creefs.org). The final population distribution is presented in Table 3.1. 

Specimens of H. pannosa were collected either by snorkelling, SCUBA diving or hand-

picked sampling during low tide conditions.  

‘In situ’ sampling focused on specimens growing at least 1.5 meters apart, 

attached to the substrate (no drift specimens were used), irrespective of sex or life-

cycle stage. For molecular analysis, 1 g of fresh tissue from young thalli (upper 

portions), free from epiphytes, were cleaned using freshwater and subsequently 

preserved in silica gel desiccant (Hillis and Dixon 1991). Samples were transferred from 

Indonesia to Australia after obtaining permission from Local Centre for Plant 

Quarantine and relevant departments. Voucher specimens for Indonesian samples 

were pressed on herbarium paper without being previously fixed in formalin solution. 

Vouchers were deposited in the Plant Systematics Laboratory Herbarium of the Faculty 

of Biology, Universitas Gadjah Mada, Yogyakarta, Indonesia. 

http://www.creefs.org/
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Figure 3.1. Hypnea pannosa sampling sites in Indonesia and northern Australia used to 

test the influence of Indonesian Through-Flow (ITF) and Sundaland-Australia break. 

The shaded areas are the present day continental shelves. The arrows are the main 

ocean currents in the Indo-Australian Archipelago (red is the ITF, blue are others). 
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Table 3.1. H. pannosa sampling sites, size, and population code. 

No Location Code GPS coordinate 
Number of 

Samples 

1 Maratua, Kalimantan Timur, 

Indonesia 

MT N 02°11’42.30’’ 

E 118°36’36.71’’ 

13 

2 Menjangan, Bali, Indonesia MJ S 08°05’39.90’’ 

E 114°30’05.78’’ 

04 

 

3 Ningaloo reef, Western 

Australia, Australia 

NL S 23°01’40.57’’ 

E 113°27’51,37’’ 

20 

4 Lizard, Queensland, Australia LZ S 14°35’38,83’’ 

E 145°26’28,75’’  

25 

5 Heron, Queensland, 

Australia 

HR S 18°59’26,62’’ 

E 167°48’27,07’’ 

18 

Total 80 

 

3.2.2 DNA extraction, PCR amplification, and DNA sequencing 

Total DNA was extracted from silica-dried specimens using the DNeasy Plant Mini 

Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. Amplification 

of the first 650 bp region of the mitochondrial cox1 and chloroplast rbcL were carried 

out using standard polymerase chain reaction (PCR) procedures. The cox1 was 

obtained with primer Fcox1 and Rcox1 from Saunders (2005) and the rbcL was gained 

by using primer F753, F993 and RrbcS from Freshwater and Rueness (1994). 

PCR amplifications had a final volume of 25 µL comprised of 2.5 µl 10x PCR 

buffer, 3 µl 25 mM MgCl2, 5 µl 5M Betaine, 1 µl 10 mM dNTP, 1 µl 10 mM of each 

primer, 1µl 5U/µl TaqGold, 1 µl template DNA diluted 1 :10 and 10.5 µl dH2O. Thermal 

cycling was conducted under the following conditions: initial denaturation at 94 °C for 

3 min, followed by 40 cycles of 94 °C for 45s/50 °C (Cox1) or 52 °C (rbcL-rbcS) for 1 

min/72°C for 1.5 min, and a final step at 72 °C for 5 min.   

Amplified product aliquots (2 µl loading buffer and 4 µl PCR product) were 

electrophoresed in 2% agarose. Primers and extra dNTPs were removed from amplified 

products (PCR cleaning) using EBU Milipore PCR plates. The cleaned PCR products were 

sequenced on Applied Biosystem 3730 and 3730xl capillary sequencer at Australian 
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Genome Research Facility (AGRF), Adelaide, South Australia. These automated 

platforms use Big Dye Terminator chemistry version 3.1 (Applied Biosystems) under 

standardized cycling PCR conditions.  

 

3.2.3 Genetic diversity and structure 

The generated raw sequence data were proof-read and edited with BioEdit 7.2.5 

with default parameters (Hall 2004). DNA sequence alignments were completed using 

Clustal W in BioEdit with parameters set to full multiple alignment and 1000 bootstrap 

NJ tree (Thompson et al. 1994). Presences of stop codons were assessed by hand using 

the translated protein alignment and the proper translation code and comparing newly 

generated sequences with genomic sequence references downloaded from GenBank. 

Molecular diversity statistics and neutrality tests estimated for each population, 

plus gene flow and genetic differentiation between populations were assessed using 

Arlequin 3.5.1.2 (Excoffier and Lischer 2010) and DnaSP 5 (Librado and Rozas 2009). 

Calculated molecular diversity indices per population included the total number of 

haplotypes (h), number of segregating (polymorphic) sites (S); total number of 

mutations (indels), and nucleotide diversity (Pi). Population differentiation was 

assessed as a pairwise value of FST. Deviation of neutrality was confirmed using 

Tajima’s D and Fu’s F test (Tajima 1989; Fu 1997). 

Population clustering analyses using the unweighted pair group method with 

arithmetic mean (UPGMA) was done using DendroUPGMA web service (Garcia-Vallvé 

et al. 1999) based on population pairwise FST values. The result was displayed as an un-

weighted tree (phenogram).  

Isolation by distance analysis was conducted via a partial Mantel Test as 

implemented in IBDWS 3.23 using 1000 randomizations (Jensen et al. 2005). 

Geographical distances were measured using the shortest marine pathway distance 

between two sites estimated via Google Earth. Secondary hypothesis of the partial 

Mantel Test (i.e. the indicator matrix) was implemented based on the positioning of 

the sampling sites in relation to the expected geographic structuring promoted by the 

ITF, i.e. 1 = populations alongside the ITF and  2 = populations eastside of the ITF. 

Correlation between genetic distances and geographic distances (in kilometer) was 

estimated without using the log-correction as suggested by Rousset (1997). A Reduced 



73 
 

Major Axis (RMA) regression was used to calculate intercept and slope of correlation 

between genetic and geographic distances. 

Inference on the degree of population sub-division based on analysis of 

molecular variance (AMOVA) was implemented using Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010) based on the fine-scale approaches from (Ravago-Gotanco and Juinio-

Menez 2010). Estimation of spatial patterns of genetic structure at a regional scale was 

done based on two hypotheses i.e. (i) assuming no regional structure, and (2) structure 

between two marine biogeographic divisions (i.e. the ITF division and Sundaland – 

Australia divisions). The two marine biogeographic hypotheses were done by splitting 

population samples into two datasets. Design 1 tested for the influence of the ITF 

isolating populations found inside and outside (east of) the ITF. Design 2 tested for 

influence of the separation between the Sundaland and the Australia continental shelf 

plates isolating populations found in Indonesia and Australia (Fig. 3.2). 

 

 

Figure 3.2. The marine biogeographic hypotheses of the Indonesian Through-

Flow/Arafura sea division (Hypothesis 1: LZ, HR ≠ MT, MJ, NL) and the Sundaland – 

Australia division (Hypothesis 2: MT, MJ ≠ NL, LZ, HR). 
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3.2.4 Phylogeny and haplotype network 

Using only distinct haplotype data, i.e. after redundant sequences were 

removed, Maximum Likelihood (ML), and Bayesian Inference (BI) phylogenetic analyses 

were executed. ML analyses were performed in the online version of PhyML (Guindon 

et al. 2005; Guindon et al. 2010). The outgroups were Gracilariopsis chorda 

(HQ322090) and Gracilaria vermiculophylla (JQ675712) for cox1 data and 

Carpedocarpus venosus (AF385656), Rhodophylis volans (AF386528), and Calliblepharis 

ciliata (AF385653) for rbcL-rbcS data (Geraldino et al. 2009; Geraldino et al. 2010). The 

best fit models of nucleotide substitutions were determined based on Akaike 

Information Criterion (AIC) using jModelTest 2 (Darriba et al. 2012). For cox1, AIC 

selected the TPM2uf+G as best model while for rbcL AIC selected the TIM2+G model. 

The reliability of the ML tree nodes were assessed by 1000 non-parametric bootstrap 

replications. Bayesian phylogenetic analysis was implemented using MrBayes 3.2.2 

(Huelsenbeck and Ronquist 2001). The Markov Chain Monte Carlo (MCMC) processes 

was run for 107 generations using 4 chains with sampling frequency assigned at every 

1000 trees and a burn-in fraction of 0.25. 

A statistical parsimony network among haplotypes was created using TCS 1.21 

with a 95% connection limit (Clement et al. 2000). The network was re-designed in 

CorelDraw X5 v.15.0.0 (2010 Corel Corporation).  

 

3.2.5 Demographic history 

The analysis of demographic history was only conducted for the mtDNA dataset 

as no molecular clock is yet available for the cpDNA (Hoarau et al. 2007; Chan et al. 

2013; Chan et al. 2014).  Mismatch distribution was used to detect recent population 

expansion as characterized by an the occurrence of a unimodal distribution (Rogers 

and Harpending 1992) generated in DnaSP (Librado and Rozas 2009) without 

calculating the time of expansion. 

A Bayesian skyline plot was used to estimate the demographic history of H. 

pannosa. Bayesian Skyline Plot analyses was implemented in Beast 1.7.5 (Drummond 

et al. 2012) to reconstruct the demographic changes in all population together and 

each of the five populations. We used 5 populations of cox1 under the GTR+G 

substitution model. The mean substitution rate was implemented at 1.0 to estimate 
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time in unit of substitutions/site. Number of grouped intervals was set to ten and each 

run was initialized with a random tree. The MCMC analyses were run for 1 x 107 steps, 

sampling every 1000 steps and discarding the first 20% of the sampled trees as the 

burn-in. The Bayesian skyline reconstruction was performed in Tracer 1.5 (Drummond 

et al. 2012). 

 

3.3 Results 

3.3.1 Genetic diversity and structure 

cox1     

The cox1 alignment was 638 bp long, contained 25 haplotypes (2 haplotypes 

shared between two populations) and 331 polymorphic sites. MT had the highest 

number of haplotypes (h = 11), haplotype diversity (Hd = 0.9615), polymorphic sites (S 

= 124), and nucleotide diversity (Pi = 0.0633); while MJ population presented the 

lowest values in genetic diversity across all parameters (h = 3; S = 2; Pi = 0.0016). MT is 

located in the western part of the Makassar Strait and upstream of the IFT pathway 

whereas MJ was also positioned in the western part of the Makassar Strait but in more 

downstream location.  

Statistically significant negative deviations from neutrality were confirmed only 

for HR using Tajima’s D. All remaining populations, despite presenting either positive 

or negative values, were not significantly different from zero and hence were neutral 

or in equilibrium. 

rbcL  

The rbcL alignment was consisted of 505 nucleotide sites of which 61 were 

polymorphic and five corresponded to gaps (one gap in NL and four gaps in LZ).  A total 

of 14 haplotypes considering indels as fifth character state were found in the rbcL 

alignment. 
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Table 3.2. Sample localities and number of samples sequenced from cox1 and rbcL of 

H. pannosa. 

Population Latitude Longitude 

No. of 

samples 

(N) 

No. of  

sequences 

cox1 rbcL 

Maratua Island (MT) N 02°11.705' E 118°36.612' 13 13 08 

Menjangan Island (MJ) S 08°05.665' E 114°30.096' 4 4 - 

Ningaloo reef (NL) S 23°01.676' E 113°27.856'  20 5 20 

Lizard Island (LZ) S 14°35.647' E 145°26.479' 25 22 25 

Heron Island (HR) S 18°59.443' E 167°48.451' 18 11 18 

Total 80 55 71 

 

Table 3.3. Genetic diversity and neutrality test results for five populations of H. 

pannosa from northern Australia and Indonesia, based on cox1 spacer. 

