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Abstract 

 

To persist in oligotrophic waters, reef-building corals rely on nutritional interactions with their 

intracellular symbionts: photosynthetic dinoflagellates of the genus Symbiodinium. This relationship is 

threatened by increasing environmental stress, which can stimulate loss of these symbionts from coral 

tissues (‘coral bleaching’). Members of the genus Symbiodinium display high levels of genetic diversity, 

and demonstrate a corresponding diversity in physiological responses to environmental change. 

However, the true diversity and potential for genetic adaptation in this genus remain poorly 

characterised. 

 

This thesis aimed to further the understanding of symbiont diversity and adaptive potential by 

conducting assessments of Symbiodinium at Atauro Island and the neighbouring Timor-Leste mainland. 

These sites have previously been shown to be of outstanding conservation value, with extremely high 

levels of coral diversity. Atauro Island also possibly hosts the highest diversity of reef fish in the world. 

However, the Symbiodinium communities at these sites have never been assessed. Two specific 

objectives were therefore addressed here. The first was to measure Symbiodinium diversity at Atauro 

Island (four sites) and Timor (three sites), using direct sequencing of three gene regions: cob gene, 

mitochondrion; ITS2 region, nucleus; and psbAncr region, chloroplast; in addition to Next Generation 

Sequencing of the ITS2 region. The second objective was to establish evidence for Symbiodinium 

hybridisation, a potentially rapid evolutionary mechanism that may facilitate adaptation to 

environmental stress, by looking for genetic incongruences between Symbiodinium organelles. 

 

Coral symbionts of Timor-Leste were found to be similar to those from other coral reefs of the Indo-

Pacific, with several host generalist and multiple host specific types observed. However, there were 

also several novel Symbiodinium types found (C15p, C15q, C1x, C1z). Despite their geographic 

proximity, there were strong differences observed between the symbiont communities of Atauro Island 

and mainland Timor. In particular, the coral genus Pocillopora hosted clade C symbionts exclusively 

at Atauro Island, while it hosted clade D exclusively at Timor sites. Other symbiont types also showed 

geographic partitioning, and diversity was 1.25 times higher at Atauro Island, a figure consistent for the 

cob and ITS2 regions. While Timor sites have comparable Symbiodinium diversity to other reefs 

globally, Atauro has noticeably elevated Symbiodinium diversity. Next Generation Sequencing affirmed 

these patterns, with Atauro Island sites having much more diverse cryptic populations of Symbiodinium, 

largely driven by symbionts in clade C. The exception was clade D symbionts, which were 

proportionally far more diverse at Timor, a pattern consistent in multiple coral genera. 

 

There was strong evidence of genetic incongruence at two Atauro Island sites, with all testing 

procedures identifying genetic discordance between organellar and nuclear genomes, consistent with 
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theoretical predictions of hybridisation. This study therefore presents strong evidence for Symbiodinium 

hybridisation, and its corroboration by multiple loci is significant. Putative hybrid Symbiodinium always 

had a common type as one of the possible parents, with a rarer symbiont as the other. For example, one 

putative hybrid had organellar genes of the common generalist Symbiodinium C40, while it was 

identified as the rare type C3z with the ITS2 region. Both of these Symbiodinium types were also found 

in congruent relationships, which strongly supports the possibility that they sexually reproduced to 

produce the incongruent putative hybrid.  

 

Environmental stressors, such as increased temperature, turbidity and sedimentation, are suggested 

reasons for lowered Symbiodinium diversity at Timor, as they may impose a selection pressure on corals 

to only keep highly beneficial symbionts. This reduction in diversity likely limits the potential for 

adaptive change through methods like hybridisation, and highlights the need to assess and conserve 

symbiont diversity to the same extent as coral diversity.  
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Chapter 1: General Introduction  

 

1.1. Coral reefs and symbiosis 

 

1.1.1. Symbiosis 

 

Symbiosis was originally defined as “the living together of unlike organisms” (de Bary 1879). Broadly, 

symbiosis has since been recognised as the persistent association between different species, a definition 

which encompasses a continuum from positive (mutualistic) to negative (parasitic) interactions 

(Douglas 2008). In addition, a symbiosis may switch from mutualism to parasitism, or vice versa, in 

changing conditions (Werren et al. 2008). These sorts of associations are both common and ecologically 

important, such as the symbiosis between mycorrhizal fungi and terrestrial plants, which is responsible 

for up to 75% of phosphorus and 80% of nitrogen taken up by land plants annually (van der Heijden et 

al. 2008). It is also apparent in most animal taxa, such as the association between the Wolbachia 

bacterium and most terrestrial arthropods (Werren et al. 2008). 

 

Such associations can be ectosymbiotic, where one partner remains outside the other, or endosymbiotic, 

where one partner lives in the tissues of another, which can be considered a controlled infection 

(Hentschel et al. 2000). Aside from the ubiquitous case of bacteria living inside animal guts, one of the 

most common and ecologically relevant cases of endosymbiosis occurs between single-celled 

photosynthetic organisms and marine invertebrates (Yellowlees et al. 2008). Examples include the 

green alga Chlorella living inside hydra (Muscatine et al. 1974), and the cyanobacterium Prochloron 

inside ascidians (Seewaldt and Stackebrandt 1982). However, one of the most studied and globally 

recognised endosymbionts in this category are single-celled dinoflagellates of the class Dinophyceae 

(sensu Gomez 2012). These were identified as microalgae by the end of the mid-nineteenth century 

(Brandt 1881), though they were thought to be cryptomonads by authors of this time (Trench 1997). 

They were first successfully described as dinoflagellates by Hovasse (1923), though he considered them 

purely parasitic. It was not until the work of Kawaguti (1944) that they became widely recognised as 

potentially providing a benefit to their hosts. Today, there are eight recognised endosymbiotic genera 

of dinoflagellates (Gomez 2012; see also Trench 1997 for a review). The most ecologically prevalent 

of these genera was initially named Gymnodinium (Kawaguti 1944), but was seminally defined by 

Freudenthal (1962) as Symbiodinium.     
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1.1.2. Symbiodinium and coral reefs 

 

Symbiodinium (Freudenthal 1962) are circular brown single-celled dinoflagellates (Trench and Blank 

1987), known colloquially as ‘zooxanthellae’. They are photosynthetic organisms, using sunlight to 

capture energy and transform it into organic compounds for metabolic use. In nature, Symbiodinium 

exist with a wide variety of organisms such as giant clams (Tridacna spp.), jellyfish, sponges and sea 

anemones (Baillie et al. 2000b; Pochon et al. 2006; Sachs and Wilcox 2006; Yellowlees et al. 2008). 

However, they are most commonly recognised for the association with cnidarians of the order 

Scleractinia, the reef-building corals (Figure 1.1a). 

 

 

Figure 1.1: The cnidarian-dinoflagellate symbiosis. (a) Symbiodinium contributes nutritional support in addition 

to the often bright colouration of reef-building corals (Acropora millepora, Lamsana Inlet, Timor-Leste). (b) 

Confocal image of Symbiodinium cells (fluorescent white) inside the tentacles of sea anemone Exaiptasia pallida, 

a good model organism for coral reefs. Each symbiont is sequestered in a host cell. Scale bar is 50 µm. Both 

images by the author. 

  

The association between hard corals and dinoflagellate symbionts has ancient roots: it is believed to 

have originated ~240 million years ago (MYA) in the Triassic (Glynn 1996; Stat et al. 2006) and 

explains the establishment of productive reefs at this time (Muscatine et al. 2005). It has also been 

hypothesised that coral-algal symbioses may have established as early as the Middle Silurian, 430 MYA 

(Zapalski 2014). The current Symbiodinium species complex only evolved ~65 MYA (Tchernov et al. 

2004), and perhaps as recently as 50 MYA (Pochon et al. 2006; 2014), indicating that hard corals have 

had a variety of symbiotic partners through evolutionary time.  

 

It has been suggested that cnidarians are well suited to host a photosymbiont thanks to their simplistic 

body plan and high surface to volume ratio, which facilitates the efficient capture of light (Venn et al. 

2008), and allows large densities of Symbiodinium to be present (Figure 1.1b). It was initially thought 
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that these symbionts existed intercellularly between the cells of the coral polyps (Kawaguti 1964). 

While some bivalves do harbour Symbiodinium intercellularly in a tubular system (Coffroth and Santos 

2005), it has since been shown that coral gastrodermal cells host one or more symbionts intracellularly, 

which are contained in an animal-derived vacuole known as the symbiosome (Davy et al. 2012). These 

symbionts can either be obtained through vertical transmission (being passed from parent to offspring 

via gametes), or horizontal transmission (taken up from the surrounding seawater) (Douglas 1998; 

Schwarz et al. 1999; Byler et al. 2013). 

 

The cnidarian-dinoflagellate symbiosis is important as it facilitates the growth of coral reefs, and hence 

underpins their critical ecosystem provisioning in oligotrophic tropical waters (Odum and Odum 1955; 

Muscatine and Porter 1977). This is achieved through the symbionts photosynthesising and providing 

a large majority of the resulting materials to their coral hosts (Muscatine et al. 1984). It has been 

estimated that symbionts provide between 80% and 130% of a coral’s daily metabolic needs (Muscatine 

and Porter 1977), with the accepted average around 95% (Falkowski et al. 1984; Hoegh-Guldberg et 

al. 2007).  

 

 

Figure 1.2: Partner location and nutritional exchange in the coral-algal symbiosis. DIN=Dissolved Inorganic 

Nitrogen; DIC=Dissolved Inorganic Carbon. Adapted from Davy et al. (2012).  
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This is accomplished through the transfer of high-energy carbon-based compounds from symbiont to 

host (Muscatine and Porter 1977; Venn et al. 2008; Figure 1.2), as demonstrated by the pioneering 14C-

radiotracer study of Muscatine and Hand (1958). Since then, it has been demonstrated that compounds 

transferred include glucose (Burriesci et al. 2012), glycerol (Trench 1979) and lipids (Kopp et al. 2015), 

as well as a wide variety of organic acids and amino acids (see Davy et al. 2012 for a review). These 

organic materials encourage host tissue growth as well as calcium carbonate accretion, ensuring that 

corals maintain their ecological function (Cantin et al. 2009). In addition, the symbiosis allows for the 

efficient recycling of limiting nutrients such as nitrogen by taking up host nitrogenous waste and using 

it in the production of compounds such as amino acids which it transfers back to the host (Muscatine 

and Porter 1977; Yellowlees et al. 2008; Figure 1.2). Further, corals in symbiosis display reduced net 

ammonium production, also allowing for nitrogen conservation (Wang and Douglas 1998). In return, 

the symbiont receives multiple benefits, such as protection from grazers and a stable position near the 

surface to capture downwelling light (Wilcox 1998; Davy et al. 2012). As such, this productive 

association has turned coral reefs into a socially and ecologically important ecosystem.  

 

1.1.3. Coral importance and threats 

 

Coral reefs are extremely important for tropical coastal communities. They provide an accessible source 

of protein in terms of abundant fish communities, both for local consumption and export, and protect 

shorelines from erosion (Moberg and Folke 1999; Cinner 2014). Coral mining provides many raw 

materials for building and construction, especially in nations which lack developed infrastructure 

(Moberg and Folke 1999). Corals are also a crucial source of tourism for many tropical nations that are 

still growing economically (Hughes et al. 2003; Pratchett et al. 2008), and hold a cultural and spiritual 

significance for many communities whose ancestry and mythology is intrinsically linked with the 

nearshore marine environment (Hicks et al. 2009). Overall, coral reefs have been valued at US$375 

billion annually (Costanza et al. 1998; Cinner 2014). 

 

Corals are also hugely ecologically important. Despite encompassing <0.5% of the ocean’s surface 

(Moberg and Folke 1999), they host between one quarter and one third of the world’s fish species 

(McAllister 1991; Allen 2008). Their topographical complexity provides a wide variety of feeding 

opportunities and niches (Pratchett et al. 2008; Graham and Nash 2013), though it is important to note 

that a topographically complex environment alone is not enough to support this level of biodiversity: 

live coral cover is crucial to maintain ecosystem function (Coker et al. 2014). In addition, coral reefs 

also provide nursery areas for juveniles of many species that do not associate with corals as adults 

(Coker et al. 2014), further emphasising their vital ecological function.  
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Therefore, the effects of coral loss are widely felt. Coral degradation is associated with a severe 

economic impact for nations which conduct a majority of their fishing around reefs such as Indonesia 

(Cheung et al. 2010), thanks to a breakdown of trophic structure and associated fish communities. There 

may also be significant economic losses due to a reduction in tourism (Pratchett et al. 2008). On a more 

local scale, ecological failure of reefs has led to extreme hardship for many vulnerable communities, 

such as those on the eastern coast of Africa (Cinner et al. 2012), and a corresponding degradation of 

cultural values (Hicks et al. 2009).  

 

A significant number of the world’s coral species are at an elevated risk of extinction (Carpenter et al. 

2008). This failure of reef ecosystems is attributable to a variety of factors. Destructive fishing practices, 

such as dynamite fishing or cyanide fishing, break or poison coral reefs, with their continued use 

preventing recovery (Edinger et al. 1998). Ocean acidification also contributes to the breakdown of 

reefs, by both reducing the concentration of carbonate ions that corals use to build their skeletons and 

increasing skeletal dissolution into the surrounding seawater (Anthony et al. 2008; Edmunds et al. 

2016). A wide range of coral diseases affect both Caribbean and Indo-Pacific populations, and are 

positively correlated with increased temperatures (Bruno et al. 2007). Further, increased runoff leads to 

eutrophication, which can create an imbalance in host-symbiont exchange and promotes macroalgal 

growth, which competes with corals for space and light (Dubinsky and Stambler 1996). Invasive 

organisms such as Terpios hoshinota (“black disease sponge”) also have the potential to smother corals, 

leading to significant impairment or death (Madduppa et al. 2017). In addition, the interaction of 

multiple factors can have synergistic effects and accelerate coral degradation (Higuchi et al. 2015). 