Population  n H Hd S Pi Fu’s Fs Tajima’s D 

Indonesia:        

Maratua Island 

(MT) 

13 10 0.9615 ±  

0.0496 

124 0.0633 ± 

0.0331 

1.3400ns 0.2034ns 

Menjangan 

Island (MJ) 

4 3 0.8333 ±  

0.2224 

2 0.0016 ± 

0.0016 

-0.8873ns 0.0000ns 

Australia:        

Ningaloo Reef 

(NL) 

5 5 1.0000 ±  

0.1265 

94 0.0843 ± 

0.0517 

1.5899ns 1.8947ns 

Lizard Island 

(LZ) 

22 4 0.6061 ±   

0.0619 

14 0.0029 ± 

0.0019 

1.5947ns 1.5537ns 

Heron Island 

(HR) 

11 3 0.4909  ± 

0.1754 

97 0.0343  ± 

0.0185 

10.3108ns -1.7053* 

Total  55 25  331    

Notes: n = number of sequence; H = number of haplotypes; Hd = haplotype diversity; S 

= number of segregating/ polymorphic sites; Pi = nucleotide diversity; * = p < 0.05. 
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Table 3.4. Genetic diversity and neutrality test results for four populations of H. 

pannosa from Australia and Indonesia, based on rbcL spacer. 

Population 

name 
n H Hd S Pi Fu’s Fs Tajima’s D 

MT 8 1 0 0 n.a. n.a. n.a. 

NL 20 6 0.6316 ±  

0.1130 

35 0.0198 ±  

0.0105 

6.3160ns 0.1304ns 

LZ 25 4 0.2967 ±  

0.1150 

4 0.0012 ±  

0.0011 

-0.9766ns 0.0000ns 

HR 18 3 0.3856 ±  

0.1280 

22 0.0114 ±  

0.0064 

8.1879ns -0.3840ns 

Total 71 14  61    

N = number of sequence; H = number of haplotypes; Hd = haplotype diversity; S = 

number of segregating/ polymorphic sites; indels = insertions and deletions; Pi = 

nucleotide diversity. ns = non-significant (p > 0.05). n.a. = not applicable due to lack of 

genetic variation. 

In contrast to the cox1 results, the NL population was the most diverse 

population in terms of number of haplotypes (h = 6) and total number of polymorphic 

sites (S = 35) while MT was the least diverse population (h = 1). No significant 

deviations from neutrality were observed and hence, populations were in 

demographic equilibrium. MT presented no genetic variation (n=8) and hence was 

genetically fixed for haplotype r13 (Table 3.4). 

 

Table 3.6. Pairwise values for FST (upper diagonal) for cox1 of H. pannosa populations. 

Highest values were highlighted in bold. 

 MT MJ NL LZ HR 

MT 0 0.20035 0.26441 0.63775 0.48283 

MJ  0 0.47750 0.96804 0.75533 

NL   0 0.51322 0.33758 

LZ    0 0.04177 

HR     0 
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Table 3.7. Pairwise values for FST (upper diagonal) for rbcL of H. pannosa populations. 

Highest values were highlighted in bold. 

 MT NL LZ HR 

MT 0 0.33333 0.93133 0.51457 

NL  0 0.45974 0.27359 

LZ   0 0.11549 

HR    0 

 

The two most distinct populations based on cox1 data were MJ and LZ 

populations (FST = 0.968), followed by MJ and HR (FST = 0.755) indicating a strong 

genetic differentiation of MJ in relation to east Australian populations. In average, 

genetic difference between MJ to other populations, particularly east Australian 

populations, was higher compared to western ITF populations (60%; SD  ± 0.334), 

supporting hypothesis 1 (Figure 3.2). The lowest value of genetic differences was 

detected between LZ and HR, i.e. populations from the Great Barrier Reef (FST = 0.042). 

For rbcL data, genetic difference between Maratua (MT) and Lizard (LZ) was again the 

highest value (FST = 0.931), while between Lizard (LZ) and Heron (HR) was also the 

lowest observed (FST = 0.115).  

Genetic diversity indices showed that though average FST values of cox1 and rbcL 

were very similar (FST = 0.4837 vs. 0.4831, respectfully), the genetic diversity of cox1 (h 

= 25, S = 331) was considerably higher than rbcL (h = 13, S = 61, indels = 5).   
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Figure 3.3. UPGMA tree depicting population similarities based on F statistics (A: cox1, 

B: rbcL). [MT = Maratua Island; MJ = Menjangan Island; NL= Ningaloo Reef; LZ= Lizard 

Island; HR = Heron Island] 
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The cox1 UPGMA tree identified two clades. Clade 1 consisted of Indonesian 

populations (i.e. MT and MJ) while clade 2 was comprised of all Australian populations 

(i.e. NL, LZ, and HR) (Figure 3.3.A). Partial correlation between genetic and geographic 

distances, controlling for indicator matrix resulted in a non-significant positive 

correlation of 0.476 (p = 0.891). Similarly, the UPGMA tree for the rbcL dataset 

identified two groups of populations. One formed by Indonesian and Australian 

populations (MT and NL) and the second comprised by eastern Australian populations 

(LZ and HR) (Fig. 3.3.B).  

For cox1, AMOVA analyses for two marine biogeographic hypotheses discovered 

consistent significant structural differences within populations (FST). However no 

significant difference occurred among populations within region (FSC) for the ITF 

division while significant difference was found in the Sundaland – Australia division. 

For rbcL, AMOVA results discovered consistent significant differences among 

populations, within regions and within populations. No significant differences between 

regional genetic variations (FCT) were detected in two hypotheses for both markers 

cox1 and rbcL (Table 3.8.). 
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Table 3.8. AMOVA using two hypotheses of molecular structure present in the dataset 

of H. pannosa: the ITF division and the Sundaland – Australia division. Degrees of 

freedom (d.f.), percentage of variance (% var), F-statistic among regions, among 

populations within regions, and within populations.  

Hypothesized 

structure 

Among regions Among populations 

within regions 

Within populations 

d.f. % var FCT d.f. % var FSC d.f. % var FST 

cox1 

No structure - - - 4 56.3 - 50 43.74 0.5626* 

ITF 1 49.7 0.4973 3 13.9 0.2783 50 36.28 0.6372* 

Sundaland-Australia 1 45.4 0.4538 3 19.1 0.3502* 50 35.49 0.6451* 

 

rbcL 

No structure - - - 3 44.7 - 67 55.33 0.4467* 

ITF  1 25.5 0.2551 2 23.9 0.3209* 67 50.59 0.4941* 

Sundaland-Australia 1 31.1 0.3110 2 26.0 0.3773* 67 42.91 0.5709* 

F-statictics are based on un-corrected P-distance under 1000 permutations with 

significant test * P < 0.0001. 

 

3.3.2 Phylogeny and Haplotype Network  

Phylogenetic analyses of cox1 via ML and BI methods consistently separate the 

25 cox1 haplotypes into four distinct haplogroups with strong geographic differences 

between Indonesia and Australia populations. Haplogroup 1 was formed by haplotypes 

from Indonesia while haplogroups 2 and 3 comprised haplotypes exclusively found in 

Australia. Haplogroup 4 was comprised of samples found in populations MT, NL, and 

HR.  Of the total of 25 haplotypes identified, 2 haplotypes were shared between two 

populations i.e. c3 (LZ-HR) and c14 (MT-MJ). 

The statistical parsimony network of cox1 haplotypes produced separated 

networks that could not be joined up to 90% connection limits. Further analyses of 

cox1 haplotypes was completed by increasing fix connection limit at 75 steps so a 

single network could be produced. The haplotypes grouped into four haplogroups as 

per phylogenetic results (Figure 3.4), with c3, the most widely distributed haplotype, 
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recognized as the central haplotype. The pie charts in Figure 3.5 describe haplotype 

frequency of cox1 in each of the five populations studied.  

 

 

 

40 (60) 
50 (61) 

51 (100) 

51 (100) 

60 (86) 

 

22 (100) 95 (96) 

68 (76) 

100 (64) 

67 (56) 

 

100 (100) 

99 (100) 

99 (100) 

100 (100) 

1 

2 

3 

4 

A 



83 
 

 

Figure 3.4. ML phylogeny of Hypnea pannosa for cox1 (A) and the haplotype 

network (B). Bayesian Posterior Probabilities values are shown in the 

parentheses and ML bootstraps are in the left of the parentheses. 

 

Figure 3.5. Geographical distribution and relative frequency of cox1 Hypnea pannosa 

haplotypes. Colours follow the four distinct haplogroups (clades) found in phylogenetic 

B 
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analyses. [MT = Maratua Island; MJ = Menjangan Island; NL= Ningaloo Reef; LZ= Lizard 

Island; HR = Heron Island] 

Phylogenetic analyses of the rbcL haplotypes under both ML and BI methods 

produced a tree with highly similar topologies composed of four clades. One haplotype 

(r2) was highly divergent (Figure 3.6. A). Similar to cox1, phylogenetic topology of rbcL 

shows strong geographic differences between Indonesia and Australia populations. 

Haplogroup 4 consists of haplotypes found only in MT, Indonesia, while haplogroup 2 

consists of haplotypes found only in LZ, Australia. Haplogroup 1 and 3 were composed 

of a combination of haplotypes derived from NL and HR populations, Australia. We 

were unable to obtain rbcL data from MJ samples. 

The statistical parsimony network on the rbcL dataset also grouped haplotypes 

into four haplogroups (Figure 3.6B). Previously, the network analyses of rbcL 

haplotypes produced separated networks that could not be joined up to 90% 

connection limits. Further analyses of rbcL haplotypes was completed by increasing fix 

connection limit at 25 steps resulted single network.  Pie charts in Figure 3.7. describe 

rbcL haplotype frequencies in each of the four studied populations. 
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Figure 3.6. ML phylogeny of Hypnea pannosa for rbcL spacer (A) and the haplotype 

network (B). Bayesian Posterior Probabilities values are shown in the parentheses and 

ML bootstraps are in the left of the parentheses. Colours follow the four distinct 

haplogroups (clades) found in phylogenetic analyses. Haplotype r2 is colourless 

according to its out-group position in ML tree. 

 

 

B
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Figure 3.7. Geographical distribution and relative frequency of rbcL Hypnea pannosa 

haplotypes. Colours follow the four distinct haplogroups (clades) found in phylogenetic 

analyses. [MT = Maratua Island; NL= Ningaloo Reef; LZ= Lizard Island; HR = Heron 

Island] 

 

3.3.3 Demographic history 

The mismatch distribution of H. pannosa populations showed a unimodal 

distribution and no fit into the sudden-expansion model (sum of squared deviation = 

0.12287, p > 0.05, Fig. 3.8A.). Bayesian skyline plot displayed almost steady growth 

over time in population size time then decrease since 0.005 Mya, in middle Holocene 

(Figure 3.8B). 

Bayesian skyline plots reconstruction for each population revealed a relatively 

explicit demographic history (Figure 3.9). For MJ population, the software failed to 

reconstruct Bayesian skyline plot because the estimated initial root height for random 

starting tree was 0.0. Three populations showed a trend of constant in population size 

then declined gradually in MT after 0.001 Mya, but drop in NL and HR after 0.005 Mya. 

LZ population displayed a stable population size over time.   
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A B 

Figure 3.8. Mismatch distribution (A) and Bayesian skyline plot (B) of H. pannosa from 

cox1. (A) Blue lines and red lines in mismatch distribution indicate the observed and 

expected frequency, respectively. (B) Bayesian skyline plots are shown in effective 

population size with function of time (years before present in Mya). 95 % confidence 

interval is shaded in gray. 

  

MT NL 

  

LZ HR 

Figure 3.9. Historical demography of 4 populations of Hypnea pannosa using Bayesian 

skyline plot. The solid line represents the median estimate and the grey area the 95% 

highest probability density. [MT = Maratua Island; NL= Ningaloo Reef; LZ= Lizard Island; 

HR = Heron Island]   
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3.4 Discussion 

Presence of phylogeographic structure was observed among H. pannosa 

populations in the western Indo-Pacific region for both markers used in this study, 

cox1 and rbcL. The substantial evolutionary split between Sundaland (Indonesia) and 

Australian (northern Australia) clades of H. pannosa support the existence of 

considerable genetic differentiation between these two biogeographic regions (Hall 

2001). However, the lack of statistical significance in hypothesis testing null-models 

was intriguing and suggests that the genetic isolation between Indonesia and Australia, 

and between western and eastern Australian is either porous or recent. Geographically 

distant populations did share both, haplotypes and haplotypes that belonged to the 

same phylogenetic lineages (haplogroups), though in low frequencies. 

The phylogeographic structure of H. pannosa indicates that the Indonesian 

Through-flow (ITF) does indeed exert influence on the genetic isolation and 

differentiation of this widespread marine macroalga in the Indo-Pacific region, 

particularly in the Indo-Australia Archipelago. As such, the effect of the ITF oceanic 

current as a barrier to gene flow coincides with the Wallace Line and the geological 

isolation of the two continental plates, Sundaland and Australia. However, other 

processes also play crucial role in the genetic isolation of H. pannosa in the region, 

such as the long-distance isolation between east and west Australia, which is 

exacerbated during the Pleistocene glacial maxima when  sea level decreases 

connectivity over the Arafura Sea (Benzie 1998; Voris 2000).  

Even though the role of vicariance in driving diversification of Sundaland – 

Australian marine temperate biota due to the presence of Sunda Shelf Barrier might 

also be suggested as contributing causes (Lourie and Vincent 2004; Rocha et al. 2007), 

the existence of the abiotic factors of the ITF including contemporary variation in 

water temperature, salinity, and wave action could also play a role in generating the 

phylogeographical structuring observed for H. pannosa, however the effects of these 

abiotic factors have not been tested yet. 

The influence of oceanic circulation on marine macroalgal phylogeography has 

also been observed for other macroalgae, corresponding to a deep genetic break in 

Gelidium elegans (Kim et al. 2012) and Padina boryana (Wichachucherd et al. 2014), 

though may have facilitate long distance dispersal forming low genetic diversity of the 
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species in Carpophyllum maschalocarpum (Buchanan and Zuccarello 2012), Sargassum 

polycystum (Chan et al. 2013), and Sargassum aquifolium (Chan et al. 2014).  

Genetic diversity within and between populations of cox1 H. pannosa showed 

higher than rbcL marker. These two markers have different level of variations (Hind 

and Saunders 2013) and the mutual monophyly was reached at different rate between 

cox1 and rbCL. Thus for Chiharaea species, the rbcL seems to evolve at different rates 

between different taxa. It evolved more quickly between C. americana f.americana 

and C. americana f. bodegensis, but more slowly between C. silvae and C. rhododactyla 

(Hind and Saunders 2013). 

Neutrality test confirmed that all populations reached equilibrium of gene 

frequencies (i.e., reached a constant size with constant mutation rate) with the 

exception of Heron Island (cox1) that presented a significant negative Tajima’s D value. 

A negative Tajima’s D implies the presence of a recent selective sweep (purifying 

selection), or a population expansion after a recent bottleneck (Tajima 1989; Fu and Li 

1993). A population expansion after a recent bottleneck concurs with the Bayesian 

skyline plots for Heron Island, which detected a significant recent sharp drop in 

population size (~ 5000 years ago) for this particular population. Five thousand years 

before present does not coincide with the last glacial maxima in the region, which 

dates from 17,000 years before present, a time when sea level was 120 meters below 

present level (Voris 2000). However, demographic effects potentially caused by 

changes in sea level might take effect in periods different from glacial maxima or 

minima and hence not coincide with exact dates of historical weather extremes. For 

example, the emergence of the Isthmus of Panama closing the connection between 

Atlantic and Pacific Oceans is dated to about 3 Mya yet DNA evidence suggests that 

divergence between several species pairs began before this date (Knowlton and Weigt 

1998).  

The UPGMA trees supported the hypothesis that past emergence of the Sunda 

Shelf Barrier promoted a vicariant divergence between Sundaland – Australia division 

(= hypothesis 2). During most glacial maxima, the Arafura Sea would either represent 

very shallow seas or be completely emerged (Voris 2000), disrupting marine 

connectivity between east and west Australia. Added to the inevitable long distance (~ 

5000 km) between east and west coasts of Australia promoting long-distance isolation 
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as evidenced by our IBD results for both markers used in this study, populations of 

most poorly dispersed marine species found on both sides of Australian east-west 

coasts are expected to show some degree of genetic structure (Benzie 1998). 

In contrast, AMOVA did not show significant genetic structuring west of the 

Arafura Sea, i.e. within the ITF area (= hypothesis 1). No significant differences 

between regions (FCT) and among populations within region (FSC) for cox1 and rbcL 

were detected under the hypothesis 1. This is because of the presence of shared 

haplotypes between MT and NL populations.  However, the cox1 marker identified the 

emergence of the Arafura Sea splitting the Sundaland – Australia marine regions 

during the period of glacial maxima (= hypothesis 2) resulted in significant AMOVA 

differences among populations (FSC = 0.35018). During Pliocene, the collision between 

Australian plate and Sundaland contribute to emergence of lands, extensive carbonate 

reefs, and shallow build ups including new plate boundaries, forming significant marine 

barriers between continental Australia and Sundaland (Hall 2009; Lohman et al. 2011).    

 

Phylogeny and haplotype network 

Phylogenetic analyses using ML and BI reconstruction methods showed that at 

least four divergent lineages were discovered with cox1 and rbcL markers - three of 

which coincided with geographic subdivisions among major biogeographic provinces: 

eastern Australia, western Australia and the western side of the Wallace Line.  As 

recorded in Sargassum aquifolium, a common and widely dispersed brown alga in the 

region (Chan et al. 2014), our results for H. pannosa also suggest the presence of some 

degree of genetic isolation driven by continental shelf location, vicariance, historical 

climatic events and ocean circulations within the ITF  and IAA region (Chan et al. 2014). 

We believe that this hypothesis is more likely for H. pannosa, since each population 

consisted of a mixture of haplotypes, i.e. the presence of non-exclusive haplotypes of 

genetically fixed unique populations. 

Central to understanding the Australia-Sundaland division is the geological 

history, formation and evolution of the Sunda and the Sahul Shelf plates, two distinct 

continental masses formed during the break up of Pangea (Hall 2002).  Though the 

Sunda and Sahul shelves moved closer together in the early Miocene, the deep water 

but narrower basin which was formed still significantly separated the two continental 
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shelves (Hall 2009). These deep-water basins also serve as refugium where isolation 

and differentiation of populations can occur (Barber et al. 2000; Barber et al. 2006; 

Timm and Kochzius 2008). During Pliocene-Pleistocene glaciations, the basin was 

greatly reduced and hence decreased the opportunities for exchange between Pacific 

and Indian Oceans (Briggs and Bowen 2013). Limited spore transport and genetic 

exchange among populations on either side of both shelves during low sea level in 

Pleistocene most likely promoted lineage diversification (Carpenter et al. 2011). As a 

result, some close related species in the two oceans apparently originated during the 

glacial interruptions of gene flow (Randall 1998).  

Though ocean circulation or eddies may generate dispersal barriers (see Barber 

et al. 2006), the strong directional flows of the ITF largely  dominate and control 

genetic connectivity in the ITF region. As the only low-latitude pathway connecting the 

global oceans, the ITF not only connects (and mix) the water masses of the Pacific and 

Indian Oceans, but also flows southward into the Leeuwin Current, the major, 

seasonal, warm water, low salinity, pole-ward flowing boundary current on the 

western seaboard of Australia (Schiller et al. 2008; Cresswell and Domingues 2009).  

Our study explains the presence of Indonesian haplotypes in Ningaloo Reef (NL) 

populations off the northwest shelf of Australia. The near shore counter-clockwise 

currents in western Australia into the Indian Ocean do not change the direction or 

flows  of the Leeuwin Current, which flows 5500 km along northwestern Australia to 

Tasmania (Schiller et al. 2008). 

 

Demographic history 

The complex geological history of the Indo-Australia Archipelago in the Plio-

Pleistocene caused several periods of isolation and reconnection among Sundaland 

and Australia (Randall 1998; Hall 2009; Briggs and Bowen 2013; Treml et al. 2015). In 

first instance, the separation of basins produced geographic isolation. This geographic 

isolation is reflected in the high genetic differentiation among populations of H. 

pannosa (e.g. FST MJ-LZ= 0.968, FST MJ-HR = 0.755). In contrast, the periods of 

reconnection favoured gene flow among previously isolated populations.  

The Bayesian skyline plot showed that H. pannosa population experienced a 

recent expansion process 0.005 Mya (Figure 3.9B). This estimation suggests that the 
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contraction of H. pannosa populations occurred in the middle Holocene (after 0.01 

Mya) when some dramatic changes in the character of the ITF occurred, when sea level 

was significantly lower, with a narrower Makassar Strait and stronger flows (Hall 2009). 

Previous population history cannot be revealed in the Bayesian skyline plot as it is 

erased by the most recent signal in the last glacial maxima (Grant et al. 2012). 

Therefore, the flat shape of Bayesian skyline plot before the last glacial maxima should 

be considered with care when describing demographic history of this species. 

 

3.5 Conclusions 

Populations of H. pannosa were found to be genetically heterogeneous between 

Sundaland and Australian, forming three genetically distinct areas: Indonesia, Ningaloo 

Reef, and the Great Barrier Reef. We suggest that a genetic break exists between 

Sundaland and Australia where strong current flow through of the ITF would have 

restricted gene flow between these regions. A scenario is proposed in which 

populations of H. pannosa persisted during Last Glacial Maximum, and more recently, 

recolonized in the Sundaland and Australia due to recent expansion.  
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Chapter 4 

Testing the Origin of Macroalgal Diversity in the Coral-Triangle and Indo-

Pacific Ocean Region – Phylogeography of Gracilaria salicornia (C. 