However, the most well-studied and pervasive factor threatening coral reefs is extreme temperature 

(Iglesias-Prieto et al. 1992; Hoegh-Guldberg 1999).  

 

1.1.4. Coral bleaching 

 

Heat stress is the most common cause of coral bleaching (Carilli et al. 2012), a phenomenon so-called 

because it causes a pale white colour in corals, as opposed to the typical rich brown. This is due to either 

the symbionts losing their photosynthetic pigments, or a complete loss of the symbionts themselves 

from coral tissues (Hoegh-Guldberg and Smith 1989; Bieri et al. 2016). Their loss is a major contributor 

to coral mortality, as corals cannot maintain their metabolic needs through heterotrophy alone, leading 

to a cessation of calcium carbonate deposition and susceptibility to other impacts such as disease (Glynn 

1996). The first verified report of bleaching associated with heat stress came from corals on the Pacific 

coast of Panama, which experienced a loss of symbionts during abnormally high sea-surface 

temperatures (Glynn 1983). Given that corals live close to their thermal tolerance anyway (Fitt et al. 

2001), increased temperatures associated with climate change have led to catastrophic bleaching 

(Hoegh-Guldberg et al. 2007). There have been three pan-tropical bleaching events associated with El 
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Nin᷉o events, all in recent memory (1998, 2010, 2015-16), which led to 16% global coral mortality 

during the 1998 event (Hoegh-Guldberg 1999) and over 60% of corals bleaching on the Great Barrier 

Reef in 2016 (Hughes et al. 2017).  

 

Early work implicitly linked bleaching incidence with symbiont health, concluding that bleaching 

occurred due to damage to photosystem II (PSII) of the symbionts (Jones et al. 1998; Warner et al. 

1999). More recently, the main mechanism has been identified as oxidative stress (Lesser 2011), 

through the generation of reactive oxygen species (ROS) (Levin et al. 2016). Several proteins in the 

thylakoid membrane of the symbiont chloroplast are easily destabilised, and consistently repaired (Weis 

2008). However, under heat stress the damage outpaces the repair mechanism, leading to dysfunction 

of the photosystem and a back-up of excitation energy (Weis 2008). These free electrons, along with 

oxygen produced by photosynthesis, go on to form ROS, such as superoxide (O2
-) and hydrogen 

peroxide (H2O2) (Lesser 2006). These ROS can damage cellular constituents such as membranes 

directly, which may lead to in situ symbiont degradation or expulsion from the host (Tchernov et al. 

2004). There is also the potential for high levels of ROS to stimulate the production of nitric oxide (NO) 

via an immune response, which can be produced by both hosts (Weis et al. 2008) and symbionts 

(Bouchard and Yamasaki 2008). NO has been shown to increase under heat stress and stimulate 

caspase-like enzyme activity, associated with apoptosis (Hawkins et al. 2013). Interestingly, despite the 

primary site of ROS production typically thought to be the symbiont, there is evidence of a host 

antioxidant response before the symbiont is visibly impacted (Hawkins et al. 2013; Krueger et al. 2015). 

In addition, heat stress was demonstrated to significantly alter the metabolic profile of compounds 

transferred from host to symbiont, as well as the other way around (Hillyer et al. 2016). Collectively, 

these results suggest that bleaching is due to impacts on both the hosts and the symbionts. The 

observation that different host-symbiont combinations have variable susceptibility to bleaching (e.g. 

Baker 2001; Bay et al. 2016) makes understanding symbiont diversity a high priority for the study of 

coral reef biology.  

 

1.2. Symbiont diversity 

 

1.2.1. Recognition of diversity within Symbiodinium 

 

The genus Symbiodinium was originally thought to be monospecific, with a single representative 

Symbiodinium microadriaticum isolated from the upside-down jellyfish Cassiopeia xamachana 

(Freudenthal 1962). However, early taxonomic work began to reveal diversity that challenged this view. 

Gel electrophoresis of protein composition of symbionts isolated from different hosts revealed 

significant polymorphism, and led the authors to suggest that assigning all Symbiodinium to the same 

species was erroneous (Schoenberg and Trench 1980a). Further work on these symbiont isolates 
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revealed divergent morphologies and varied potential to colonise hosts (Schoenberg and Trench 1980b, 

c). Investigation of chromosome volumes between symbionts also suggested that there are multiple 

species in the genus (Blank and Trench 1985). However, it was not clear whether the differences 

presented just indicated different strains of the same species, due to slightly different environments 

inside coral hosts (e.g. Fitt et al. 1981). 

 

The uncertainty can be ascribed to a lack of resolution in early techniques: characteristics like cell size, 

cell shape or protein composition do not exhibit significant variation and are poorly correlated with true 

phylogenies, particularly in Symbiodinium (Wilcox 1998; LaJeunesse et al. 2012). While a combination 

of morphological, behavioural and physiological methods was used to definitively split the genus into 

multiple species (Trench and Blank 1987), it was not until the advent of sophisticated genetic techniques 

that the true diversity within Symbiodinium came to be appreciated (see Section 2.2). 

 

 
Figure 1.3: Phylogeny of clades (A-I) within Symbiodinium. Adapted from a tree constructed by S. Wilkinson for 

inclusion in Sheppard et al. (2017). Species in inverted commas lack formal description. 

 

The seminal work of Rowan and Powers (1991a, b) identified three different ‘groups’ of Symbiodinium: 

A, B, and C. These are potentially as different to each other as the whole genus is to other dinoflagellates 

(Rowan and Powers 1992). These different groups became known as clades, a term in common usage 

by the turn of this century (e.g. Carlos et al. 1999; LaJeunesse 2001). There are now nine known clades, 
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designated A-I (Pochon and Gates 2010; Figure 1.3). Of the nine, clades A-D most commonly associate 

with corals (Pochon et al. 2014), though F and G also persist naturally with corals (Pochon et al. 2006). 

Of the remaining clades, H and I associate with foraminiferans (Pochon et al. 2014) and E is generally 

exclusively free-living (Jeong et al. 2014), though it has been reported inside an anemone (LaJeunesse 

2001). Members of all clades have also been found in the free-living state (Pochon et al. 2014).  

 

Recently, fine-scale research has also revealed marked diversity within clades, with intra-clade genetic 

groups generally referred to as ‘types’ (Finney et al. 2010; Silverstein et al. 2011). Clade C is the most 

diverse, with potentially hundreds of types (LaJeunesse 2005; Thornhill et al. 2014). However, even 

clades originally thought not to be that diverse have been shown to contain high variety, such as clade 

B (Parkinson et al. 2016) and clade D (LaJeunesse et al. 2014). The possible reasons for such 

diversification are numerous. Symbionts show a large number of somatic mutations, which could play 

a role in adaptive evolution (van Oppen et al. 2011a). This could be combined with a lack of gene flow 

which further encourages differentiation, particularly in clade C (Howells et al. 2009). Indeed, it is 

estimated that a massive radiation of Symbiodinium occurred 15-5 MYA, thanks to the closing of the 

Tethys Sea and Central American Isthmus which led to isolated populations (Pochon and Pawlowski 

2006). In addition, individual coral hosts can be thought of as a distinct habitat, with subtle differences 

in intracellular pH and temperature (LaJeunesse 2005). This encourages niche diversification and could 

promote high diversity, even in those corals where the symbionts are transmitted horizontally 

(LaJeunesse et al. 2004a; Thornhill et al. 2014). 

 

1.2.2. Summary of genetic tools used in Symbiodinium systematics  

 

The use of genetic markers was facilitated through the use of the polymerase chain reaction (PCR), 

which allowed for the amplification of DNA reasonably cheaply and quickly, meaning that genes could 

be studied in greater detail than before. See Table 1.1 for studies that utilise the genes discussed below. 

 

Initially, Symbiodinium taxonomy was primarily determined via the analysis of rDNA – nuclear genes 

in the ribosomal operon (Coffroth and Santos 2005; Barbrook et al. 2006). The first of these utilised 

was the ribosomal small subunit gene, known as the SSU or 18S gene. This was analysed with restriction 

fragment length polymorphisms (RFLPs) and direct sequencing (Rowan and Powers 1991a, b). 

However, as it is a coding region it is relatively conserved and evolves slowly (Wilcox 1998; Hansen 

and Daugbjerg 2009). Even at the time it was recognised as inappropriate for exploring diversity 

(Rowan and Powers 1991a), and has since been discredited as a useful molecular marker for 

Symbiodinium (LaJeunesse 2001). The large subunit gene (LSU or 28S) was judged to offer higher 

resolution and able to answer specific ecological questions (Wilcox 1998). It is useful for differentiating 

between different clades, and is still used to explore broad-scale diversity within the genus. It is 
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considered by some to be the clade-level benchmark (Pochon et al. 2014). However, while it has also 

been used to define new species (Hansen and Daugbjerg 2009), its within-clade resolution is poor and 

it cannot be used to differentiate closely-related types (LaJeunesse 2001). This is in contrast to the 

internal transcribed spacer region (ITS), consisting of the ITS1, 5.8S and ITS2 regions. While the 5.8S 

region is also coding and adds nothing to the information provided by the SSU and LSU, the non-coding 

ITS1 and ITS2 exhibit much greater phylogenetic resolution (LaJeunesse 2001). In particular, the ITS2 

region was judged to be superior to all previously tested gene regions (LaJeunesse 2002). The use of 

the ITS2 is discussed further in Section 1.2.3. 

 

Markers using symbiont organelles were subsequently explored. In the chloroplast, the cp23S gene was 

found to support the phylogenies produced by the ITS region, providing the first non-nuclear 

verification of Symbiodinium taxonomy (Santos et al. 2002). It evolves an order of magnitude faster on 

average than either the LSU or SSU (Santos et al. 2002), and remains in use today for fine-scale within-

clade genetic studies. The psbA-D1 protein-coding region of the chloroplast minicircle has also been 

investigated, and shown to evolve 1.2-18 times faster than the SSU (Takishita et al. 2003). However, it 

has rarely appeared in studies since. In contrast, markers in the mitochondrial genome (cob, co1) are 

reasonably common, despite their protein-coding nature contributing to a slow evolutionary rate 

(LaJeunesse et al. 2012). They have largely been used to ground-truth findings from other genes. 

 

Microsatellites, small repeated elements in the genome, are sporadically used in Symbiodinium 

taxonomy. They are excellent markers for distinguishing between similar types within clades, but 

remain uncommonly used due to their low transferability: new markers often have to be designed for 

each specific study. In terms of resolution, they complement rather than add to current markers 

(Thornhill et al. 2014). This issue regarding development of markers (especially trying to make them 

useful for all clades), is one of the main reasons why less than 15 gene loci have been utilised for 

Symbiodinium systematics (Pochon et al. 2012, 2014; Table 1.1). Of these, three loci have been 

considered benchmarks (Pochon et al. 2012): the 28S/LSU region for clade-level studies, and the ITS2 

and cp23S markers for within-clade diversity.  
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Table 1.1: Genes or gene regions that have been used in Symbiodinium genetic studies. Synonyms are separated 

by slashes (where applicable). Genes that have been explored but have not been utilised in an actual phylogenetic 

study are excluded.  

GENE SELECTED REFERENCES 

Nuclear genome 

nr18S / 18S / SSU Rowan and Powers 1991a, b; Rowan and Powers 1992; Carlos et al. 

1999; Takishita et al. 2003 

nr28S / 28S / LSU Wilcox 1998; van Oppen et al. 2001a; LaJeunesse et al. 2003; 

Pochon et al. 2006; Sampayo et al. 2009; Pochon et al. 2014; Rouzé 

et al. 2017 

ITS1 Baillie et al. 2000a; van Oppen et al. 2001a, 2005; Rodriguez-

Lanetty 2003; Sampayo et al. 2009; Cumbo et al. 2013 

5.8S Sampayo et al. 2009 

ITS2 LaJeunesse et al. 2003; LaJeunesse 2005; Sampayo et al. 2009; 

Finney et al. 2010; Pochon and Gates 2010; Kemp et al. 2015; 

Wilkinson et al. 2015; Ziegler et al. 2017a; this study 

elf2 Pochon et al. 2014; Hume et al. 2016 

Mitochondrial genome 

cytochrome b / cob / cyt b Zhang et al. 2005; Sampayo et al. 2009; LaJeunesse et al. 2012; 

Pochon et al. 2014; Hume et al. 2015; Parkinson et al. 2015b; this 

study 

cytochrome oxidase 1 / co1 / cox1 Takabayashi et al. 2004; Pochon et al. 2014; Bongaerts et al. 2015b 

Chloroplast genome 

cp23S Santos et al. 2002; Pochon et al. 2006; Sampayo et al. 2009; Pochon 

and Gates 2010; Pochon et al. 2014; Hume et al. 2015 

psbA minicircle non-coding region / 

psbAncr 

LaJeunesse and Thornhill 2011; Pinzon and LaJeunesse 2011; Jeong 

et al. 2014; Thornhill et al. 2014; Hume et al. 2015; this study 

psbA minicircle D1 protein-coding 

gene / psbA-D1 

Takishita et al. 2003; Pochon et al. 2014; Hume et al. 2016 

Microsatellites 

Various tandem repeat regions Santos and Coffroth 2003; Pettay and LaJeunesse 2007; Finney et al. 