Agardh) E. Y. Dawson 

 

 

Abstract 

Clime stability and the many land discontinuities created by the mosaic of islands, 

different habitats and potentially isolated populations in the Indo- Pacific Ocean, 

particularly within the Coral Triangle (CT), have led to a rich and diverse marine biota.  

Further, findings from recent phylogenetic studies across several marine taxa, suggest 

the CT region is the centre of origin for many tropical marine taxa. To test this 

hypothesis it is critical to examine whether the youngest lineages are located in either 

marine biodiversity hotspots or in peripheral ecosystems. Using a molecular approach, 

this study examined the phylogeography of the red marine benthic macroalga 

Gracilaria salicornia inside and outside the CT. We analysed 195 individuals from 9 

populations within 29 localities in the Indo-Pacific Ocean using two markers (cox2-

cox3, rbcL-rbcS). Results confirmed the monophyly of the species, identified 3 of cox2-

cox3 and 6 of rbcL-rbcS distinct intraspecific evolutionary lineages, and supported the 

Center of Accumulation Model as the diversification mechanism of G. salicornia in the 

Indo-Pacific Ocean.  
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1.1. Introduction 

The Indo-Pacific region contain the greatest concentration of tropical marine 

biodiversity in the planet (Veron 1995; Spalding et al. 2007), making them the largest 

marine biogeographic region on Earth (Paulay and Meyer 2002). Within this area, the 

highest levels of marine biodiversity is located in the Indo-Australia Archipelago (IAA) 

or the Coral Triangle (CT) (Briggs 2005; Carpenter and Springer 2005; Hoeksema 2007; 

Veron et al. 2009). The Coral Triangle is also evolutionarily unique representing a 

region of recent collision between two continental land masses, the Sunda and the 

Sahul plates, which brought together biotas that evolved separately for 45 millions of 

years (Hall 2002; Hall 2009; Lohman et al. 2011). Due to its globally significant levels of 

biodiversity and conservation importance, the region also provides a major focus for  

research  for naturalists and marine biologists from around the world (Crandall and 

Riginos 2014). 

Supported by substantial lines of evidence from phylogeographical studies, the 

Indo-Pacific region, particularly the CT, has been identified as a predominant center of 

origin for the tropical marine biodiversity (Briggs 1966; Mora et al. 2003). Studies also 

suggest that the CT not only yields and exports species but also accumulates species 

diversity produced from peripheral habitats and ecosystems (Bowen et al. 2013). To 

this end, genetic and biological diversity can be imported from areas peripheral to 

biodiversity hotspots (Bellemain and Ricklefs 2008). While isolated archipelagos and 

peripheral seas are not the only sources carrying species into higher biodiversity areas 

(Bowen et al. 2013), the species diversity of islands surrounding the central Pacific 

Ocean are essential to investigate the origin of tropical marine biodiversity in this 

region. Accordingly, there are three biogeographic models for explaining the origins of 

marine biodiversity in the Indo-Pacific Ocean: center of speciation (Briggs 2003; Briggs 

2005), center of accumulation (Jokiel and Martinelli 1992), and a center of overlap 

(Woodland 1983). Center of speciation model suggests that biodiversity hotspots such 

as the CT are generators and exporters of species. Center of accumulation model 

propose that speciation are produced in peripheral locations, which become source of 

dissemination of novel taxa into biodiversity hotspots (Bowen et al. 2013). Further, the 

center of overlap model proposes that an overlapping of distinct organisms from 
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different locations are the cause of the high species diversity in the biodiversity 

hotspots (Bowen et al. 2013; Gaither and Rocha 2013).  

In recent years, there has been a rapid increase in the number of 

phylogeographic studies, however the majority of these are confined to fauna – with 

limited studies of plants including marine macroalgae (Schaal et al. 1998; Knowles 

2009; Hickerson et al. 2010; Bowen et al. 2014). More studies on marine flora across a 

range of taxa are critical to explore genetic diversity, structure and phylogeography 

and particularly to investigate the origin of their diversity in the Indo-Pacific Ocean. 

Using a molecular approach we can confirm the origin of marine macroalgae diversity 

in this region by testing whether the youngest lineages or species are indeed in 

biodiversity hotspots or in peripheral ecosystems (Bowen et al. 2013) .  

In this study, we explore the origin of common widespread Indo-Pacific red 

algae, Gracilaria salicornia (C. Agardh) E.Y. Dawson (Gracilariales), and test whether 

the youngest lineage is located inside the CT (biodiversity hotspots) or outside the CT 

(peripheral habitats). Gracilaria salicornia occupies a range of marine ecological niches, 

including intertidal and sub tidal habitats, mangroves, coral reefs and rocky shores. 

Gracilaria salicornia is common and widespread on reefs in both tropical western 

Pacific and Indian Ocean (Lim et al. 2001; Liao and Hommersand 2003; M.D. Guiry in 

Guiry and Guiry 2018). Gracilaria salicornia is easily distinguished morphologically from 

other marine macroalgae and represents a common, economically important, 

agarophyte.  Together, these factors, make G. salicornia an ideal test organism for 

phylogeographic investigations in the Indo-Pacific Ocean.  

In the present study we examine phylogeographic patterns in G. salicornia 

populations across the Indo-Pacific Ocean to address the following key phylogenetic 

questions: (1) Is there genetic structure and differentiation among G. salicornia 

populations across the Indo- Pacific Ocean? (2) If high levels of genetic structuring are 

detected do they match phylogeographic patterns found for other marine organisms in 

the area? (3) Which diversification model best explain G. salicornia evolution in the CT: 

centrifugal divergence from the CT (centre of origin) or centripetal model 

(convergence / centre of accumulation)? 
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1.2. Material and Methods 

4.2.1 Sampling sites and collections 

Specimens were opportunistically collected from 29 sampling sites encompassing 

9 populations in the Indo-Pacific Ocean including Hawaii and north-eastern Australia, 

between 1994 and 2014 (Figure 4.1). Per population, sample size varied between 1 to 

26 specimens, totalling 195 samples (across the 29 sites). Specimens were collected 

either by snorkelling, SCUBA diving or hand-picked during low tide. Selection of sample 

sites followed a strategy designed to cover both central regions in the biodiversity 

hotspot (the CT) and peripheral ecosystems.  In situ sampling focused on specimens 

growing at least 1.5 meters apart and attached to the substrate (no drift specimens 

were used), irrespective of sex or life-cycle stage. For molecular analysis, 1 g of fresh, 

epiphyte-free tissue from young thalli were cleaned using freshwater and 

subsequently preserved in silica gel desiccant (Hillis and Dixon 1991).  

 

Figure 4.1. Populations of Gracilaria salicornia in the Indo-Pacific Ocean sampled in 

this study. Number in parentheses indicated the number of samples per population. 

The grey shaded area represents the Coral Triangle region (as defined by Hoeksema 

2007; Veron et al. 2009).  
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Table 4.1.  Detailed information about Gracilaria salicornia populations: geographic 

coordinates, population codes, locality name and sample size. 

No 
Population 

(Code) 
Locality Coordinate 

Number of 

specimens 

Inside the CT 

1 Luzon – 

Cebu  

(LUZ) 

Dos Hermanas, Bolinao, 

Luzon, Philippines 

N 16°26’19.52’’ 

E 119°56’53.07’’ 

1 

 Matabungkay Beach, Luzon, 

Philippines 

N 13°57’35.99’’ 

E 120°36’52.85’’ 

1 

 Igang Marine Station, 

SEAFDEC, Guimaras Island, 

Philippines 

N 10°30’57.34’’ 

E 122°29’44.54’’ 

1 

 Sulpa, Cebu, Philippines N 10°14’22.19’’ 

E 124°00’26.74’’ 

1 

 Eastern side of Olango 

Island, Mactan, Cebu, 

Philippines 

N 10°15’28.05’’ 

E 124°04’18.89’’ 

1 

2 Kalimantan 

(KAL) 

Maratua, Kalimantan Timur, 

Indonesia 

N 02°11’42.30’’ 

E 118°36’36.71’’ 

26 

 Balakbalakan Island, 

Sulawesi Barat, Indonesia 

S 02°21’’06.70’’ 

E 117°19’06.70’’ 

19 

3 Jawa-Bali-

Lombok 

(JAW) 

Madura, Jawa Timur, 

Indonesia 

S 07°07’14.47’’ 

E 113°45’42.64’’ 

25 

 Menjangan, Bali, Indonesia S 08°05’39.90’’ 

E 114°30’05.78’’ 

25 

 Belang Madasanger, 

Lombok, NTB, Indonesia 

S 09°00’49.53’’ 

E 116°45’40.46’’ 

16 

4 Sulawesi 

(SUL) 

 

 

 

 

 

Donggala, Sulawesi Tengah, 

Indonesia 

S 00°41’27,08’’ 

E 119°45’39.20’’ 

15 

 Mamuju, Sulawesi Barat, 

Indonesia 

S 02°38’59.10’’ 

E 118°52’58.60’’ 

25 

 Spermonde, Sulawesi 

Selatan, Indonesia 

S 05°00’57.20’’ 

E 119°19’31.60’’ 

15 
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Outside the CT  

5 Guam 

(GUA) 

Pago Bay, Guam, USA N 13°25’18.46’’ 

E 144°46’49.41’’ 

2 

Tanguisson Beach, Dededo, 

Guam, USA 

N 13°32’40.75’’ 

E 144°48’22.00’’ 

2 

Cocos Island, Guam, USA N 13°23’17.36’’ 

E 144°36’37.83’’ 

1 

6 Oahu 

(OAH) 

Magic Island, O’ahu, 

Honolulu, Hawaii, USA 

N 21°14’30.40’’ 

W 157°56’51.81’’ 

3 

Pokole Pt, Kahaluu, Kaneohe 

Bay, Oahu, USA 

N 21°27’42.88’’ 

W 157°48’07.39’’ 

1 

Coconut Island, Kaneohe 

Bay, Oahu, USA 

N 21°27’25.16’’ 

W 157°49’34.85’’ 

1 

Tamashiro Market, Oahu, 

USA 

N 21°19’18.08’’ 

W 157°51’57.17’’ 

1 

Waikiki Natatorium, Oahu, 

USA 

N 21°15’50.32’’ 

W 157°49’22.96’’ 

1 

7 Okinawa 

(OKI) 

Namisato, Kin Town 

Okinawa Island, Japan 

N 26°25’40.15’’ 

E 127°55’50.23’’ 

2 

Kan-non-Zaki, Ishigaki 

Island, Okinawa Pref., Japan 

N 24°24’08.22’’ 

E 124°07’26.99’’ 

1 

Shiraho, Ishigaki Island, 

Okinawa Pref., Japan 

N 24°21’05.25’’ 

E 124°15’07.11’’ 

1 

8 Indochina 

(IND) 

Satun, Thailand N 06°37’38.20’’ 

E 99°56’18.72’’ 

1 

  Rayong, Thailand N 12°38’35.84’’ 

E 101°16’30.60’’ 

1 

  Morib Selangor, Malaysia N 02°44’48.17’’ 

E 101°25’30.63’’ 

1 

  Sungai Buloh Wetkand 

Reserve, Singapore 

N 01°26’52.51’’ 

E 103°43’55.57’’ 

1 

9 Townsville 

(TOW) 

Kissing Point, Townsville, 

Queensland, Australia 

S 19°13’44.43’’ 

E 146°49’13.65’’ 

4 

Total                                                                 195 
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4.2.2 DNA extraction, PCR amplification, and DNA sequencing 

Total DNA extraction was performed using the DNeasy Plant Mini Kit (Qiagen, 

Valencia, CA, USA) follow the manufacturer’s instructions. Amplifications of the 

mitochondrial cox2-cox3 and chloroplast rbcL-rbcS spacer markers were carried out 

using standard polymerase chain reaction (PCR) procedures. The cox2-cox3 spacer 

region was obtained with primers Fcox2 and Rcox3 from Zuccarello et al. (1999), and 

the rbcL-rbcS spacer region was amplified using primers F993 and RrbcS from 

Freshwater and Rueness (1994). 