2010; Wham et al. 2011, 2014; LaJeunesse et al. 2012, 2014; 

Thornhill et al. 2014 

 

1.2.3. Assessing diversity with the ITS2 

 

Of the three benchmarks, the ITS2 region is by far the most commonly used (Stat et al. 2006, 2012; 

Wilkinson et al. 2015; Ziegler et al. 2017a). Thanks to the tandem repeat of rDNA genes in the nucleus, 

it is multiple copy (Arif et al. 2014). It is also reasonably short, ranging from 180-320 base pairs, though 

some may be shorter or longer (LaJeunesse 2001; Ziegler et al. 2017a). This combination means that it 

is easy to detect and amplify, even if the DNA is slightly degraded (Yao et al. 2010). In addition, it is 

biparentally inherited (unlike organellar genes), which means ITS2 variation within the genome can 

signify recombination (Baldwin et al. 1995; Rybalka et al. 2013). It is considered a universal barcode 

marker for several large taxonomic groups, including plants (Yao et al. 2010) and fungi (Schoch et al. 

2012).  
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1.2.3.1. Issues with the ITS2 region 

 

There are, however, issues associated with the ITS2 region. Despite its non-coding nature, it has recently 

been posited to have quite a slow evolutionary rate (Thornhill et al. 2014), and may not be able to fully 

resolve Symbiodinium species, especially in the highly diverse clade C (LaJeunesse 2005). Another 

problem is the method of assessment of the ITS2. Traditionally, this has been done via PCR and then 

denaturing gradient gel electrophoresis (DGGE), a method that can separate PCR products of the same 

length but different base composition (Muyzer and Smalla 1998). The dominant bands, representing the 

most common PCR products, are then excised and potentially sequenced (LaJeunesse 2002). This 

became a common way of assessing diversity in communities, particularly for symbionts inside a coral 

host (Arif et al. 2014; e.g. see LaJeunesse et al. 2003, 2004a, 2005). This can be problematic: weaker 

bands can be masked by background staining (Muyzer and Smalla 1998), potentially missing less 

common ITS2 variants. Indeed, it has been shown that PCR-DGGE is unable to detect symbiont 

populations at less than 5-10% abundance inside a coral (Pochon et al. 2006; Thornhill et al. 2006; 

LaJeunesse et al. 2008; Quigley et al. 2014). There is also a lack of reproducibility: it is down to the 

individual researcher as to what bands to sequence, and machine differences may mean that band 

strength and migration distance are inconsistent between studies.  

 

This is exacerbated by intragenomic variation found within the ITS2. Because it is multiple-copy, a 

single cell can exhibit different ITS2 sequences due to a range of processes. In some cases, ITS2 

sequences can vary more between cells of the same type than between different types (Stat and Gates 

2010). One of the most common causes of this is incomplete lineage sorting (ILS) (Som 2014; Figure 

1.4). In ILS, polymorphisms in a single ancestral lineage are not fully separated in descendant lineages, 

leading to different copies of the gene in a single organism. Many studies report such intragenomic 

variation in Symbiodinium from both the ITS1 and ITS2 region (e.g. Baillie et al. 2000a; van Oppen et 

al. 2005; Thornhill et al. 2007; Arif et al. 2014), and this is often attributed to ILS (LaJeunesse et al. 

2004a; Arif et al. 2014). However, other evolutionary mechanisms such as hybridisation can also 

generate intragenomic variation (Wilkinson et al. 2015). Despite the prevalence of intragenomic 

variation in Symbiodinium, it remains largely unquantified (Thornhill et al. 2007; Arif et al. 2014). 

Using the insensitive DGGE method of assessment, such subtleties are not considered. 

 

1.2.3.2. Advances for the ITS2 region  

 

A recent advance has been quantitative PCR (qPCR). This is a more sensitive technique and allows the 

visualisation of low-frequency ITS2 variants (Zhou et al. 2011; Bay et al. 2016). Using qPCR,  
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Figure 1.4: Lineage sorting in a multi-copy gene. (a) An ancestral lineage with multiple copies (green squares) of 

a single gene. (b) Gene copies mutate (red and blue squares) during duplication or repair, and persist due to 

redundancy in the genetic code or through their presence in a non-coding region. (c) Through processes like 

unequal crossing over during meiosis, mutations can either proliferate (blue mutation) or be eliminated (red 

mutation). (d) Through routes like allopatry, the ancestral lineage may diversify into multiple descendant lineages. 

(e) The processes in (c) continue, leaving lineages with different copies of the gene region within the same 

genome. Lineages characterised at this stage display intragenomic variation. (f) If enough generations have 

passed, the gene regions will completely homogenise and give a consistent phylogenetic signal (subject to new 

mutations arising). Adapted from Wilkinson (2015).  

 

researchers have detected significant background populations of different symbionts in corals thought 

previously to exclusively host one specific type (e.g. Mieog et al. 2007; Correa et al. 2009; Silverstein 

et al. 2012; Kennedy et al. 2015). While this approach has increased resolution in the ITS2, it is still 

impossible to tell if rare divergent sequences represent a separate symbiont population or intragenomic 

variation. Bacterial cloning has been suggested as a way of separating out all the sequences in a sample, 

but this can overinflate diversity estimates by increasing the frequency of rare sequences (Thornhill et 

al. 2007; LaJeunesse and Thornhill 2011).  

 

Because of these issues, an operational taxonomic unit (OTU) has been proposed, where everything 

less than 0.03 genetic units is collapsed into a single OTU (which is treated as a ‘species’); the variation 

within this OTU is believed to result from meaningless intragenomic differences (Arif et al. 2014). This 

has allowed the partitioning of intra- and inter-genomic variation (Quigley et al. 2014; Thomas et al. 

2014). This approach has been combined with advances in Next Generation Sequencing (NGS), which 

can return readable sequences for all variants in a sample as opposed to just the most common (as per 

normal sequencing of PCR products). Thanks to lowered costs, this method has become increasingly 

frequent in the last four years for studying symbiont diversity, and has led to a 10,000-fold increase in 

sensitivity (e.g. Arif et al. 2014; Quigley et al. 2014; Thomas et al. 2014; Cunning et al. 2015b; Bay et 
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al. 2016; Ziegler et al. 2017a). However, the OTU approach also has limitations. For example, the 

ecologically distinct Symbiodinium types C1 and C3 are separated by just one base pair in the ITS2 

region, meaning they would likely be clustered in a single OTU if the researcher was not aware of this. 

 

1.2.4. Beyond the ITS2   

 

Analysing diversity within Symbiodinium is made more difficult by the difference in copy number 

between different clades (Arif et al. 2014). For example, clade D has three times as many copies of the 

ITS1 region as clade C does (Mieog et al. 2007). This can lead to incorrect comparisons of diversity, 

as a higher copy number may lead to higher levels of intragenomic variation (Thornhill et al. 2007; 

LaJeunesse and Thornhill 2011). Recently, other markers have been developed that may delineate 

species in a more convincing manner. The chloroplast psbA minicircle non-coding region (psbAncr) was 

first suggested in the mid-2000s (Moore et al. 2003; Barbrook et al. 2006), but was not utilised in a 

diversity study until 2011 (LaJeunesse and Thornhill 2011; Pinzon and LaJeunesse 2011). Since then, 

it has been used to define new symbiont species (e.g. Hume et al. 2015; LaJeunesse et al. 2015), and 

has been shown to be very fine-scale, evolving 10-20 times faster than the ITS2 (Thornhill et al. 2014). 

In addition, intragenomic variation appears to be less of an issue (LaJeunesse and Thornhill 2011). 

However, its high variability makes it difficult to align: in one study even sequences from two types of 

the same clade could not be aligned (Thornhill et al. 2014). 

 

Other markers have also been determined to have potential, such as the actin gene (Watanabe et al. 

2006; Pochon et al. 2012) and the rad24 gene (Pochon et al. 2012). However, these are yet to be used 

extensively in Symbiodinium systematics.  

 

The Symbiodinium taxonomy field has reached the realisation that a single marker by itself is not 

appropriate for symbiont taxonomy (Pochon et al. 2012; Arif et al. 2014; Ziegler et al. 2017a). As well 

as the advantages and drawbacks they all possess, a single marker cannot be used to fully understand 

issues of hybridisation, horizontal gene transfer or indeed any issue impacting the evolutionary history 

of diversity (Som 2014; Govindarajulu et al. 2015). Increasingly, multiple markers are being used. 

Initially this took the form of concatenated datasets used to verify previous observations (Pochon et al. 

2006). It has now become common to simultaneously use genes from the nucleus, chloroplasts and 

mitochondria in diversity studies, as this approach produces defendable results (e.g. Sampayo et al. 

2009; LaJeunesse et al. 2012, 2014).  

 

Despite this, there is still a lack of consensus on what constitutes a species within the genus 

Symbiodinium (Coffroth and Santos 2005), due to a continuing lack in our understanding of the 

observed variation (Parkinson and Baums 2014). It has been suggested that studies on gene expression 
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are required, as this is another way in which closely-related taxa can diverge (Parkinson et al. 2016). 

Nevertheless, while issues remain, it has been convincingly established that there is significant diversity 

within the genus Symbiodinium. Further, this diversity is functionally relevant.  

 

1.3. Functional and ecological diversity of Symbiodinium 

 

1.3.1. Symbionts and temperature 

 

There is significant variation exhibited by Symbiodinium in response to a range of environmental 

factors. The most widely-studied of these is temperature, particularly with respect to the differences 

between clades C and D. Generally, clade D is better at dealing with thermal stress, both in terms of 

abnormally cold (McGinley et al. 2012) and hot (Oliver and Palumbi 2011) sea surface temperatures. 

For example, clade D symbionts maintain coral growth rates at temperatures that would otherwise lead 

to coral degradation (e.g. Baker et al. 2013; Cunning et al. 2015a). However, it is erroneous to make 

broad-scale generalisations based on clades, as these wide phylogenetic groups do not correlate with 

response to temperature (Warner et al. 1999; Tchernov et al. 2004). For example, one of the most heat-

resistant symbionts known, Symbiodinium thermophilum from the Persian/Arabian Gulf, is a variant of 

the C3 subgroup (Hume et al. 2015; Howells et al. 2016b), showing how members of even a supposed 

heat-susceptible clade can confer high tolerance to their coral hosts. This shows how detailed fine-scale 

understanding of the diversity in symbiont communities is crucial to understanding how they may react 

to climate change. 

 

It may be questioned whether these differences are just due to acclimation at various locations. 

However, evidence has shown a definite genetic basis to these different thermal tolerances (e.g. 

Grégoire et al. 2017). For instance, clade D symbionts display a high heritability of photoprotective 

pigments, which allows for rapid thermal adaptation (Császár et al. 2010). They also have highly 

specific genes involved in photosynthesis and the thylakoid membrane (Ladner et al. 2012), and 

significantly differ in gene expression in periods of thermal stress (Barshis et al. 2014). These 

differences allow thermally tolerant symbionts to scavenge (and hence reduce) ROS better (Tchernov 

et al. 2004; McGinty et al. 2012; Levin et al. 2016). They can even reduce electron flow, which 

generates ROS in the first place (Aihara et al. 2016). However, there can also be thermal acclimation 

within genetically indistinguishable types, depending on the temperature at which their host lives. This 

has been shown to be applicable to both clade A (Takahashi et al. 2013) and clade C (Howells et al. 

2012; 2016b). In general, this demonstrates that there is functional variance at all levels of symbiont 

diversity.  
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1.3.2. Symbionts and other environmental factors  

 

Symbiodinium genetic diversity also correlates to different functional responses to a range of other 

environmental factors. The functional diversity in response to disparate light regimes was one of the 

first responses to be studied in Symbiodinium: as photosynthetic organisms, light is the most important 

resource to respond to (Hennige et al. 2009; Parkinson et al. 2016). Like temperature, there are broad 

clade-level differences in response to light regime (Rowan and Knowlton 1995; Rowan et al. 1997; 

Iglesias-Prieto et al. 2004). Indeed, certain symbiont types may occupy specific parts of a coral host 

based on available light (Kemp et al. 2015). In addition, the same coral species may host different 

symbiont populations at different depths due to a variable light regime (Bongaerts et al. 2015a). This 

also has a genetic basis, with highly differential gene expression among types in clade B in response to 

light availability (Parkinson et al. 2016). 

 

Symbionts can also influence host health with reference to a range of other factors. The resident 

symbiont community can impact host susceptibility to disease; for example, clade D increases resistance 

relative to clade A (Rouzé et al. 2016). There are also differences in UV protection, with clade A 

producing mycosporine-like amino acids (MAA) that act like a natural sunscreen (Banaszak et al. 

2000). This was independent of actual UV regime, which again reveals a genetic basis to these 

differences, as it is not just acclimation to the local conditions (Banaszak et al. 2000). However, it must 

be recognised that all of these examples represent gross generalisations across clades, and further study 

is likely to reveal diverse patterns both among and within clades.  

 

Further, multiple environmental influences can act over even small spatial scales (Cunning et al. 

2015b). This will affect host health, and govern niche differentiation in Symbiodinium. As such, an 

understanding of host-symbiont associations is critical for predicting a response to future environmental 

impacts.  

 

1.3.3. Specific vs. general associations between corals and symbionts 

 

Initial work suggested that a coral hosted one specific symbiont i.e. a one-to-one association (Rowan 

and Powers 1991a). This hypothesis makes two independent claims: (a) there is only a single 

Symbiodinium type within a coral colony, and (b) the symbiont type found in a certain species differs 

from types found in other species. Recently, both these assertions have been challenged. 
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1.3.3.1. A single resident population in a coral host? 

 

Background populations were thought not to exist, as it was hypothesised that genetic heterogeneity 

would cause significant instability (Baums et al. 2014). In particular, it was thought that this would 

encourage parasitism: co-existence would lead to competition between symbiont types, and the ones 

that took most advantage of their host would be most successful (Schoenberg and Trench 1980c; 

Douglas 2008). This appeared to be confirmed by early diversity studies (see review in Trench 1993). 