PCR amplifications had a final volume of 25 µL at a concentration of 10 ng/μL  

comprised 2.5 µl 10x PCR buffer, 3 µl 25 mM MgCl2, 5 µl 5M Betaine, 1µl 10 mM dNTP, 

1µl 10 mM of each primer, 1µl 5U/µl TaqGold, 1µl template DNA diluted 1: 10 and 10.5 

µl dH2O. Thermal cycling was conducted under the following conditions: initial 

denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 50°C (cox2-cox3) 

or 52°C (rbcL) for 1 min, and 72°C for 1 min, and a final step at 72°C for 5 min. PCR 

products were cleaned with Merck Milipore MultiScreen®PCR96 96-well filter plates. 

Sequence reactions used Big Dye Terminator (BDT) chemistry version 3.1 (Applied 

Biosystems) under standardized cycling PCR conditions. Capillary separation was 

performed using an Applied Biosystem 3730 and 3730xl automated sequencer at 

Australian Genome Research Facility (AGRF), Adelaide, South Australia. 

 

4.2.3 Genetic diversity and structure 

Raw DNA sequence data were proof-read and edited with BioEdit ver.7.2.5 with 

default parameters (Hall 2004). Multiple alignments were performed using ClustalW 

(Thompson et al. 1994). DNA polymorphism, population differentiation statistics and 

neutrality tests were estimated for each population using DnaSP 5.10.1 (Librado and 

Rozas 2009). DNA polymorphism indexes included: number of segregating sites (S); 

total number of mutations (Eta); total number of haplotypes (h); haplotype diversity 

(Hd); nucleotide diversity (Pi); and average number of nucleotide differences (k). Levels 

of population differentiation were measured as site pairwise values of FST. Deviation 

from neutrality was assessed via Tajima’s D (Tajima 1989) and Fu & Li’s D and F tests 
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(Tajima 1989; Fu and Li 1993). Levels of population differentiation were assessed with 

fixation indexes FST calculated in DnaSP.  

Population clustering analyses using the unweighted pair group method with 

arithmetic mean (UPGMA) was constructed using DendroUPGMA web service 

(http://genomes.urv.cat/UPGMA/index.php?entrada=Example6) (Garcia-Vallvé et al. 

1999) based on population pairwise FST values. The result was displayed as an un-

weighted tree (phenogram). Presence of isolation by distance analysis was conducted 

via a Mantel Test as implemented in IBDWS 3.23 (http://ibdws.sdsu.edu/~ibdws/) 

using 1000 randomizations (Jensen et al. 2005). Geographical distances were 

measured using the shortest oceanic pathway distance between two sites in Google 

Earth (http://www.google.com/earth/index.html). A Reduced Major Axis (RMA) 

regression was used to calculate intercept and slope of correlation between genetic 

and geographic distances. 

Inference on the degree of population sub-division based on analysis of 

molecular variance (AMOVA) was implemented using Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010) following the fine-scale approaches from Ravago-Gotanco and Juinio-

Menez (2010). Estimation of spatial patterns of genetic structure at a regional scale 

was done based on two hypotheses, assuming (1) no regional structure within the 

Indo-Pacific region, and (2) the presence of structure between two different 

ecosystems: marine biodiversity hotspot (the CT) and non-CT or ‘peripheral 

ecosystems’. This second hypothesis was done by splitting samples into two 

population groups: group 1 encompassing samples from sites inside the CT region 

(LUZ, KAL, JAW, and SUL), and group 2 encompassing populations found outside the CT 

region (GUA, OAH, OKI, IND, and TOW). 

 

4.2.4 Phylogeny and haplotype network 

Using only distinct haplotype data, i.e. after redundant sequences were 

removed, Maximum Likelihood (ML), and Bayesian Inference (BI) phylogenetic analyses 

were executed. ML analyses were performed in PhyML online version  

http://www.atgc-montpellier.fr/phyml/ (Guindon et al. 2005; Guindon et al. 2010). 

The outgroups were Gracilaria gracilis (EU937762), Gracilariopsis longissima 

(AY725149), Gracilaria foliifera (EU937761), Gracilaria cornea (KT005935) and 

http://genomes.urv.cat/UPGMA/index.php?entrada=Example6
http://ibdws.sdsu.edu/~ibdws/
http://www.atgc-montpellier.fr/phyml/
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Gracilaria usneoides (KT005927) for cox2-cox3 data, and Hydropuntia edulis 

(JQ026047), Hydropuntia rangiferina (AY049380), Gracilariopsis longissima 

(AY651059), and Gracilariopsis silvana (AY049309) for rbcL-rbcS data. The best fit 

models of nucleotide substitutions were determined based on Akaike Information 

Criterion (AIC) using jModelTest 0.1.1 (Posada 2008). For cox2-cox3, AIC selected the 

TPM1uf+G (unequal base frequencies and gamma-distributed rate heterogeneity) as 

best model to fit the datasets while rbcL-rbcS using GTR+G (General-time reversible by 

assuming that a certain fraction of sites are modeled by gamma distribution). The 

reliability of the ML tree topologies were assessed by 1000 non-parametric bootstrap 

replications. Bayesian phylogenetic analysis was implemented using MrBayes 3.2.2 

(Huelsenbeck and Ronquist 2001). The Markov Chain Monte Carlo (MCMC) processes 

was run for 107 generations using 4 chains with sampling frequency assigned at every 

1000 trees and burn in fraction to 0.25.  A statistical parsimony network illustrating 

phylogenetic and geographic relationships among haplotypes was created using TCS 

1.21  (Clement et al. 2000) with a 95% connection limit of Georgiadis et al. (1994). The 

network was re-designed in CorelDraw X5 v.15.0.0 (2010 Corel Corporation). 

 

4.2.5 Demographic history 

Demographic history of G. salicornia was only conducted for cox2-cox3 as no 

molecular clock is available for rbcL-rbcS spacer (Chan et al. 2014). Mismatch 

distribution was used to detect recent population expansion as categorized by 

unimodel distribution (Rogers and Harpending 1992). Mutation rate of cox2-cox3 

spacer was calibrated to 0.60 – 0.51% Ma-1 substitutions per site per year (Zuccarello 

and West 2002). The generation time of G. salicornia was assumed to be 1 year 

includes all their triphasic alternation of generations. Time of expansion (in 

generation), t, can be calculated with τ = 2 μt, where τ is the crest of distribution 

calculated by ARLEQUIN and μ is the mutation rate of the marker per generation. 

A Bayesian skyline plot was used to estimate the demographic history of G. 

salicornia. Bayesian Skyline Plot analyses was implemented in Beast 1.7.5 (Drummond 

et al. 2012) to reconstruct the demographic changes in all population and each of eight 

populations. We used 9 populations of cox2-cox3 under the HKY+G (Hasegawa-

Kishino-Yano with gamma distribution) substitution model. The mean substitution rate 
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was implemented at 1.0 to estimate time in unit of substitutions/site. Number of 

grouped intervals was set to ten and each run was initialized with a random tree. The 

MCMC analyses were run for 1 x 107 steps, sampling every 1000 steps and discarding 

100.000 samples as burn-in. The Bayesian skyline reconstruction was performed in 

Tracer 1.5 (Drummond et al. 2012). 

 

1.3. Results 

4.3.1 Genetic diversity and population structure 

From 29 sites grouped into 9 populations and 195 samples collected, we were 

able to generate cox2-cox3 and rbcL-rbcS for 145 and 63 samples respectively (Table 

4.2). 

cox2-cox3 

The cox2-cox3 alignment was 361 bp long and contained 29 haplotypes 

(considering gaps as a 5th character state) and 33 polymorphic sites. KAL in Indonesia 

presented the highest number of haplotypes (h = 10), total polymorphic sites (S = 10), 

and total mutation (Eta = 10); while LUZ population presented the highest haplotype 

and nucleotide diversity (Hd = 1; Pi = 0.00942). Both populations are located inside the 

CT. Three populations i.e. GUA, IND, and TOW where are placed outside the CT, were 

genetically fixed for one haplotype cox2-cox3 haplotype and hence presented intra-

population genetic variation. Hence, neutrality test statistics could not be calculated 

from these three populations (Table 4.3). 

Statistically significant negative deviations from neutrality were confirmed for 

JAW using Tajima’s D test and Fu and Li’s D and F tests. Significant negative deviation 

also resulted from SUL population using Fu and Li’s D and F tests but insignificant by 

Tajima’s D Test. All remaining populations, despite presenting either positive or 

negative values, were not statistically significantly different from zero and hence were 

considered neutral or in demographic equilibrium (Table 4.3). 
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Table 4.2. Sample localities and number of samples sequenced from cox2-cox3 

(mtDNA) and rbcL-rbcS (cpDNA) of G. salicornia. N = locality number. CT = Coral 

Triangle. 

N Population 

code 

Location Sample size 

cox2-cox3 rbcL-rbcS 

Inside the CT 

1 LUZ Dos Hermanas, Bolinao, Luzon, 

Philippines 

1 1 

Matabungkay Beach, Luzon, 

Philippines 

1 1 

Igang Marine Station, SEAFDEC, 

Guimaras Island, Philippines 

1 1 

Sulpa, Cebu, Philippines 1 - 

Eastern side of Olango Island, Mactan, 

Cebu, Philippines 

1 1 

2 KAL Maratua, Kalimantan Timur, Indonesia 15 - 

Balakbalakan Island, Sulawesi Barat, 

Indonesia 

15 - 

3 JAW Madura, Jawa Timur, Indonesia 15 13 

Menjangan, Bali, Indonesia 15 7 

Belang Madasanger, Lombok, NTB, 

Indonesia 

13 5 

4 SUL Donggala, Sulawesi Tengah, Indonesia 15 2 

Mamuju, Sulawesi Barat, Indonesia 15 - 

Spermonde, Sulawesi Selatan, 

Indonesia 

15 9 

Outside the CT 

5 GUA Pago Bay, Guam, USA 2 2 

Tanguisson Beach, Dededo, Guam, USA 1 2 

Cocos Island, Guam, USA 1 1 

6 OAH Magic Island, O’ahu, Honolulu, Hawaii, 

USA 

3 3 

Pokole Pt, Kahaluu, Kaneohe Bay, 

Oahu, USA 

1 1 
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Coconut Island, Kaneohe Bay, Oahu, 

USA 

- 1 

Tamashiro Market, Oahu, USA 1 1 

Waikiki Natatorium, Oahu, USA 1 1 

7 OKI Namisato, Kin Town Okinawa Island, 

Okinawa Pref., Japan 

2 2 

Kan-non-Zaki, Ishigaki Island, Okinawa 

Pref., Japan 

1 1 

Shiraho, Ishigaki Island, Okinawa Pref., 

Japan 

1 1 

8 IND Satun, Thailand 1 1 

Rayong, Thailand 1 1 

Morib Selangor, Malaysia 1 1 

Sungai Buloh Wetkand Reserve, 

Singapore 

1 1 

9 TOW Kissing Point, Townsville, Queensland, 

Australia 

4 3 

Total  145 63 

 

Table 4.3. Genetic diversity and neutrality test results for nine populations of G. 

salicornia from the Indo-Pacific Ocean, based on cox2-cox3. CT = Coral Triangle. 

Population n S Eta h Hd Pi k 
Fu’s & Li’s  

D & F 
Tajima’s D 

 

Inside the CT 

 

1. LUZ 5 6 6 5 1.000 ± 

0.126 

0.00942 

± 0.0016 

3.400 D = 1.2410
ns

 

F = 1.2860
ns

 

1.2410
ns 

2. KAL 30 10 10 10 0.671 ± 

0.092 

0.00360 

± 0.0007 

1.301 D = -1.8243
ns

 

F = -2.0296
ns

 

-1.5345
ns 

3. JAW 43 9 9 3 0.176 ± 

0.075 

0.00140 

± 0.0009 

0.505 D = -3.74143** 

F = -3.8095** 

-2.1813** 

4. SUL 45 6 6 4 0.512 ± 

0.052 

0.00187 

± 0.0004 

0.677 D = -3.03156* 

F = -2.9230* 

-1.3185
ns 
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Outside the CT 

 

5. GUA 4 0 0 1 0 0 0 n.a. n.a. 

6. OAH 6 1 1 2 0.533 ± 

0.172 

0.00148 

± 0.0005 

0.533 D = 1.0525
ns

 

F = 1.0290
ns

 

0.8506
ns

 

7. OKI 4 1 1 2 0.500 ± 

0.265 

0.00139 

± 0.0007 

0.500 D = -0.61237
ns

 

F = -0.4787
ns

 

-0.6124
ns 

8. IND 4 0 0 1 0 0 0 n.a. n.a. 

9. TOW 

 

4 0 0 1 0 0 0 n.a. n.a. 

Total 145 33 33 29  

Notes: n=number of sequence; S=number of segregating/polymorphic sites; Eta=total number of 

mutations; h=number of haplotypes; Hd=haplotype diversity; Pi=nucleotide diversity; k=average number 

of nucleotide differences; ns = not significant; **(P < 0.02), *(P <0.05) = significant; n.a. = not applicable 

due to lack of sample size. 

 

rbcL-rbcS    

The rbcL-rbcS alignment consisted of 601 nucleotide sites containing 379 

polymorphic sites of which 459 corresponded to gaps.  A total of 37 haplotypes 

considering indels as fifth character state were found in the rbcL-rbcS alignment. 

Similar to the cox2-cox3 results, two populations inside the CT (JAW and SUL) 

were the most genetically diverse populations in terms of number of haplotype, total 

number of polymorphic sites, and total number of mutations including haplotype and 

nucleotide diversity. No significant deviation from neutrality based on Fu and Li’s D 

and F, and Tajima’s D tests were detected in all populations for the rbcL-rbcS dataset.  

To detect the assemblage tendencies among populations, we analyzed the gene 

flow and genetic differentiation for all sequences in populations of G. salicornia.  
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Table 4.4. Genetic diversity within eight populations of G. salicornia based on rbcL-

rbcS. 

Population n S Eta h Hd Pi k 
Fu’s & Li’s  

D & F 
Tajima’s D 

 

Inside the CT 

 

LUZ 4 0 0 1 0 0 0 n.a. n.a. 

JAW 24 184 217 17 0.935 

± 

0.040 

0.10433 

± 

0.00857 

62.493 D = -1.11084
ns

 

F = -0.48910
ns

 

1.07590
ns 

SUL 12 190 237 12 1.000 

± 

0.034 

0.11985 

± 

0.01667 

72.030 D = -0.52460
ns

 

F = -0.23553
ns

 

0.68030
ns 

Outside the CT 

 

GUA 5 0 0 1 0 0 0 n.a. n.a. 

OAH 7 2 2 2 0.286 

± 

0.196 

0.00095 

± 

0.00065 

0.571 D = -1.29591
ns

 

F = -1.37408
ns 

-1.23716
ns

 

OKI 4 2 2 2 0.500 

± 

0.265 

0.00166 

± 

0.00088 

1.000 D = -0.70990
ns 

F = -0.60427
ns

 

-0.70990
ns

 

IND 4 1 1 2 0.500 

± 

0.265 

0.00083 

± 

0.00044 

0.500 D = -0.61237
ns 

F = -0.47871
ns

 

-0.61237
ns 

TOW 3 0 0 1 0 0 0 n.a. n.a. 

 

Total 

 

 

63 

 

379 

 

459 

 

37 

 

Notes: n=number of sequence; S=number of segregating/polymorphic sites; Eta=total number of 

mutations; h=number of haplotypes; Hd=haplotype diversity; Pi=nucleotide diversity; k=average number 

of nucleotide differences; ns = not significant; **(P < 0.02), *(P <0.05) = significant; n.a. = not applicable 

due to lack of sample size. 
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Table 4.5. Pairwise values for FST (upper diagonal) for cox2-cox3 of G. salicornia 

populations. Highest values are highlighted in bold. 

 GUA OAH OKI LUZ IND KAL JAW SUL TOW 

GUA 0 0.200 0.889 0.400 0.000 0.1182 0.013 0.239 1.000 

OAH  0 0.786 0.290 0.200 0.145 0.119 0.222 0.920 

OKI   0 0.293 0.889 0.706 0.799 0.782 0.800 

LUZ    0 0.400 0.327 0.331 0.371 0.333 

IND     0 0.118 0.013 0.239 1.000 

KAL      0 0.090 0.152 0.833 

JAW       0 0.156 0.919 

SUL        0 0.902 

TOW         0 

 

Table 4.6. Pairwise values for FST (upper diagonal) for rbcL-rbcS of G. salicornia 

populations. Highest values are highlighted in bold. 

 GUA OAH OKI LUZ IND JAW SUL TOW 

GUA 0 0.000 0.000 0.000 0.000 0.6131 0.593 1.000 

OAH  0 0.000 0.000 -0.118 0.610 0.590 0.903 

OKI   0 0.000 0.000 0.609 0.590 0.889 

LUZ    0 0.000 0.613 0.593 1.000 

IND     0 0.611 0.592 0.941 

JAW      0 0.116 0.619 

SUL       0 0.597 

TOW        0 

 

The two most genetically distinct populations based on cox2-cox3 data were 

GUA x TOW and IND x TOW with maxed out fixation indexes, FST = 1.0, indicating a 

large genetic differentiation of TOW (Australian population) in relation to other G. 

salicornia populations. Near panmixia (or very recent isolation) was detected between 

GUA and IND populations (FST = 0.00). For rbcL-rbcS data, GUA and TOW also had the 

highest value possible of genetic differences (FST = 1.0), while OAH and IND populations 

showed no differences, indicating panmixia or, more likely, recent artificial 

colonization or introduction (i.e., FST = 0.00). G. salicornia in Hawaii is a well-known 

introduced exotic invasive species.  
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Figure 4.2. Correlations between genetic and geographic distances for 9 populations of 

G. salicornia in the Indo-Pacific Ocean. A, B: cox2-cox3; C, D: rbcL-rbcS. A and C: 

UPGMA tree depicting population similarities based on FST statistics. B and D: Isolation 

by distance analysis; genetic distances = FST. 

 

The UPGMA tree of cox2-cox3 and rbcL-rbcS were identical and congruent 

forming two different lineages one formed by the Australian population (TOW) and the 

second formed by all other populations combined. The Mantel test resulted in 

negative statistically not significant correlation between genetic and geographic 

distances for both markers (i.e. cox2-cox3: r = -0.1929, p-value = 0.73; rbcL-rbcS: r = -

0.1927, p-value = 0.70). 

In Km 

In Km 

(r) = - 0.1929  
p-value = 0.7290  
 

(r) = - 0.1927  
p-value = 0.7030  
 

B 

D 

A 

C 
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AMOVA analyses to determine genetic structure between populations inside and 

outside the CT region discovered consistent significant differences, both among 

populations within regions (FSC) and also, within populations (FST) for both cox2-cox3 

and rbcL-rbcS markers (Table 4.7). However, no significant regional genetic variations 

were detected in both hypotheses. 

 

Table 4.7. AMOVA to test genetic structure present in G. salicornia populations from 

inside and outside the CT region. Degrees of freedom (d.f.), percentage of variance (% 

var), F-statistic among regions, among populations within regions, and within 

populations. 

Hypothesized 

structure 

Among regions Among populations 

within regions 

Within populations 

d.f. % var FCT d.f. % var FSC d.f. % var FST 

 

cox2-cox3 

 

No structure 

- - - 8 34.44 - 136 65.56 0.34436* 

Inside-outside the 

IAA 

1 31.29 0.31288 7 35.16 0.51163* 136 33.56 0.66443* 

 

rbcL-rbcS 

 

No structure 

- - - 7 24.54 - 55 75.46 0.24539* 

Inside-outside the 

IAA 

1 43.03 0.43029 6 10.53 0.18489* 55 46.44 0.53562* 

F-statictics are based on un-corrected P-distance under 1000 permutations with significant test * P < 0.0001; ns: not significant. 
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4.3.2 Phylogeny and Haplotype Network  

Molecular diversity indexes from 361 bp fragments of cox2-cox3 (33 were 

polymorphic) yielded 29 total haplotypes (24 private haplotypes + 5 shared 

haplotypes; c9 are common), with 33 substitutions sites detected. For the chloroplast 

marker, rbcL-rbcS, from 601 bp sites (380 were polymorphic) generated 37 total 

haplotypes (36 private haplotypes + 1 shared haplotype; r1 are dominant), with 227 

substitutions sites produced. 

Phylogenetic analyses of cox2-cox3 by ML and BI methods using 5 marine 

macroalgal species as out-groups separated the 24 cox2-cox3 haplotypes into three 

distinct haplogroups (labelled 1-red, 2-blue, and 3-yellow). ML bootstrap supports each 

node from low to high (17% - 100%) and medium to high (51% to 100%) of posterior 

probabilities values (Figure 4.3.A). Haplogroup 1 comprised of eight haplotypes (7 of 

KAL and only 1 of SUL) from populations inside the CT while haplogroup 2 consisted of 

haplotypes from four populations inside the CT (LUZ, KAL, JAW, SUL) and only one 

population outside the CT (IND). Haplogroup 3 comprised a mixture of haplotype from 

six populations inside the CT (LUZ, JAW) and outside the CT (OAH, GUA, OKI, TOW).  
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Table 4.8. Haplotype identification, abundance and distribution in nine populations of 

the red marine macroalgae G. salicornia. Numbers between parentheses represent 

abudance of that haplotype in the respective population. 