However, in many cases this was due to symbiont consortia being studied through culturing rather than 

in hospite: this had the effect of reducing diversity down to the dominant type, which would outgrow 

potential background populations in laboratory conditions (Santos et al. 2001; Baker 2003). While it is 

true that there is generally one highly dominant type inside a colony (Thornhill et al. 2014), it has been 

shown that a single colony can host a diverse range of background symbionts (Santos et al. 2001; 

Silverstein et al. 2012; Kennedy et al. 2015; but see Lee et al. 2016). In fact, there can be up to four 

clades contained within a single host colony (Silverstein et al. 2012; Kemp et al. 2015). The threat of 

encouraging parasitic types appears to be ameliorated through a variety of mechanisms such as zonation 

within a host, using variables like light (Rowan et al. 1997; Kemp et al. 2015). Therefore, it has been 

convincingly established that a single host can contain multiple diverse symbiont types, which can 

persist through time.  

 

1.3.3.2. Species-specific associations? 

 

There are a wide range of host-symbiont associations on coral reefs, which can best be described as a 

continuum. On every reef there appear to be a few generalist symbionts associating with lots of coral 

species, as well as generalist hosts that can associate with different symbiont types, and then many 

specific host-symbiont relationships, with some falling in between these extremes (LaJeunesse et al. 

2004a; Stat et al. 2006). Generally, a single coral colony associates with one dominant symbiont type 

in a relationship that remains stable through time (e.g. Baums et al. 2014; Thornhill et al. 2014; Stat et 

al. 2015). However, a meta-analysis showed that there are no obligate one-to-one relationships present 

in the coral-algal symbiosis (Fabina et al. 2012).  

 

These associations are influenced by the host’s mode of symbiont acquisition. Corals that gain their 

symbionts horizontally (i.e. from the surrounding environment) are more likely to host generalist 

symbionts, while corals that gain their symbionts via vertical transmission (i.e. from their parent) host 

symbionts that are often genus- or species-specific (Stat et al. 2008; Fabina et al. 2012). The generalist 

pattern observed in horizontally transmitting corals is explained by the nature of the acquisition: it has 

been shown that some juvenile coral settlers take up many different symbiont types, and a dominant 

type is then ‘chosen’ from among the highly variable initial consortium (Coffroth et al. 2001; van Oppen 
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2001; Poland et al. 2013; Yamashita et al. 2013). It is therefore intuitive that from these consortia, 

generalist symbionts that have the capacity to associate with diverse groups of corals would come to 

dominate. This also explains why the same coral species can have different dominant symbionts in 

different biogeographical regions (e.g. Finney et al. 2010; Silva-Lima et al. 2015), that is, the host will 

associate with a symbiont that may be better suited to the local conditions. However, horizontally 

transmitting corals can also have highly conserved and specific associations with symbionts (Santos et 

al. 2004), revealing the host cellular environment to be a major driver of ecological diversification in 

Symbiodinium. 

 

There are also broad-scale geographic patterns in host-generalist/host-specific symbionts. The 

Caribbean is noted for having a much higher proportion of host-specific symbionts than the Indo-

Pacific, where generalists often dominate reef communities (LaJeunesse et al. 2004a, 2008; Finney et 

al. 2010). This has been hypothesised to be due to more geographic isolation between coral populations 

in the Caribbean (Finney et al. 2010) or greater environmental stability in the Indo-Pacific (LaJeunesse 

et al. 2008). However, there are also several places, such as Hawaii, where this pattern is reversed (e.g. 

LaJeunesse et al. 2004b; Stat et al. 2015). This shows that different locations need to be studied in detail 

in order to gain a complete understanding of these relationships.  

 

Overall, evidence suggests that there are consistent associations in a single coral colony, with symbionts 

that may be general or specific. However, these associations can vary within a coral species, depending 

on location and environmental regime. In most cases, there also appear to be significant background 

symbiont populations. This potential for a range of associations leads to the possibility of adaptive 

change. 

 

1.4. Mechanisms of adaptive change in the coral-algal symbiosis  

 

1.4.1. ‘Switching’ and ‘shuffling’ 

 

With the recognition that corals could potentially associate with multiple symbiont types, ideas 

concerning the natural adaptation of coral reefs to climate change were rapidly promoted. One of the 

first hypotheses proposed was the adaptive bleaching hypothesis (ABH; Buddemeier and Fautin 1993). 

The ABH states that bleaching is actually an adaptive mechanism: the resident symbionts are removed, 

allowing more thermally resistant types to be taken up and proliferate inside the host, thus maintaining 

ecological function in stressful conditions. This gave rise to the ideas of ‘switching’ and ‘shuffling’ 

(sensu Baker 2003). In switching, corals take up novel symbiont types, while in shuffling a better-

adapted background population of symbionts proliferates inside the host (Figure 1.5). 
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Figure 1.5: The adaptive bleaching hypothesis. (a) Symbiont switching via bleaching and subsequent uptake of a 

novel symbiont partner. (b) Symbiont shuffling via death or loss of the dominant symbiont type and proliferation 

of a thermally tolerant background type. (c) Symbiont shuffling via a subtler shift in the dominant symbiont type. 

Red and blue circles represent two different symbiont types.  

 

1.4.1.1. Symbiont switching  

 

Initial work focused on symbiont switching, where an exogenous symbiont type is taken up by a 

bleached coral (Figure 1.5a). There was early evidence that this mechanism occurred. Lewis and 

Coffroth (2004) experimentally induced bleaching in the octocoral Briareum sp., and showed that it 

took up a novel type of symbiont, providing proof-of-principle for switching as a mechanism that may 

help scleractinian corals. A similar study was conducted by Baker (2001), who stimulated bleaching in 

a range of Caribbean corals via depth transplantation, and also showed them taking up novel types at 

their new depths. From this, he concluded that coral reefs will be a lot more resilient than is given credit 

for. However, there were issues with these studies. In both, insensitive detection methods were used to 

characterise symbiont communities, meaning that it cannot be ruled out that the observed changes in 

symbiont communities were through proliferation of a cryptic background population. In the octocoral 

study, it has since been noted that the ‘novel’ symbiont taken up actually occurs naturally in Briareum 
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(Stat et al. 2006), and so this does not provide adequate evidence of true switching. The Caribbean 

study was also highly criticised in the literature: there were several major issues with experimental 

design, such as inconsistent recovery conditions for the corals (Hoegh-Guldberg et al. 2002).  

 

Perhaps unsurprisingly, studies since have been unsuccessful in replicating these early results. It has 

been found that while technically an exogenous novel symbiont can be taken up by a bleached coral, 

this association is highly ephemeral and soon collapses (Coffroth et al. 2010). Recent evidence from 

Boulotte and colleagues (2016) used sensitive NGS techniques, and also documented reef-building 

corals taking up novel symbiont types after bleaching events. However, these novel types largely 

remained below 1% abundance of the symbiont populations (with one exception reaching 33%), and 

the uptake was not accompanied by a wholesale loss of the resident symbiont populations. Therefore, 

this is severely unlikely to have a functional impact on the resilience of coral populations to thermal 

stress.  

 

Because of the highly equivocal nature of switching evidence, the emphasis has subsequently been 

placed on symbiont shuffling (e.g. see the changing emphasis in the studies of Baker 2001, 2002, 2003; 

Baker et al. 2004).  

 

1.4.1.2. Symbiont shuffling 

 

Early studies provided implicit evidence for symbiont shuffling. Rowan et al. (1997) and Baker et al. 

(2004) observed that there was a higher incidence of thermally resistant types in the years following 

bleaching events, which had previously been rare. However, these were only reef-scale patterns and 

were not assessed on a colony-by-colony basis. Therefore, the pattern could also have been due to 

mortality of colonies that hosted the more common vulnerable type, leaving only the few colonies that 

hosted a resistant type to subsequently dominate the communities (e.g. Sampayo et al. 2008). The first 

definitive experimental evidence for shuffling showed that a change in the dominant symbiont from 

clade C to clade D inside a single host increased thermal tolerance by up to 1.5ºC and prevented 

bleaching (Berkelmans and van Oppen 2006). Further experimentation in the symbiotic sea anemone 

Entacmaea quadricolor also showed the potential for symbiont shuffling and subsequent adaptation to 

a stressful temperature regime (Hill et al. 2014; Pontasch et al. 2014). However, these two studies found 

opposite results regarding which symbiont type increased in density, something Hill et al. (2014) 

attribute to different experimental designs. As such, this questions the ecological relevance of such 

studies.  

 

Observational evidence from field studies (i.e. natural conditions) has provided weak support for 

shuffling. While it has been in observed in individual colonies, it was either highly atypical (Thornhill 
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et al. 2006), or resulted from death or loss of the main symbiont population (Figure 1.5b), but still led 

to mortality of most colonies as there was no subsequent increase in the densities of background 

populations (Jones et al. 2008). Generally, there is little evidence for shuffling outside of a manipulated 

setting (Coffroth and Santos 2005). Given the range of factors that Symbiodinium are adapted to over 

small spatial scales, highly controlled experiments may simplify conditions and allow artificial, 

unsustainable associations to persist. A significant body of evidence now suggests that the underlying 

principle behind the ABH, host-symbiont flexibility, is misguided.  

 

1.4.1.3. Limitations of shuffling and switching  

 

While shuffling might occur, this may not be a long-term solution to warming conditions. Most 

evidence of shuffling has observed a change to clade D symbionts, which are generally considered more 

thermally tolerant. However, clade D symbionts in general provide less organic material to the host 

(Baker et al. 2013), and PSII functions at a lower capacity than other clades (Cantin et al. 2009). A 

study by Bay et al. (2016) showed that after a bleaching event, corals shuffled to more resistant clade 

D symbionts, but these colonies then died a few months later, potentially due to a less beneficial 

symbiosis. Integrated metabolite and transcriptome data confirmed clade D symbionts may exhibit sub-

optimal nutritional interactions with cnidarian hosts (Matthews et al. 2017). Therefore, such shuffling 

events may actually represent more opportunistic, parasitic symbionts taking advantage of the 

weakened resident symbionts (LaJeunesse et al. 2015). It has been proposed that shuffling will lead to 

long-term reductions in calcification rates, and may even threaten the future of coral reefs, especially 

in the Caribbean (Ortiz et al. 2013; Kennedy et al. 2015). While an ephemeral association may be all 

that is required to see a coral through a period of stress (Correa and Baker 2011), questions remain as 

to what happens when this stress becomes continuous, as increased temperature is predicted to do in the 

coming decades.  

 

It should be noted that clade D symbionts are hosted naturally by many corals that persist quite happily, 

especially in the genera Acropora and Pocillopora (e.g. LaJeunesse et al. 2008; Czászár et al. 2010, 

Stat and Gates 2010; Rouzé et al. 2016; Chapter 2).This again highlights the risk of making clade-based 

generalisations, and draws attention to the fact that it may be an inherent change that is harmful, rather 

than any one symbiont type. Long term studies have shown that coral colonies maintain their dominant 

type, even in the face of environmental stress. For example, some Pocillopora colonies in the eastern 

Pacific host both Symbiodinium D1 (heat-resistant) while others host C1b-c (heat-sensitive), with the 

other symbiont type then found at background levels. After a thermal stress event, those colonies hosting 

C1b-c as their dominant type maintained this population and subsequently died, even though D1 was 

present at background levels and could have been shuffled (LaJeunesse et al. 2010; McGinley et al. 
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2012). Other studies report similar trends of long-term stability, even when shuffling may have been 

thought to be beneficial (e.g. Thornhill et al. 2006; Palumbi et al. 2014; Rouzé et al. 2016).  

 

This suggests that these associations may be constrained in some way, by factors such as host genetics 

(Pandolfi et al. 2011) or differences in symbiont size between clades (Biquand et al. 2017). A functional 

symbiosis requires a suite of recognition molecules and processes for establishment and maintenance, 

which remain poorly understood (Davy et al. 2012). This is likely to be particularly limiting for 

symbiont switching. However, even shuffling may be challenging if corals have adapted to hosting a 

certain Symbiodinium type as its dominant symbiont. For instance, some regions show significant 

evidence for co-adaptation between host and symbiont, implying a symbiosis that has been consistent 

over evolutionary time-scales (Stat et al. 2015). There may be a subset of flexible coral taxa, like 

Acropora and Pocillopora (Putnam et al. 2012). However, these flexible taxa are often the most 

vulnerable and the first to bleach under environmental stress (e.g. Hoegh-Guldberg and Salvat 1995). 

This suggests the ability to switch or shuffle is not associated with greater stress tolerance, and 

challenges the very premise of the ABH as a mechanism for long-term coral persistence.  

 

1.4.2. Host-symbiont co-adaptation 

 

It has recently been proposed that interactions between host and symbiont genotypes provide significant 

scope for physiological variation (Baums et al. 2014; Palumbi et al. 2014; Howells et al. 2016b). This 

postulates that adaptation to temperature and other stressors takes place by both the host and the 

symbiont, leading to superior combinations (Rodriguez et al. 2009; Parkinson and Baums 2014). In 

fact, host gene expression may be able to positively influence symbiont performance (Parkinson et al. 

2015a), a logical but largely ignored possibility in terms of environmental stress. This has been extended 

to suggest that past exposure to bleaching conditions can make the community more resistant, through 

adaptation of both symbiotic partners (e.g. Williams et al. 2010; Carilli et al. 2012; Guest et al. 2012). 

 

However, evidence suggests that this requires a highly specific set of circumstances, such as a sub-

bleaching increase in temperature, followed by a recovery period, before being exposed to temperatures 

exceeding the bleaching threshold (Ainsworth et al. 2016). On most reefs that showed ‘increased 

resilience’ following past bleaching conditions, this was due to death of susceptible colonies and 

survival of resistant ones that then proliferated (e.g. Guest et al. 2012; Pratchett et al. 2013). While this 

supports the notion that some combinations are better-adapted, it does not provide for any means of 

adaptive change at the pace required – if extreme temperatures bleach even the resistant ones, there will 

be no corals left. With the level of predicted warming to come, there are grave doubts that well-adapted 

host-symbiont combinations will be enough for corals to survive (Silverstein et al. 2015; Hughes et al. 

2017).  
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1.4.3. Symbiont sex and hybridisation 

 

It has long been held that sex should be greatly reduced or eliminated in endosymbiotic organisms, to 

prevent the host losing control of its symbionts (Law and Lewis 1983). However, there is evidence that 

endosymbionts can engage in frequent sex (e.g. Chesnick and Cox 1987), and it was thought likely that 

Symbiodinium does engage in sex at some frequency (Schoenberg and Trench 1980a; Santos and 

Coffroth 2003; Santos et al. 2004). This has since been verified, through multiple lines of evidence such 

as: (a) recombinant genotypes (Baillie et al. 2000b; Pettay et al. 2011; LaJeunesse et al. 2014; Thornhill 

et al. 2014); (b) linkage equilibrium, implying homogenisation of gene regions via sex (Baums et al. 

2014; Thornhill et al. 2014, 2017); and (c) evidence of functional (i.e. not residual) meiosis genes, 

which are only used in sex (Chi et al. 2014; Levin et al. 2016). These studies have led to the conclusion 

that sex often occurs in coral symbionts, though the location and frequency remain unknown.  

 

The adaptive potential of sex is widely acknowledged. However, the inference of sex in Symbiodinium 

also raises the potential for hybridisation: recombination between genetically divergent lineages. This 

can lead to rapid exchange of genetic material between lineages, and facilitate the adaptation of new 

traits at much greater speed than intra-species sex (Willis et al. 2006). This clearly has potential for 

possibly producing thermally resistant symbionts at a pace demanded by the progress of climate change. 

In addition, this could allow for the consistent establishment of beneficial associations. Given the 

possible limitations on flexibility (see Section 1.4.1.3), corals may be more likely to take up thermally 

resistant types if they are produced via hybridisation with one of their own symbionts, as many of the 

recognition genes and molecules will be the same. A similar biological principle has been observed in 

plants (Moran and Alexander 2014).  

 

The observation that corals frequently hybridise (e.g. Willis et al. 2006; Combosch and Vollmer 2015), 

in addition to the high prevalence of background symbiont populations, allows for diverse symbiont 

consortia to come into contact, so the potential for symbiont hybridisation certainly exists (Santos 

2014). There is indirect evidence of hybridisation in Symbiodinium, such as incongruence between 

different molecular markers (LaJeunesse 2001). There are also several examples from field studies 

where symbiont populations were observed with two sets of co-dominant ITS2 repeats, which 

corresponded to two already well-defined types (e.g. LaJeunesse 2005; LaJeunesse et al. 2004a, 2005). 

Incomplete lineage sorting (ILS) or hybridisation are two parsimonious explanations. The most 

sustained example comes from Wilkinson et al. (2015), who showed two symbiont types but three 

distinct symbiont populations inside a single Pocillopora colony: C100 symbionts, C109 symbionts, 

and symbionts having co-dominant C100 and C109 repeats in the same cell. The extensive presence of 

the two ‘pure’ populations renders ILS far less likely, and points towards symbiont hybridisation. In 

addition, the distribution of these putative hybrids inside host colonies was related to a temperature 
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gradient (Wilkinson et al. 2016), suggesting temperature-dependent differences between the hybrids 

and parent populations. However, these studies took place at Lord Howe Island, the world’s most 

southern coral reef system, and it is hence not clear whether hybridisation occurs outside of this atypical 

site.  

 

Given the potential for rapid adaptation and this nascent evidence of existence, further study should be 

devoted to the potential of symbiont hybridisation.  

 

1.5. Aims and objectives of the study  

 

Given the importance of understanding symbiont diversity and potential mechanisms of how it may 

facilitate successful reefs, the aim of this study is to assess patterns of symbiont diversity and rapid 

adaptive potential at a prospering coral reef. The study site chosen was Atauro Island, Timor-Leste. 

Sitting in the Coral Triangle, conclusions drawn from this reef system will be transferable to other reefs 

in the Indo-Pacific and Caribbean. However, it is also unique for its diversity, being recently named by 

Conservation International as the most diverse reef in terms of fish in the world, as well as 

demonstrating remarkable coral diversity (Turak and DeVantier 2013). Therefore, this study may bring 

new understanding to the field of coral-algal symbiosis, as well as highlight what the symbiont 

communities of a successful reef look like. This aim of the study will be met by addressing the following 

two objectives: 

 

1) Conduct a diversity assessment of coral symbionts at the reef systems of Atauro Island and 

mainland Timor-Leste. 

 

H0: All sites at Atauro Island and on nearby mainland Timor will demonstrate similar symbiont diversity 

and composition to each other, and to other reef sites globally. 

 

H1: The study sites will have higher symbiotic diversity than previously studied coral reef sites. 

 

2) Establish evidence, or lack thereof, for symbiont hybridisation at Atauro Island. 

 

H0: Phylogenetic patterns of evolution will be congruent between different gene regions. 

 

H1: Symbionts will show evidence of symbiont hybridisation via incongruences between different gene 

regions. 
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Objective 1 will be addressed in Chapter 2, while Objective 2 will be addressed in Chapter 3. These 

two chapters are structured as independent manuscripts, therefore there may be some overlap of content 

in certain sections. A final chapter (Chapter 4) integrates the results of the two data chapters to draw 

conclusions on the adaptive potential of Symbiodinium.   
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Chapter 2: High symbiont diversity and differentiation at 

Atauro Island and mainland Timor-Leste 
 

2.1. Introduction  

 

Biodiversity is recognised as a crucial aspect of the global biota. It is explicitly linked to a variety of 

success measures, such as ecosystem resilience (Fischer et al. 2006), and provides a direct benefit to 

humans via the multitude of ecosystem services it facilitates (Benayas et al. 2009; Díaz et al. 2015). A 

fundamental aspect of biodiversity is genetic diversity, recognised by the IUCN as one of the three 

types of diversity deserving of conservation (Reed and Frankham 2003). Genetic diversity is positively 

correlated with fitness of populations and species, because it provides the raw material on which 

selection can act and hence facilitate adaptation in the face of changing conditions (Reed and Frankham 

2003). 

 

This is exemplified by reef-building corals, which provide benefits to a wide range of taxa, including 

humans (Pratchett et al. 2008; Cinner 2014; Coker et al. 2014). This is largely thanks to their symbionts, 

single-celled dinoflagellates of the genus Symbiodinium, which provide photosynthate to support coral 

metabolism in tropical waters lacking nutrients. Early genetic studies on these symbionts revealed 

remarkable diversity (e.g. Baillie et al. 1998; LaJeunesse 2001). Now, there are nine major clades 

recognised, designated A-I (Pochon and Gates 2010). Further, these genetic differences have been 

convincingly shown to convey differential benefits to their coral hosts in the face of variable 

environmental factors, such as temperature, light, and pH level (Rowan and Knowlton 1995; Yamashita 

et al. 2013; Cunning et al. 2015a; Kemp et al. 2015; Rouzé et al. 2016). This highlights the potential 

value of symbiont diversity, something further accentuated by coral transmission mode. Generally, 

juveniles of horizontally transmitting corals (i.e. those that obtain symbionts from the environment in 

each successive generation) host a diverse range of symbionts, before intracellular sorting processes 

result in adult colonies hosting one major type, with others at background levels (Coffroth et al. 2001; 

Poland et al. 2013; Yamashita et al. 2013). This potentially allows the coral to select the most 

advantageous symbiont for the ambient conditions from a diverse candidate pool. In addition, some 

corals have the ability to gain symbionts both from the environment and their parent, in contrast to most 

corals which only use one of these methods (Byler et al. 2013). This gives an opportunity to associate 

with symbionts that have clearly been successful (inherited from the parents) while still facilitating 

potential adjustment to changes in the environmental regime (by taking up novel symbionts). Taken 

together, these results indicate that coral fitness and environmental adaptation are inextricably linked 

with symbiont diversity. 
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In the face of climate change, therefore, symbiont diversity has been proposed as a mechanism for 

continued coral survival into the future (Baker 2001; Hume et al. 2015). If this is to be the case, we 

require first a high-level understanding of symbiont diversity, and then action to protect that diversity 

(Baskett et al. 2009; Kemp et al. 2015; Hume et al. 2016). However, there is still a long way to go 

before even the first step in this process is achieved. In general, a thorough understanding of symbiont 

diversity, and therefore its hypothesised contribution to coral persistence, faces two broad issues. 

  

The first issue is procedural. Since symbiont diversity began to be recognised, an ecological viewpoint 

dominated, with fundamental cellular questions left behind (Davy et al. 2012), including a thorough 

understanding of this diversity. Theories such as the ‘adaptive bleaching hypothesis’ (Buddemeier and 

Fautin 1993) stimulated over a decade of intensive studies on ‘switching’ and ‘shuffling’, whereby 

corals can take up new beneficial symbionts or stimulate a latent background type to increase in density, 

respectively. Such studies displayed an incomplete understanding of symbiont diversity, and generated 

misunderstandings in the field. For example, see Stat and colleague’s (2006) questioning of Lewis and 

Coffroth (2004), or the communications between Baker (2001, 2002) and Hoegh-Guldberg and 

colleagues (2002). Updates to symbiont taxonomy also call into question some findings from previous 

studies. Gibbin and Davy (2013), for example, draw conclusions based on the separation of clade E 

symbionts into subclades E1 and E2, when it has since been argued they are very likely the same thing 

(Jeong et al. 2014). In contrast, other studies have suggested that populations previously interpreted as 

one species (e.g. Howells et al. 2013) were actually multiple co-existing types (Wham and LaJeunesse 

2016), though note that this was then challenged by Howells et al. (2016a).  

 

Issues may have arisen thanks to an excessively rigorous application of the phylogenetic species 

concept. Recent taxonomy of Symbiodinium has been largely based on the internal transcribed spacer 

region (ITS2) of the nuclear ribosome-encoding DNA, which occurs in repeated arrays in the genome. 

This marker, along with other recently-developed markers such as the chloroplast minicircle psbAncr 

region, is considered to give ‘species-level’ resolution (LaJeunesse and Thornhill 2011; Pochon et al. 

2012). In contrast, less variable markers like the mitochondrial cob gene may provide sub-clade 

resolution only (LaJeunesse et al. 2012). Symbiodinium with variable ITS2 sequences have generally 

been considered as different species, even though it is likely that much of this represents intraspecific 

variation in a population, or intragenomic variation in a single symbiont cell (Correa and Baker 2009; 

Figure 1.4). It has been suggested that some sort of genetic clustering method should be applied to 

reduce spurious allocation of species (Correa and Baker 2009; Arif et al. 2014). In addition, there has 

been a recent effort to include ecological considerations in concordance with genetic methods (e.g. 

Jeong et al. 2014; Hume et al. 2015; Parkinson et al. 2015), in an attempt to standardise Symbiodinium 

systematics, or at least increase comparability across studies. However, the field is still plagued by the 

fact that what constitutes a species is still debated and largely undefined (Parkinson and Baums 2014; 
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Howells et al. 2016a). Therefore, further studies on intra-clade diversity, using a variety of genetic 

markers, are still a necessity for understanding coral-algal interactions. 

  

The second issue is ecological. Unfortunately, understanding symbiont diversity at a global level may 

not be helpful, as many coral-algal relationships appear to be specific to certain regions. Symbionts 

show limited long-distance dispersal ability (Grupstra et al. 2017), with evidence of highly restricted 

gene flow within both the Caribbean and Pacific for example (Howells et al. 2009; Baums et al. 2014). 

The same corals can host different symbionts in different locations (Baird et al. 2007; Oliver and 

Palumbi 2011), indicating that coral-symbiont relationships need to be understood at a local level. 

Indeed, many coral communities host symbiont consortia distinct to that particular region (Fabina et al. 

2012; Bongaerts et al. 2015b; Stat et al. 2015); this can be due to factors such as specialised symbiont 

types requiring certain conditions (D’Angelo et al. 2015). Therefore, conclusions drawn from these 

relationships often cannot be applied to other ecoregions. As such, simple diversity studies from 

different regions are continually finding novel relationships (e.g. Rouzé et al. 2017), many of which 

could have functional relevance in certain conditions (Howells et al. 2016b). This ultimately aids our 

understanding of how reef communities may survive into the future. This suggests diversity studies 

should be conducted on a location-by-location basis, but such studies remain sparse (Santos 2014).  

  

This study aims to address the above two problems, by using multiple genetic methods consistent with 

previous studies to explore the symbiont diversity of a previously uncharacterised reef system. The reefs 

of Timor-Leste are exceptionally diverse, with ~400 coral species identified in a recent survey (Turak 

and DeVantier 2013). Atauro Island, to the north of mainland Timor across the Ombai Strait, was 

recently named as the most piscine-diverse reef system in the world (Conservation International, August 

2016). As a deep and swiftly-moving body of water (Sprintall et al. 2004), the Ombai Strait may 

generate ecological distinctions between the two regions, meaning that they should not be treated as 

homogeneous for the purposes of conservation management. Such considerations are increasingly 

relevant, with the designation of a broad marine park in the waters of Timor-Leste (Nino Konis Santana 

National Park), as well as many locally managed marine protected areas, including at least four on 

Atauro Island. Effective management relies on an understanding of the diversity housed by the various 

protected areas. However, the waters of Timor-Leste are severely understudied, thanks to the violent 

Indonesian occupation of 1975-1999 (Silove et al. 2014) and social crisis of 2006-2007 (Scambary 

2009). Despite its highly successful reefs, only two published studies of coral diversity have been 

conducted there (Ayling et al. 2009; Turak and DeVantier 2013), and the symbiont communities have 

never been assessed. Given the rich coral communities of Atauro Island and Timor, and the 

unprecedented fish diversity at Atauro Island, a study of the symbionts may bring new light to the links 

between Symbiodinium diversity and reef health, and whether symbiont diversity reflects the diversity 

in other reef taxa. 
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This study tested two hypotheses. The first hypothesis was that Atauro Island and mainland Timor have 

a similar symbiont community diversity and composition. The second was that Atauro Island and/or 

Timor have a greater diversity of Symbiodinium than other previously studied coral reef sites. These 

hypotheses were tested using three gene regions: the cob gene of the symbiont mitochondrial DNA, the 

ITS2 region of the symbiont nuclear ribosomal DNA and the psbAncr region of the symbiont chloroplast 

DNA. In addition, Next Generation Sequencing (NGS) of the ITS2 region was used to assess the 

presence and identity of background symbiont populations. This multi-gene approach will be useful for 

future studies, as they will be able to compare with this study even if they choose one gene region to 

analyse. Overall, this chapter contributes to an understanding of global coral-algal symbiosis patterns. 