Population 

name 

cox2-cox3 rbcL-rbcS 

n haplotype n Haplotype 

GUA 4 c1(4) 5 r1(5) 

OAH 6 c1(4), c2(2) 7 r1(5), r2(1), r3(1) 

OKI 4 c3(3), c4(1) 4 r1(3), r4(1) 

LUZ 5 c5(1), c6(1), c7(1), c8(1), c9(1) 4 r1(4) 

IND 4 c9(4) 4 r1(3), r5(1) 

KAL 30 c9(17), c10(4), c11(1), c12(1), 

c13(1), c14(1), c15(1), c16(2), 

c17(1), c18(1), 

 - 

JAW 43 c9(39), c19(1), c20(3) 24 r6(5), r7(1), r8(1), r9(1), r10(1), 

r11(1), r12(1), r13(3), r14(1), 

r15(1), r16(1), r17(1), r18(1), 

r19(1), r20(1), r21(1), r22(1), 

r23(1) 

SUL 45 c9(28), c13(1), c21(15), c22(1) 12 r24(1), r25(1), r26(1), r27(1), 

r28(1), r29(1), r30(1), r31(1), 

r32(1), r33(1), r34(1), r35(1) 

TOW 4 c23, c24(4) 3 r36(3) 

Total 145 24 63 36 

 

The statistical parsimony network of cox2-cox3 haplotypes produced separated 

networks that could not be joined up to the 90% connection limit. Further analyses of 

cox2-cox3 haplotypes was completed by increasing fix connection limit to 23 steps 

resulting in a single network. Then haplotypes grouped into three haplogroups (Figure 

4.3.B), with c9 recognized as the most abundant and widely distributed haplotype 

(recognized as the central haplotype in the network). The haplotype c9 was very 

common inside the CT.  
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118 
 

 

Figure 4.3. ML phylogeny of G. salicornia for cox2-cox3 (A) and the haplotype network 

(B). Bayesian Posterior Probabilities values are shown in the parentheses and ML 

bootstraps are in the left of the parentheses. 

 

Pie charts in Figure 4.4. describe haplotype frequencies of cox2-cox3 in each of the 

nine populations of G. salicornia studied. 
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Figure 4.4. Geographical distribution and relative frequency of G. salicornia cox2-cox3 

haplotypes in the Indo-Pacific region. Pie charts indicate distribution and proportions 

of haplotypes phylogroups, with haplotype colours outlined in Fig 4.3. 

 

Phylogenetic analyses of the 36 rbcL-rbcS private haplotypes under both ML and 

BI methods identified 6 groups: four clades and two clusters of paraphyletic lineages 

with varying values of phylogenetic support (Figure 4.5.A). Phylogenetic topologies 

showed strong geographical differences between two regions:  the inside the CT group 

(haplogroups 1, 2, 3, 5, and 6) and outside the CT group (haplogroup 4). The 6 groups 

could also be recognized in the statistical parsimony network (Figure 4.5.B). To join all 

rbcL-rbcS haplotypes SPN was completed by increasing fix connection limit to 85 steps. 

Haplotype r6 presented the highest out-group probability (Clement et al. 2000) but r1 

was the most abundant haplotype. R1 and r9 occurred outside the CT region. 
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Figure 4.5. (A) ML phylogeny of Gracilaria salicornia for rbcL-rbcS. Bayesian Posterior 

Probabilities values are shown in the parentheses and ML bootstraps are in the left of 

the parentheses. (B) Statistical parsimony network of the same haplotypes.  
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Pie charts in Figure 4.6 describe haplotype frequency of rbcL-rbcS phylogroups in 

each of the eight populations studied. 

 

Figure 4.6. Geographical distribution and relative frequency of Gracilaria salicornia 

rbcL-rbcS haplotypes in the Indo-Pacific region. Pie charts indicate distribution and 

proportions of haplotypes, with haplotype colours outlined in Figure 4.5. 

 

4.3.3 Demographic history 

Mismatch distribution of cox2-cox3 DNA sequences of combined G. salicornia 

populations (5 populations) in the Indo-Pacific region showed unimodal distribution 

indicating sudden demographic expansion (Figure 4.7.A, sum of squared deviation 

0.01697, p > 0.05). Estimated expansion time was 1.71 – 1.14 Mya, in Pleistocene (τ = 

1.27539). Bayesian skyline plot displayed almost steady growth over time in population 

size time then declined in the Holocene, after 0.00025 Mya (Figure 4.7.B). 
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A 

 

B 

Figure 4.7. Mismatch distribution (A) and Bayesian skyline plot (B) of populations of G. 

salicornia (5 populations) from cox2-cox3 sequences. Blue lines and red lines in 

mismatch distribution indicate the observed and expected frequency, respectively. 

Bayesian skyline plots are shown in effective population size with function of time 

(year before present in Mya). 95 % confidence interval is shaded in gray. 

 

Individual Bayesian skyline plot reconstructions for the 5 populations of G. 

salicornia indicate a clear demographic history (Figure 4.8). Due to limited number of 

cox2-cox3 DNA sequences of G. salicornia (< 5 sequences), Bayesian Skyline Plot 

analyses using Beast 1.7.5 was not able to be undertaken for the four remaining 

populations of G.salicornia. The KAL population showed a trend of increasing 
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population size over time, while the JAW population revealed a recent decline. 

Conversely, the size of OAH, LUZ and SUL populations were relatively stable over time.   

  

OAH LUZ 

  

KAL JAW 

 

 

SUL  

Figure 4.8. Historical demography of 5 populations of G. salicornia using Bayesian 

skyline plot. The solid line represents the median estimate and the grey area the 95% 

highest probability density. [Inside CT = LUZ, KAL, JAW, SUL; Outside CT =OAH]. 

 

1.4. Discussion 

Our results revealed a higher degree of genetic diversity for G. salicornia 

populations located inside the Coral Triangle (CT) compared to G. salicornia 

populations found outside the CT. This patterns agrees with those observed for other 

marine organisms (Briggs 2005) and has served to support the idea that the CT 
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represents a centre of accumulation for tropical marine biodiversity (Mora et al. 2003; 

Briggs 2005), in this case, for G. salicornia diversification as well.  

The pattern of origin known as the Center of Accumulation Model, proposes that 

species arise in peripheral ecosystems and accumulate in the marine biodiversity 

hotspots (Bowen et al. 2013). Within the Indo-Pacific region, this model suggests 

peripatric speciation on islands peripheral to the CT (Jokiel and Martinelli 1992), 

followed by successive biogeographic dispersion and accumulation in the CT 

biodiversity hotspot (Carpenter et al. 2011). This is confirmed in our study by lower 

genetic differentiation (FST) and near panmixia across populations outside the CT 

region, compared to populations inside the biodiversity hotspot. This pattern also 

predicts genetic drift or migration among peripheral regions and accumulation in the 

centre of ecosystems - possibly caused by ocean circulation (Jokiel and Martinelli 1992; 

Connolly et al. 2003).  Similarly, the Mantel test revealed non-significant results 

indicating that genetic exchanges are not limited to neighbouring populations (Rousset 

1997). 

 

Genetic diversity and structure 

High levels of genetic differentiation and structuring among G. salicornia 

populations we observed inside and outside the CT region. Genetic diversity indices of 

both markers are much lower for populations outside the Coral Triangle than inside 

the CT.  

While hierarchical AMOVA showed no significant differences between the 

peripheral and CT regions (FCT), a deep genetic structure exists, including  two genetic 

clades in the UPGMA trees (difference between populations) and  haplogroups in the 

phylogenetic trees. While historical vicariance may be a major factor driving genetic 

differentiation, the influence of strong physical oceanographic influences may also 

contribute to either the formation or the maintenance of population subdivisions (Wee 

et al. 2014). Population structure and connectivity are strongly affected  by oceanic 

circulation (Wichachucherd et al. 2014). The effect of ocean currents on species and 

haplotype distribution can be seen in other macroalgae, for example,  Gelidium 

elegans (Kim et al. 2012), Carpophyllum maschalocarpum (Buchanan and Zuccarello 
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2012), Sargassum polycystum (Chan et al. 2013), Sargassum aquifolium (Chan et al. 

2014), and Padina boryana (Wichachucherd et al. 2014). 

 

Phylogeny and haplotype network 

Phylogenetic reconstruction and haplotype network analyses resulted in three 

distinct lineages with unclear geographic subdivision for cox2-cox3 (Figure 4.3).  All 

haplogroups  comprised haplotypes from different populations suggesting that the 

lineages are not isolated from each other and the gene exchange is not limited by 

ocean circulation (Chan et al. 2014). A star-like haplotype network with c9 as the most 

common haplotype in the gene pool. Coalescent theory predicts that  the most 

common haplotype will have a tendency to be the oldest and may exist as an ancestral 

haplotype (Crandall 1996).  In G. salicornia, c9 was the most likely ancestor for the 

cox2-cox3 haplotypes. Despite the low sampling size in our study (particularly from 

populations outside the CT region), c9 suggests that the geographic origin of the 

common and wide-spread G. salicornia populations in the Indo-Pacific Ocean was the 

CT region. 

In contrast, phylogenetic analyses and haplotype network reconstructions for 

rbcL-rbcS generated six divergent lineages with strong geographical differences among 

populations outside and inside the CT region (Figure 4.5). However, all haplogroups 

were present in different populations suggesting incipient diversification. 

Notwithstanding, haplotype r1 was found in 5 of 8 populations outside the CT (Table 

4.8) and was the only haplotype shared by a majority of the populations, suggesting 

ancestral haplotype (Templeton et al. 1995). This surplus of haplotype r1 suggests a 

population bottleneck followed by a recent population expansion of rbcL-rbcS G. 

salicornia populations in the Indo-Pacific region. Such bottlenecks and population 

expansions have been recorded in several marine taxa in the region, and linked to 

Pleistocene sea level changes (see Benzie 1998; Barber et al. 2000; Barber et al. 2002; 

Crandall et al. 2008). 

The phylogenetic incongruence between markers is not unexpected as different 

markers have different levels of variation and mutation rates (Hind and Saunders 

2013). It is well known that mitochondrial DNA evolves more rapid than plastid DNA, 

particularly algae (Zuccarello et al. 1999).  
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Haplotype geographical distribution and frequency enable the description of 

routes of gene exchange in the Indo-Pacific Ocean (Figure 4.4 and 4.6). Our results  

agree with Mayr (1954) peripatric theory and Centre of Accumulation Model (Bowen 

et al. 2013) that predicts ultimately successful species come from peripheral 

populations, with the consequence that places of maximum species diversity only 

represent accumulations in a favourable habitat (but see Briggs 2000, 2003).  

 

Figure 4.9. Proposed potential routes of genetic dispersal (highlighted in red) for G. 

salicornia in the Indo-Pacific region, from peripheral ecosystems to the Coral Triangle 

biodiversity hotspot. 