In addition, it may potentially provide further information on the future fate of coral reefs, by 

quantifying the symbiont communities at a highly biodiverse reef site.  

 

2.2. Methods  

 

2.2.1. Study Location 

 

Four sites were sampled at Atauro Island (Timor-Leste), 25 kilometres north of the island of Timor 

(Figure 2.1). Three sites were sampled along the northern coast of Timor-Leste, to compare symbiont 

diversity at these reefs with the reefs at Atauro Island. The seven sites chosen were based on sites 

sampled in a previous study of coral diversity (Turak and DeVantier 2013). This allowed a comparison 

of symbiont diversity with coral diversity. In addition, it facilitated ease of locating study sites, as it had 

previously been determined that there were reefs present at those sites. For details of all sites, see Table 

2.1.  

 

Table 2.1: Details of sampling locations, including names and abbreviations that will be used throughout the 

thesis. 

Site namea Geographic Coordinates Region Province/village Abbreviation 

Beloi Lagoon South 8° 14.547S, 125° 36.555E Atauro Beloi BLS 

Beloi Harbour 8° 13.282S, 125° 36.885E Atauro Beloi BHB 

Beloi Saddle Patch (Right) 8° 12.933S, 125° 37.58E Atauro Beloi BSP 

Beloi Barrier Reef 8° 13.603S, 125° 36.802E Atauro Beloi BBR 

Hera West 8° 31.183S, 125° 38.664E Timor Hera HEW 

Lamsana Inlet West 8° 30.826S, 126° 4.157E Timor Manatuto LIW 

Lamsana Inlet East 8° 30.977S, 126° 4.388E Timor Manatuto LIE 
aFollowing Turak and DeVantier (2013), though note they incorrectly refer to ‘Beloi’ as ‘Belio.’ 
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Figure 2.1: Map of northern Timor and Atauro Island, showing sampling locations (red stars).  
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Sampling took place in late April 2017, except Hera West, which was sampled in December 2016. 

Given that there have been no major stress events observed at these locations, and sea surface 

temperatures are nearly identical in the Banda Sea in December and May (Gordon and Susanto 2001), 

it is considered unlikely that this temporal difference in sampling time would have significantly affected 

the results.  

  

Explicit environmental measures were not taken at the sites (as each site could only be visited once, on 

separate days, comparisons in any environmental differences found would be apocryphal). However, it 

was noted that the three Timor sites were highly turbid, in contrast to the four Atauro sites. This 

correlates strongly with the findings of Turak and DeVantier (2013), who recorded visibility readings 

of 5 m at Hera West and 4-8 m at Lamsana Inlet, in contrast to 20-25 m at all Beloi sites. This indicates 

that such conditions are likely the norm for these sites. Atauro Island also has no rivers, while chronic 

river plumes are evident off the coast of Timor. In addition, these authors found minor differences in 

water temperatures between the sites (which varied from 25ºC - 28ºC).  

 

2.2.2. Sampling procedure 

 

The reef flat of each site was sampled via snorkel at depths of 1-4 m. Samples were collected under 

permit number LNC-PC0012.VI.16 (Ministerio da Agricultura e Pescas, Timor-Leste). As the goal was 

to sample from a wide range of coral species, a roving search technique was utilised. This involved a 

surface search to identify suitable coral colonies. Once one was identified, a small piece (~1 cm3) was 

removed using hand pliers (occasionally for massive corals, a small chisel was also utilised). For later 

identification purposes, coral photos were taken with an Olympus C5060 camera at a distance of ~20 

cm, to facilitate identification via polyp characteristics in addition to colony shape. This procedure was 

repeated 100 times at each site, and a final search was conducted to ensure that no major coral species 

had been missed in the sampling. The exception was Hera West, where highly turbid conditions limited 

collection to 80 samples. Coral samples were placed in 1.7 mL Eppendorf tubes, preserved in DMSO 

buffer (20% DMSO, 250 mM EDTA, NaCl saturated, pH 8.0) and stored at -20ºC until DNA extraction. 

650 samples from different coral colonies were collected across the seven sites. In total, 43 scleractinian 

genera were represented in the final analyses (see Table A1.4 in Appendix A1.7). In order to understand 

symbiont diversity of all reef-building cnidarians, six non-scleractinian genera were also sampled (one 

to seven samples per genus).   

 

2.2.3. DNA extraction 

 

The tubes containing samples were vortexed for 5 seconds to agitate the sample and suspend the 

Symbiodinium cells. A 100 µL aliquot of supernatant was added to a new tube, and centrifuged for 6 
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min (all centrifugation occurred at 12800 x g). The supernatant was removed and discarded, and 100 

µL of guanidine solution (4 M Guanidinium isothiocyanate, 50 mM Tris-HCl, 10 mM EDTA, Sarkosyl 

2% w/v, β-mercaptoethanol 1% v/v) were added to the algal pellet, which was then vortexed briefly and 

left at room temperature for three days for cell lysis. Following this incubation, samples were vortexed 

briefly and centrifuged for 5 min. A 50 µL aliquot of supernatant was removed and added to a new tube 

containing 50 µL cold isopropanol. These tubes were centrifuged for 10 min and the supernatant 

removed, 200 µL of 70% EtOH were added, and the samples were vortexed briefly and centrifuged for 

5 min. The supernatant was removed and the DNA pellets dried at room temperature with the tube lids 

open for ~1 h. Samples were stored at room temperature, and transported to New Zealand as dried DNA. 

  

Upon arrival in New Zealand, 50 µL of TE buffer (10 mM Tris-HCl, 1 mM EDTA) were added and left 

at room temperature for 10 min to re-hydrate the DNA. Samples were vortexed and centrifuged briefly 

at 1500 x g, and then stored at -20ºC until DNA amplification via PCR.   

 

2.2.4. Amplification and sequencing of DNA 

 

For all cob and psbAncr amplifications, PCR reactions consisted of 10 µL MyTaq HS Red Mix 2x 

(BioLine), ~20 ng sample DNA, 10 µg BSA, 0.25 µM of each primer and 6 µL PCRH2O for a total 

volume of 20 µL. Amplicons were purified with MagNA solution (Rohland and Reich 2012, Appendix 

A1.2) and sequenced in the forward direction by Macrogen Inc. (South Korea).  

 

2.2.4.1. Amplification of mitochondrial cob gene 

 

Amplification was first carried out on the mitochondrial cob gene. Due to issues with the generality of 

primers and sample quality, two sets of primers were used to amplify the cob gene. Optimisation was 

carried out throughout the amplifications, so the cycling conditions reported are the final optimised 

conditions, but a number of samples were successfully amplified and sequenced using other cycling 

conditions (see Appendix A1.1.1).  

 

A total of 252 samples were successfully amplified with the primer pair Dinocob1F (5’-ATG AAA 

TCT CAT TTA CAW WCA TAT CCT TGT CC-3’) and Dinocob1R (5’-TCT CTT GAG GKA ATT 

GWK MAC CTA TCC A-3’) (Zhang et al. 2005). The final optimised cycling conditions were a 

denaturation for 1 min at 95ºC, followed by 40 cycles of 15 s at 95ºC, 20 s at 55ºC, 30 s at 72ºC, and a 

final extension for 7 min at 72ºC.   

 

A total of 304 samples were successfully amplified with the primer pair Cob_f1 (5’-TGA AAT CTC 

ATT TAC AAT CAT ATC CTT-3’) and Cob_r1 (5’-CTA CAG GAA ATT GAC CAC CTA TCC-3’) 
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(Pochon et al. 2012). The final optimised cycling conditions were a denaturation for 2 min at 95ºC, 

followed by 40 cycles of 20 s at 95ºC, 20 s at 58ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC. 

This primer pair amplified the same region as the primer pair above minus 3 bp at the start and 4 bp at 

the end of the sequence; these differences were trimmed during sequence processing.  

 

All PCR runs included a positive and negative control. PCRs were carried out using an Applied 

Biosystems Veriti 96-well thermal cycler (Applied Biosystems). Successful amplifications were 

identified by running 4 µL of the samples on a 1.5% agarose gel at 100 V for 35 min using an Enduro 

250 V Electrophoresis PowerPack (Labnet), before being visualised using a UVP Benchtop UV 

Transilluminator (302 nm UV light, Biostrategy). Samples were run against HyperLadder 50 bp 

(BioLine) to confirm the correct amplicon length. Absence of a clear band or excessive streaking of the 

band led to rejection of the amplification. In all cases, the negative control lacked a DNA band 

indicating that the PCR was free of contamination. The remaining 16 µL of successful PCRs were stored 

at -20ºC until purification.  

 

In total, 556 of the 650 samples were successfully amplified (86%), with sites individually also 

averaging around this success rate. A failure rate of 14% could be explained by the lack of a thorough 

washing step of the original coral nubbins; this meant there may have been coral mucus still present, 

which can inhibit PCR reactions (Fredricks et al. 2005; Qvarnstrom et al. 2007). The exception was 

Beloi Harbour (59/95, 62%); it is unclear why the success rate was much lower for this site. Because of 

this, and due to financial limitations, not all successful amplifications were sequenced. Between 59 and 

75 samples were chosen from each site, based on coral ID as assessed by the photographs. Samples 

were chosen with the aim of being comprehensive and reflective of the diversity at the sites; excluded 

samples came from highly common species or genera that were already included in the sequencing 

analysis, and so were unlikely to add additional diversity information. In total, 441 samples across the 

seven sites were chosen for sequencing. The resulting sequences underwent preliminary analysis, as the 

psbAncr region requires clade-specific primers (LaJeunesse and Thornhill 2011). Sequences were 

trimmed and identified to clade level using an automated classification tree (insect R package, 

github.com/shaunpwilkinson/insect).  

 

2.2.4.2. Amplification of chloroplast minicircle psbAncr 

 

Samples belonging to clade C were amplified with the primer pair 7.4-Forw (5’-GCA TGA AAG AAA 

TGC ACA CAA CTT CCC-3’) and 7.8-Rev (5’-GGT TCT CTT ATT CCA TCA ATA TCT ACT G-

3’) (Moore et al. 2003). The final optimised cycling conditions were denaturation for 3 min at 95ºC, 

followed by 38 cycles of 20 s at 95ºC, 30 s at 57ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC 

(see Appendix A1.1.2 for details of other trial cycling conditions). PCRs were carried out and assessed 
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as per the cob gene. No amplification was evident for any of the negative controls, indicating that the 

runs were free of contaminant DNA. A total of 379 clade C samples were amplified in this fashion. In 

addition, 11 samples were observed to have multiple bands when run on the gel, potentially indicating 

co-dominant symbiont populations or intragenomic variants. An aliquot (8 µL) of these samples was 

re-run on a 1% gel at 90 V for 1.5 h. Individual bands were excised under UV light using a pipette tip, 

and re-amplified using 20 cycles of the above conditions.  

 

Difficulties were encountered amplifying clade D psbAncr samples, often due to multiple bands present 

in a single sample (see Appendix A1.3 for details). The final approach involved amplification using the 

primers psbAFor_1 (5’-GCA GCT CAT GGT TAT TTT GGT AGA C-3’) and psbARev_1 (5’-AAT 

TCC CAT TCT CTA CCC ATC C-3’) (LaJeunesse and Thornhill 2011), with cycling conditions of 3 

min at 95ºC, followed by 38 cycles of 20 s at 95ºC, 30 s at 56ºC, 1 min at 72ºC, and a final extension 

for 7 min at 72ºC. Samples were assessed and individual bands excised using the method described for 

the clade C samples. Individual bands were re-amplified using the novel primers SYMPSBANCRF (5’-

AAT CGT GCT GAT CTA GGW ATG G-3’) and SYMPSBANCRR (5’-GAG ACG ATT TGT TGT 

GGA TAG-3’), using 25 cycles of the above conditions. A 4 µL subsample of the resulting amplicons 

was re-run on a 1.5% agarose gel at 100 V for 35 min, to confirm the presence of a single band that 

could be sequenced. In this fashion, 33 of the 45 clade D samples had at least one band amplified for 

sequencing.  

 

2.2.4.3. Next Generation Sequencing (NGS) of the nuclear ITS2 region 

 

DNA concentration of samples was obtained using a NanoPhotometer (Implen), and samples were 

diluted down to a standard 5 ng/µL with TE buffer. A total of 383 samples plus one negative control 

were chosen for amplification, as this was considered the optimal trade-off between sequencing depth 

and the number of samples. Samples chosen were a subset of the successful cob gene samples, with the 

aim of again incorporating as much diversity as possible from the original sampling effort. 

  

Samples were initially amplified with the primers ITSD (Pochon et al. 2001) and ITS2Rev2 (Stat et al. 

2009), with Illumina adapters attached. The full primer sequences were: 5’-TCG TCG GCA GCG TCA 

GAT GTG TAT AAG AGA CAG GTG AAT TGC AGA ACT CCG TG-3’ (forward); and 5’-GTC 

TCG TGG GCT CGG AGA TGT GTA TAA GAG ACAG CCT CCG CTT ACT TAT ATG CTT-3’ 

(reverse). Underlines indicate the original primers. Reactions consisted of 12.5 µL SuperFi High-

Fidelity MasterMix 2x (Invitrogen), 10 ng sample DNA, 10 µg BSA, 0.2 µM of each primer and 8.5 

µL PCRH2O for a total volume of 25 µL. Cycling conditions were a denaturation for 3 min at 95ºC, 

followed by 25 cycles of 30 s at 95ºC, 30 s at 55ºC, 30 s at 72ºC, and a final extension for 5 min at 72ºC. 

Amplicons were purified and stored at -20ºC. 
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A second PCR run was conducted to add unique indexing primers to each amplicon. Sixteen forward 

and 24 reverse indexing primers (IDT) were used, allowing for 384 unique combinations (see Appendix 

A1.4 for full primer list). Reactions consisted of 10 µL SuperFi MasterMix, 2 µL of PCR product from 

the initial amplification, 0.1 µM of each primer and 4 µL PCRH2O for a total volume of 20 µL. The 

indexing runs used 8 cycles of the above conditions, and the resulting amplicons were purified.  

  

Amplifications were quantified and checked for quality using qPCR (Applied Biosystems StepOne 

instrument). Reactions consisted of 5 µL SYBR Green Mix (BioLine), 0.5 µM of each of the primers 

ITSD/ITS2Rev2, 20 µg BSA, 2 µL of the indexed samples (diluted 1:1000) and 1.5 µL PCRH2O for a 

total volume of 10 µL. Samples were run in duplicate. Cycling conditions were a denaturation for 10 

min at 95ºC, followed by 40 cycles of 15 s at 95ºC and 1 min at 60ºC. CT (cycle threshold) values were 

generated via a calculation (using an in-built machine algorithm) of when the DNA signal differed 

significantly from background fluorescence, using a baseline of 0.1. A melt curve was run (temperature 

elevation from 60°C to 95°C in 0.3°C increments each of 15 s duration) to ensure that only the target 

sequences were amplified. Samples were considered successful if duplicates had a standard deviation 

in CT values <0.5 and melted within 1ºC of the average melting temperature of the target region (~82ºC). 

In total, 23 samples initially failed these requirements, generally due to the extensive presence of 

primer-dimers (evidenced by large peaks on the melt curve at <75ºC). These samples were re-done from 

the beginning, and 20 were subsequently confirmed to be successful, leaving 381 samples. Importantly, 

the negative control (which had been carried through both amplification and purification procedures) 

only showed the presence of primer-dimers, indicating that contamination had been avoided in the 

preparation of samples. 

 

DNA concentrations for all samples were calculated from CT values using a standard curve which was 

run using previously prepared clonal serial dilutions of known concentration (Wilkinson et al. 2015). 

Following quantification, different volumes of the final purified samples were pooled in a single tube 

to achieve equal concentration of all samples, with the concentration of the final pooled library being 4 

nM DNA. (Note that due to lower amplification success of some samples, in occasional cases samples 

were present in lower relative concentrations in the final library). The pooled library was sequenced on 

a single lane of the Illumina MiSeq platform by the Centre for Genomics and Proteomics, University 

of Auckland, New Zealand.  

 

2.2.4.4. Amplification of coral host ITS2 region 

 

The coral host ITS2 region was sequenced, excluding samples belonging to the genus Acropora (as 

identified by the photographs). This was for two reasons: (a) The ITS2 region of Acropora is 
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problematic to amplify and sequence, due to an abnormally high amount of intragenomic heterogeneity, 

potentially caused by hybridisation, incomplete lineage sorting or pseudogene development (Wei et al. 

2006). (b) Acropora is a highly distinctive genus and could be unambiguously identified via 

photographs alone, in contrast to other genera where molecular methods are required to confidently 

confirm identity. The host ITS2 region is reasonably data-deficient in GenBank, leading to some 

ambiguities in the identification of host species; however, typical animal markers (mainly mitochondrial 

ones such as the cob and cox1 genes) evolve unusually slowly in anthozoans and are therefore 

inappropriate to use (van Oppen et al. 2002). The ITS2 region provides a greater level of resolution 

(van Oppen et al. 2002; Forsman et al. 2006), hence its use here. 

  

In total, 322 samples were successfully amplified with the primer pair SCLERforw (5’-GAR TCT TTG 

AAC GCA AAT GGC -3’) and SCLERrev (5’-GCT TAT TAA TAT GCT TAA ATT CAG CG-3’) (S. 

Wilkinson, unpublished), for a 100% success rate. All samples had the cycling conditions of 3 min at 

95ºC, followed by 40 cycles of 15 s at 95ºC, 15 s at 56ºC, and 20 s at 72ºC. PCRs were carried out and 

assessed as per the clade C psbAncr. In addition, six samples were observed to have two bands when run 

on a gel, potentially indicating hybrid coral hosts, or accidental contamination (though all negative 

controls had no bands). An 8 µL sub-sample of these samples was re-run on a 1% gel at 90 V for 1.5 h. 

Individual bands were excised under UV light using a pipette tip, and re-amplified using 20 cycles of 

the above conditions. Initial inspection revealed that 111 sequences were of dubious quality, so these 

samples were also sequenced in the reverse direction.  

 

2.2.5 Data processing 

 

All direct sequencing products (cob, psbAncr and host ITS2) had low-quality ends trimmed and were 

aligned using the aphid R package (S. Wilkinson, cran.r-project.org/web/packages/aphid/index.html). 

All further data manipulation of direct sequencing products used Geneious v8.0.5 (Biomatters). For the 

coral host samples that were sequenced in both directions, forward and reverse sequences were aligned 

using free-end gaps, with the forward primer and a conserved part of the 28S region near the end of the 

sequence. Bases were edited manually, and the consensus sequence was extracted. In all cases, 

sequences were aligned using the Geneious global alignment tool with free end gaps, using a 65% 

similarity cost matrix. Sequences were identified by using the BLAST function in the NCBI database 

(cob gene and host ITS2 region). To verify host IDs, photos were also analysed and the resulting 

identifications cross-referenced with the genetic results to gain a consensus ID. The major text consulted 

was Veron and Stafford-Smith (2000). Because the psbAncr region is highly variable (over 120 unique 

reads from ~220 samples that has successful sequences), it was impractical – and likely ecologically 

spurious – to treat them all individually, so sequences were manually clustered according to a 95% 

similarity criterion in Geneious. This left 22 distinct groups, as well as several unique sequences that 
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could not be clustered and were left as individual sequences. The strong correspondence with distinct 

ITS2 types (see Results) supported this approach. The consensus sequence for each group was extracted, 

and identified largely using the repository of psbAncr sequences found in Thornhill et al. (2014). The 

taxonomic state of these groups is uncertain; they may represent distinct species or even genera, given 

the uncertain nature of taxonomy within Symbiodinium. For all gene regions, rare sequences were 

checked manually in Geneious to verify that the divergent nucleotide sites had high-quality base calls.  

  

The NGS ITS2 sequences were processed in R (R Core Team, 2017). Forward and reverse reads were 

assembled and trimmed for each sample (primer sequences removed), and only sequences that were 

found at an abundance of >1% in at least one sample were kept. Sequences <150 bp were discarded. 

Following this, an Operational Taxonomic Unit (OTU) approach was taken, to avoid analysing 

intragenomic variants (Arif et al. 2014). A genetic cut-off distance of 0.03 was used, and all sequences 

that differed by less than this amount were treated as intragenomic variation and collapsed into a single 

OTU. The most common sequence in each OTU was used to identify the OTU to clade level (following 

Arif et al. 2014, Ziegler et al. 2017a). In addition, the most dominant sequence overall in each sample 

was identified as far as possible using a specific ITS2 database (GeoSymbio, Franklin et al. 2012). Four 

OTUs were identified as non-Symbiodinium and removed. The negative control showed very low 

presence of one OTU at a frequency more than 3000 times less than the average sequence number of 

other samples. Two other samples were indistinguishable from the negative control, and subsequently 

removed.  

  

In addition, a selection of the NGS samples were analysed using the program mothur (Schloss et al. 

2009), following the MiSeq Standard Operating Procedure (Kozich et al. 2013), using the 

chimera.vsearch command to identify any PCR chimeras.  

 

2.2.6. Verification of symbiont identity 

 

Six samples had their dominant sequences identified as different clades by the different gene regions, a 

highly unexpected result. Five of these were clade C for the cob and psbAncr gene regions but clade D 

for the ITS2 region, while one was clade B for the cob region but clade C for the psbAncr and ITS2 gene 

regions. To verify these results, further qPCRs were run using the clade-specific primers SymB28S-1F 

(5′-CAC ATG TCG TGC TGA GAT TGC-3′) and SymB28S-1R (5′-CTC GCA TGC TGA GAA ACA 

CTG-3); SymC28S-1F (5′-TTG CTG AGA TTG CTG TAG GCT-3′) and SymC28S-1R (5′-TCC TCA 

AAC AGG TGT GGC-3′); and SymD28S-1F (5′-AAT GCT TGT GAG CCC TGG TC-3′) and 

SymD28S-1R (5′-AAG GCA ATC CTC ATG CGT ATG-3′) (Yamashita et al. 2011). The C/D samples 

were run in independent reactions with the SymC and SymD primers, while the B/C sample was run in 

independent reactions with the SymB and SymC primers. Reactions consisted of 5 µL SYBR Green 
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Mix (BioLine), 0.5 µM of the relevant primers, 20 µg BSA, 2 µL of the samples and 1.5 µL PCRH2O 

for a total volume of 10  µL. Samples were run in triplicate. Cycling conditions were a denaturation for 

10 min at 95ºC, followed by 40 cycles of 15 s at 95ºC and 1 min at 60ºC. 

 

Results for the C/D samples revealed nearly identical amplification curves using both the SymC and 

SymD primers, indicating that both clades were present at similar levels. Hence, the incongruence 

between gene regions was attributed to preferential amplification of a certain clade, and these samples 

were maintained in the analysis. In contrast, the B/C sample showed amplification using the SymC but 

not the SymB primers. This suggests that the initial clade B result from the cob gene was contamination, 

and this sample was removed from all further analyses in this chapter.  

 

2.2.7. Data analysis 

 

Unless otherwise specified, all data analyses used R v.3.4.3 (R Core Team, 2017). To test the first 

hypothesis (i.e. Atauro and Timor sites have similar symbiont diversity and composition), a rarefaction 

analysis was conducted using the vegan package (Oksanen et al. 2017) to estimate the number of 

unique sequences per 50 samples. Using these results, overall richness of each gene region was 

compared between Atauro Island and Timor using one-way ANOVAs. Assumptions were checked with 

Levene’s test and QQ plots. Also using these rarefied results, the effect of Atauro vs. Timor in terms of 

sequence type composition was analysed with permutational multivariate analysis of variance 

(PERMANOVA), implemented using the adonis function in the vegan package using 999 

permutations. Replication was achieved via five random rarefied subsamples from each site using the 

rrarefy function. Differences between Atauro and Timor sites were also identified genetically using 

analysis of molecular variance (AMOVA), implemented using 1000 permutations in the program 

PopArt (Leigh and Bryant 2015). These tests were implemented independently for the cob and ITS2 

gene regions, but not for the psbAncr sequences due to the artificial nature of the groups they were placed 

in. OTU richness was also explored between Atauro and Timor sites. The number of OTUs were 

compared between Atauro and Timor sites overall, as well as for the five most common coral genera 

(Acropora, Porites, Pocillopora, Platygyra and Montipora), using one-way ANOVAs. Assumptions 

were checked with Levene’s test and QQ plots, and non-parametric Kruskall-Wallis tests implemented 

instead where necessary. The above comparisons were also executed in terms of OTU composition (the 

number of OTUs in each clade) using χ2 tests. To account for differing numbers of samples from the 

different sites, ANOVA calculations used the mean number of OTUs per sample (this was not necessary 

for the χ2 tests, where the computation of expected values accounts for different numbers of samples 

among sites).  
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To test the second hypothesis (i.e. Atauro Island and Timor have more diverse symbiont communities 

than other reefs around the world), ITS2 data from previous studies were collected that reported data in 

a way that allowed comparison (i.e. they reported total number of symbiont types and how many coral 

genera were sampled). Results from all studies were standardised to symbiont types per genera, and the 

resulting numbers compared. A comparison was also done with psbAncr sequences, which were also 

able to be standardised to the number of samples collected (not reported for the ITS2 studies).  

 

2.3. Results 

 

Sections 2.3.1 – 2.3.5 concern the direct sequencing results (including the dominant sequence in each 

sample from the Next Generation Sequencing), while subsection 2.3.6 describes the OTU-based results 

for the NGS. Statistical results reported are summaries only; full statistical tables can be found in 

Appendix A1.6. 

 

2.3.1. Overall results 

 

In total, 436 samples had at least one Symbiodinium gene region successfully amplified (cob: 422 

samples; psbAncr: 224 samples; ITS2: 377 samples). There was a marked difference in the resolution of 

the three gene regions (quantified using rarefied numbers of samples for each unique sequence found), 

with a trend of increasing resolution from the cob to ITS2 to psbAncr gene regions (Figure 2.2). For the 

cob and ITS2 gene regions there were also geographic differences, with sequence diversity 1.25 times 

higher at Atauro Island than Timor (one-way ANOVA, p = 0.033 and p = 0.049 respectively). 