 

Dispersal and recruitment in G. salicornia, like other marine macroalgae is 

generally more passive compared to marine fauna and more strongly influenced by 

ocean circulation patterns (Carpenter et al. 2011). We suggest that prevailing currents 

in the region have likely played a major role in G. salicornia genetic dispersal and 

patterns of diversity, including the westward flows from the Northern Equatorial 

Current into the Indonesian Through-flow, and the passage of the Through-Flow 

through the Philippines and Indonesian archipelagos (Gordon 1995) and ultimately, 

accumulating in the center of range in the CT marine biodiversity hotspot (the location 

of  KAL, JAW and SUL populations). 
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Demographic history 

The initial formation of the tropical marine biodiversity hotspot in the complex CT 

seascape occurred around 20 to 25 million years ago (Miocene) (Williams and Duda Jr 

2008).  Major diversification of  marine biota in the Indian and Pacific Ocean followed 

the closure of the Tethys Sea and the collision of the  Australian plate with island arcs 

in the Pacific and the southeast margin of the Eurasian plate, with ocean surface 

circulation changing dramatically (Hall 2002). However, vicariance isolation due to 

historically low sea levels during the Pleistocene glacial maxima is also thought to have 

caused divergence among taxa between Indian and Pacific Ocean populations (Benzie 

1998; Barber et al. 2000; Crandall et al. 2008).  In our study of G. salicornia 

phylogeography, a similar pattern of divergent population has been identified with a 

demographic estimated in the Serravallian, mid-Miocene, at 12.62 Mya (mismatch 

distribution). Our demographic results are consistent with all hypotheses that Pacific 

and Indian Ocean marine populations divergence preceded (Barber and Bellwood 

2005; Williams and Duda Jr 2008) or followed (Randall 1998) the sea – level 

fluctuations of the Pleistocene.  

Population expansion of G. salicornia occurred in the Pacific Ocean around the 

Pleistocene as evidenced by the gradual increase in population size in the Holocene, 

around 0.00025 Mya, in the Bayesian skyline plot (Figure 4.7). However, previous 

population expansion cannot be revealed in the Bayesian skyline plot (21.62 Mya from 

mismatch distribution analysis) as it is erased by the most recent signal in the last 

glacial maxima (Grant et al. 2012).  Further, populations of G. salicornia outside the CT 

region showed stable populations while the KAL population in Kalimantan (inside the 

biodiversity hotspot) showed a trend of increasing population size. We propose that 

this species may have continued to successfully disperse in the Indo-Pacific Ocean 

particularly within the CT region and re-established gene flow quickly after Pleistocene 

glacial maxima (Crandall et al. 2008). 

 

  



129 
 

4.5 Conclusions 

This study supports the hypothesis that ocean-driven, genetic interaction 

between geographically separated marine ecosystems, particularly between 

biodiversity hotspots (such as the Coral Triangle region) and peripheral ecosystems, 

can increase marine macroalgae genetic diversity. To this end, the pattern of the 

origins of Gracilaria salicornia diversity in the Indo-Pacific Ocean is consistent with 

Center of Accumulation Model. The phylogenetic trees and haplotype network 

analyses confirmed that G. salicornia haplotypes were grouped within a single 

monophyletic lineage, with cox2-cox3 forming three distinct evolutionary lineages 

while rbcL-rbcS shaped six well-supported monophyletic lineages. Further, due to its 

passive mode of dispersion and recruitment, the evolutionary distributional pattern of 

G. salicornia is likely can be predicted through understanding the historical and current 

physical oceanographic characteristics and flows between the Pacific and Indian Ocean 

basins, and particularly the Indonesian Through-Flow. More comparative 

phylogeographic studies using other marine species within this region, through 

integrating multiple genetic loci with high mutation rate are needed to strengthen and 

extend these hypothesized scenarios.  
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Chapter 5 

Final Remarks and Conclusions 

 

5.1 Final Remarks 

To date, the phylogeography of tropical macroalgae in the Pacific Ocean has 

been poorly studied compared to marine faunal groups, particularly within the global 

biodiversity hotspot marine areas known as the Indo Australia Archipelago (IAA) and 

the Coral Triangle (CT) (Lourie and Vincent 2004; Carpenter et al. 2011). In this study 

we analyzed the extant genetic diversity and population structure of two commonly 

occurring marine red macroalgal species, Gracilaria salicornia (Gracilariales) and 

Hypnea pannosa (Gigartinales) using a two-marker approach, to assess the effect of 

past and extant geological, oceanographic, and climatic events in determining current 

phylogeographic patterns, focusing on the CT and th IAA regions.  

 Specifically, this study sought to improve our understanding of the influence of 

potential marine barriers to gene flow on the evolution of marine macroalgae such as: 

(1) Wallace’s Line (WL) and the Indonesian Through-flow (ITF); (2) tectonic events such 

as the collision of the Sahul and Sunda shelfs; and (3) past and extant climatic and 

oceanographic conditions (i.e., changes in sea levels, boundary currents). Our study 

also tested competing yet non-mutually exclusive biogeographic models of species and 

genetic diversity such as: the centre of origin model, the centre of accumulation 

model, and the region of overlap model. The relative importance of each model, 

however, remains controversial (Barber 2009; Bellwood and Meyer 2009b, 2009a; 

Briggs 2009; Bowen et al. 2013). 

The phylogeography of G. salicornia along the WL region appears to be a result 

of different past and contemporary processes promoting isolation (differentiation) and 

connectivity, even panmixia, around the Makassar Straits and Lombok Straits that 

includes the WL. As such, the WL proved to be a porous barrier to gene flow for G. 

salicornia. Our results varied between markers and detected complex structural 

patterns varying from very low (FST = 0.9) to high levels of genetic connectivity (FST = 

0.0) within and between each side of the WL.  
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Hypnea pannosa populations in the IAA are heterogeneous. Genetic differences 

were detected between populations from Indonesia, Ningaloo Reef, and the Great 

Barrier Reef, suggesting the presence of barrier to gene flow between these three 

regions. The genetic isolation between Sundaland and Australia could be driven by the 

Indonesian Through-Flow (ITF) (Gordon 1995). A scenario was proposed in which 

populations of H. pannosa could have persist during the Pleistocene Last Glacial 

Maximum and more recently recolonized in the Sundaland or Australia due to recent 

demographic expansions. This presence of different refugia as the source of different 

lineages of H. pannosa populations with a lack of secondary contact during the post-

glacial dispersal between Sundaland and Australia are the likely mechanisms behind 

the phylogeographical patterns observed.  

By comparing the genetic diversity of Gracilaria salicornia populations inside and 

outside the CT, this study confirmed the monophyly of the species, identified 3 of 

cox2-cox3 and 6 of rbcL-rbcS distinct intraspecific evolutionary lineages, and supported 

the Center of Accumulation Model as the diversification mechanism of G. salicornia in 

the Indo-Pacific Ocean. 

Even though the role of extant vicariance in driving diversification of tropical 

marine macroalgae might also be suggested as contributing causes for marine genetic 

diversification and speciation (Barber and Bellwood 2005; Williams and Duda Jr 2008; 

Malaquias and Reid 2009), the existence of contemporary factors such as present 

patterns of water temperature, salinity, and wave action could help generate new or 

maintain historical phylogeographic structure in the region. Additionally, quite strong 

signals in Mismatch Distribution and Bayesian Skyline Plot effectively detected the 

presence of recent demographic history (such as population expansion) and estimated 

time of population expansion or divergence. 

Genetic diversity and the geographic structuring of this diversity based on of DNA 

sequences data provided novel insights on the evolution, distribution and connectivity 

among G. salicornia and H. pannosa extant populations in the CT and IAA region. The 

genetic markers used in this study demonstrated to be useful tools for both 

phylogeographic and phylogenetic analyses, including demographic history evaluation 

in seaweed studies.  
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Overall, findings from our study into the origin and evolution of tropical 

macroalgal diversity agree with a recent review of Bowen et al. (2013) - which 

recognized geological, climatic and oceanographic processes as being the main 

biogeographic drivers in the IAA region. This is characterized by a combination of hard, 

soft and intermittent barriers to connectivity within the region, such as oceanic 

currents water masses, expanses of deep ocean, or land masses exposed during 

glaciation.  Our study findings confirm that the evolutionary history and distributional 

pattern of G.salicornia reflects the physical oceanographic characteristics and 

Pleistocene oceanographic history of the IAA region (particularly the ITF as the major 

connection between the Pacific-Indian Ocean basins). With the origin of G. salicornia 

diversity in the Indo-Pacific Ocean consistent with center of accumulation model. 

However, more comparative phylogeographic studies using other macroalgal species, 

wider and more complex sampling schemes within the IAA, and integrating of either 

multiple genetic loci or even phylogenomic approaches are needed to strengthen 

these proposed hypothesized scenarios.  Finer-scale paleoceanographic studies, 

particularly of the IAA (and CT) region would also provide valuable evidence to test 

these hypotheses.   

This research also highlights the importance of adequate sample sizes and 

sampling across geographical and ecologically relevant scales. Limited sample sizes can 

make accurate estimates of population parameters and reconstruction of demographic 

histories of populations, difficult.  For instance, attempts to reconstruct the 

demographic history of G.salicornia populations in the Indo-Pacific using coalescence 

analysis were constrained by small sample sizes (as well as divergence halotypes).   

Similarly, sampling across geographical scales (particularly at the finer scale), is 

important for biogeographic interpretations of results, and also to confirm whether 

any genetic differentiation is a result of a ‘barrier’ rather than distance. For instance, 

finer-scale sampling of east-west populations of G.salicornia in the WL region was able 

to define the WL as a porous barrier to gene flow. In contrast, additional samples for 

H.pannosa, particularly in the Wallacea region (eastern Indonesia, Timor-Leste), 

Philippines and northern Australia ,could undoubtedly have provided valuable finer-

scale testing and biogeographic interpretations of the influence of the ITF, including 
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the potential influence of its three major outflow passages (Ombai, Timor, Lombok).  

This is also a significant opportunity for future research.   

Future research priorities could also address the confirmation of the existence of 

cryptic species.  For instance, in H.pannosa, the haplotypes for both cox1 and rbcL 

were both deeply divided (indicating ancient isolations between populations), with 

large sequence divergences possibly indicating cryptic species.  However, with the 

constraints of sampling, it was not clear from the haplotrees or networks where 

species boundaries might be located.  

 

5.2. Conclusions 

In conclusion, our study supports the hypothesis that isolation and connectivity 

between different habitats and distinct geographic locations, mediated by the 

interplay between past phylogeographic histories and current oceanic currents and 

landmasses, shaped marine macroalgae genetic diversity, and speciation within the 

Indo-Australian Archipelago region. The origin of G. salicornia diversity in the Indo-

Pacific Ocean is consistent with center of accumulation model. Due to its passive 

dispersion and recruitment of G. salicornia, its evolutionary distributional pattern can 

be predicted using physical oceanographic characteristics between Pacific and Indian 

Oceans through the Indonesian Through-Flow within the Indo-Australia Archipelago. 

More comparative phylogeographic studies using other macroalgal species, wider and 

more complex sampling schemes within the IAA, and integrating of either multiple 

genetic loci or even phylogenomic approaches are needed to strengthen the 

hypothesized scenarios here proposed. 
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