 

Generally, the sequences found were well-established types that could be identified with confidence via 

the NCBI or GeoSymbio databases. Table 2.2 summarises the broad groupings found, and affirms 

Figure 2.2 regarding the general pattern of increasing diversity from the cob to psbAncr regions, with 

one exception: the ITS2 symbiont type C15 was further split into two subtypes, C15p and C15q, by the 

cob gene. It also shows near-total agreement between the three gene regions as to the identity of the 

dominant symbiont type in a given sample (with varying degrees of resolution). The one major 

exception occurred in the C1 radiation, where ITS2 symbiont type C1 commonly occurred with either 

cob type C42a or C1. This was not observed for the psbAncr region, which conformed to having distinct 

groups that matched the Symbiodinium C42a (C1x, C1v) or C1 (C1u) distinctions according to the cob 

gene. There were also several additional rare examples of incongruence, which were identified and 

explored by the analyses in Chapter 3. Note also that symbiont type C3 for the ITS2 region was actually 

found in samples that had the C1/3 sequence for the cob gene. 
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Figure 2.2: Rarefied sequence diversity between gene and geographic regions (mean ± SE). ‘*’ above the bars 

indicates a significant difference between Atauro and Timor sites at α = 0.05. psbAncr results are the original 

unique sequences, not the clustered units.  

 

In addition to the types listed in Table 2.2, there were also unique sequences that were observed as the 

dominant type in only one or two samples. The cob gene had 15 such examples of unique symbiont 

types, none of which matched with any previously defined sequences. The ITS2 region had 32 

examples, of which 10 were previously defined types (see Table A1.3). The psbAncr region had 24 

examples which were <95% similar to any of the broad groupings applied, and did not match any 

previously defined types. Note that, in many cases, a sample had a unique sequence for more than one 

gene region. 
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Table 2.2: Summary of the main symbiont types found in sampling. See Appendix A1.5 for full details and 

justification behind naming. psbAncr groups represent collections of sequences with >95% similarity (see 

Methods). Italics indicate a novel sequence (see Appendix A1.5). This table does not include sequences that only 

appeared once or twice (see also Table A1.3). ‘-’ in the psbAncr column indicates that there were no successful 

sequences for that type. Differing sizes of table cells are only to accommodate the diversity of other gene regions 

and are not indicative of the number of sequences recovered per type.  

Broad Group cob ITS2 psbAncr 
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C3d/C21q 
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C15p C15 Unique sequences 
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C1d C1d 
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D1 

D1 (Symbiodinium 
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D1p 

D1q 

D5 -  

 

Unique sequences 

Dva 

Dvb 
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2.3.2. cob gene analysis 

 

Figure 2.3 shows that Symbiodinium C3 was the most common type, with 48% of the sequences, while 

type C42a dominated the sequences from the C1 radiation. There was a reasonably homogenous 

distribution of each sequence type among the seven sites, with a few exceptions. Type C1 was found 

disproportionately at Beloi Saddle Patch, while Timor sites (Hera West and Lamsana Inlet East and 

West) housed 61% of the clade D samples, despite only representing 44% of samples. In particular, 

nearly a quarter of all Hera West samples were clade D.  
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This was reflected statistically. The PERMANOVA analysis revealed that sequence types at the 

different regions’ sites deviated significantly from those expected at random (p = 0.002, Figure A1.2). 

In addition, the AMOVA results also found a difference between the two geographic regions in terms 

of genetic distances (p = 0.014). 

 

 
Figure 2.3: TCS Minimum Haplotype Network for the cob gene. Hatch marks on the lines represent a single base 

pair change, while black circles represent hypothesised intermediate haplotypes. The size of the circles is 

proportional to the number of samples with that sequence type. Line lengths have been optimised for ease of 

visualisation and are irrelevant. Unique sequences that did not match any previously defined type are labelled 

with their original sequence label (e.g. BBR278 = site BBR, sample 278)  

 

2.3.3. ITS2 region analysis 

 

As per the cob gene, the ITS2 network (Figure 2.4) shows a homogenous distribution across sites for 

most sequence types, with a few exceptions. As before, Hera West is overrepresented in the clade D 

sequences, both in terms of Symbiodinium glynii (D1) and also unique clade D samples. The increased 

resolution of this region also reveals further interesting patterns. Type C3z is only found at Beloi Saddle 

Patch and Beloi Harbour, while Beloi Saddle Patch also has a high number of unique sequences from 

both the C1 and C3 radiations. While it is not evident from the network, there was also a noticeable 

structure within symbiont types C1 and C1x (depicted as a single circle, see figure legend). Atauro sites 

accounted for 74% of type C1, while Lamsana Inlet accounted for 57% of type C1x, despite only 

representing 28% of all sequences. In addition, with the exception of clade D, nearly all unique 

sequences come from Atauro Island sites. 
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These results are also supported statistically. The PERMANOVA analysis revealed that sequence type 

distributions at Atauro Island and Timor deviated significantly from those expected at random (p = 

0.001, Figure A1.3). In addition, just like the cob gene, the AMOVA results also found a significant 

difference between the geographic regions (p = 0.037).  

 

 
Figure 2.4: TCS Minimum Haplotype Network for the ITS2 region, with interpretation as per the legend of Figure 

2.3. Note that the software could not distinguish types if they were separated by only an indel, so types C1 and 

C1x, as well as types C3d/C21 and C3 are rendered in a single circle.  

 

2.3.4. psbAncr analysis 

 

While most of the samples attempted were successfully amplified, sequencing results revealed low-

quality sequences for many of the samples, characterised by either a low signal or multiple bases being 

detected at a single nucleotide site. This limited the number of samples analysed with the psbAncr region. 

This problem was particularly evident for clade D samples, where only 14 samples were acceptable for 

analysis. Interestingly, the samples with multiple bands (for both clade C and D) did not yield different 

sequences: once the low-quality regions of the sequence were trimmed off, the sequences from the same 

sample were identical. This would indicate that the different bands observed in the gel were caused by 

some PCR reactions in the sample failing to ‘stop’ at the correct part of the sequence, or the primers 

occasionally hybridising to another part of the sequence downstream from the target sequence, 

producing longer fragments with low-quality reads beyond a certain point (Chou et al. 1992). 
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Figure 2.5: TCS Minimum Haplotype Network for the psbAncr region, with interpretation as per the legend of 

Figure 2.3. Note that the software could not distinguish types if they were separated by only an indel. Given the 

high number of these in the psbAncr region, only the groups that could be successfully separated by the program 

are displayed here, in order to demonstrate the higher level of partitioning that occurred with site. 

 

Because the circles in Figure 2.5 only represent the consensus sequence from a range of closely-related 

sequences, it should be interpreted with caution. However, it is clear that there is very high variability 

at this locus, demonstrated by the number of differences between different groups. In addition, the 

increased resolution reveals much greater partitioning between geographic regions, especially within 

the C3 radiation. While the cob and ITS2 regions show that Symbiodinium C3/C40 sequences are 

distributed reasonably evenly across the seven sites, the specific groups within C40 displayed here are 

clearly region-specific. For example, symbiont type C40n is only found at Lamsana Inlet, while type 

C40f is found exclusively at Hera West. In contrast, types C40e and C40l are found only at Atauro sites, 

in addition to 90% of C40c. While statistical tests were not attempted on the psbAncr region, it follows 

and enhances the pattern of significant differentiation between Atauro and Timor sites.  

 

2.3.5. Linking symbiont diversity with host diversity 

 

There were several strong relationships between host genus and symbiont type, which are described 

below, as well as in Table A1.5. Unless otherwise specified, the symbiont type refers to the ITS2 
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designation (see Table 2.2). In all but one case, there was no geographic influence (i.e. the relationships 

described were consistent at Atauro and Timor sites). The significant exception is Pocillopora. At 

Timor sites, it exclusively associated with clade D types, apart from one sample at Lamsana Inlet West 

where it hosted type C1d (though note that Pocillopora was absent from Lamsana Inlet East). In 

contrast, at Atauro sites it exclusively associated with types from the C1 radiation, including all other 

samples of C1d.  

 

There were several coral genera which showed high specificity for a single symbiont type, relationships 

which appeared particularly common in the C1 radiation. Sandalolitha exclusively hosted type C1x, 

while Stylophora exclusively hosted type C1z. However, while C1z was only found in Stylophora, C1x 

was hosted by a range of other genera including Fungia, Leptastrea and Echinopora. In addition, 6/7 

of type C1 (as identified by the cob gene) was hosted by the reasonably rare genus Astreopora. 

However, there were also specific relationships evident for the C3 radiation. Symbiont type C40 was 

clearly the preferred dominant type for Platygyra (19/21), Favites (14/16) and Diploastrea (6/6), but its 

presence in a wide array of genera indicates that it is a host-generalist. The zoanthid Millepora only 

hosted C66. In addition, aside from one sample which hosted type D1, every other Acropora hosted 

symbiont types from the C3 radiation. One of the most striking examples of reciprocal specificity came 

from Porites: all but one sample of C15p (cob designation) was found in Porites, making up 34/37 of 

dominant symbiont types hosted by this genus. Further, C15q (cob designation) was almost exclusively 

hosted by Montipora, aside from one sample where it was hosted by Porites.  

 

Aside from Hera West and Lamsana Inlet West, where clade D was exclusively hosted by Pocillopora, 

there was a reasonably even distribution of clade D types among genera at the other sites (where it was 

hosted by nine different genera). However, two reasonably uncommon genera showed an affinity for 

type D1: 7/7 Seriatopora hosted D1, while 6/13 Galaxea hosted D1, and the other 7/13 hosted sequences 

exclusively from the C1 radiation. 

 

There was no specific relationship between unique sequences and host genus. In total there were 39 

samples that had one or more unique sequences in at least one gene region, which were drawn from 17 

host genera. However, it is worth noting that 6/7 of the non-scleractinian Heliopora hosted unique types, 

as well as 7/19 of Montipora. All other host genera and symbiont types showed reasonably general 

relationships, or were not present frequently enough to identify patterns. Interestingly, the highly 

specific psbAncr C40 types (C40c - C40o), which were often site-specific, showed no patterns in host 

genus. For example, type C40n was found in eight different coral genera.  

 

Table 2.3 shows that, compared with previous studies, Atauro Island displays reasonably high symbiont 

diversity for the ITS2 region, with only Hawaii having a higher richness. In contrast, the Timor sites  
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Table 2.3: Diversity studies that report dominant symbiont types and the number of host genera that were sampled. More recent studies are absent, as they generally also report 

background symbiont types that are not separable from the dominant type in a sample. Notably high numbers of ITS2 types per host genus are bolded. For the psbAncr, the total 

number of samples was also able to be included; this could not be done for the ITS2 region due to this number not being reported by the other studies.  

Study Location Host genera 

sampled 

ITS2 types 

found 

ITS2 types 

per genus 

psbAncr unique sequences  

(total number of samples) 

psbAncr types per genera 

per 100 samples 

LaJeunesse et al. 2003 Southern GBR 40 23 0.58 - - 

LaJeunesse et al. 2003 Caribbean 50 35 0.70 - - 

LaJeunesse et al. 

2004a 

Southern/Central GBR 74 32 0.43 - - 

LaJeunesse et al. 

2004a 

Okinawa, Japan 31 20 0.65 - - 

LaJeunesse et al. 

2004b 

Hawaii 18 20 1.11 - - 

Thornhill et al. 2014 Caribbean, Pacific 38 25 0.66 244 (309) 2.08 

This study Atauro Island 40 34 0.85 79 (129) 1.53 

This study Timor 39 21 0.54 66 (97) 1.74 

 

Table 2.4: Top five ITS2 OTUs in terms of the percentage of all sequences, the number of samples they appear in and their identity 

OTU % of all sequences Total number of samples ITS2 Identity 

278 33.8 (1st) 152 (2nd) C40 

24 8.0 (2nd) 49 C15 

154 7.1 (3rd) 52 C3d/C21 

199 6.1 (4th) 91 (5th) C1 

320 4.6 (5th) 46 D1 

119 3.2 195 (1st) C3 

271 1.0 125 (3rd) C40p 

145 0.9 112 (4th) C115 
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display an ITS2 diversity comparable to other regions around the world. However, when looking at the 

psbAncr region, this trend is reversed, with Timor sites showing higher diversity than Atauro.  

 

2.3.6. OTU-based analysis 

 

Overall the NGS results were highly successful. The two most important quality statistics for Illumina 

MiSeq results are cluster density and base quality; a cluster density of 700-1000 k/mm3 is optimal, while 

75% of bases having Phred scores >30 is considered good. For these results, cluster density was 831 

k/mm3, and quality scores were 87% and 77% for the forward and reverse reads respectively, 

emphasising the high-quality nature of the data obtained. The confirmatory analysis run in mothur 

found spurious chimeras at a frequency of 0.04%, well below the 1% threshold used in these analyses.  

 

After all processing, there were 6,163,296 sequence reads representing 852 unique sequences, which 

clustered into 366 OTUs over the 377 successful samples. Of those 366 OTUs, 295 were clade C, 66 

were clade D, 4 were clade A and 1 was clade G. While this represents a high level of diversity, there 

was a distinct drop-off in the abundance of OTUs: the five most common OTUs accounted for 59% of 

all sequences recovered. Interestingly, the five largest OTUs in terms of number of sequences were not 

the same as the five most common OTUs in terms of the numbers of samples in which they appeared 

(Table 2.4).  

 

The identity of the most common OTUs generally accorded with the dominant sequence identities found 

(Section 2.3.3). However, there were a few notable exceptions. ITS2 type C3, which was the dominant 

sequence in only four of the samples, was the top OTU in terms of number of samples it was found in. 

This indicates that it was present at background levels in a high number of samples. In addition, the 

third most common OTU in terms of the number of samples it appeared in was symbiont type C40p, a 

unique type that was not found as the dominant sequence in any of the samples. A similar pattern was 

observed with type C115; both appear to be extensively present at background levels at low frequencies, 

without ever being the most common type.  

 

Strikingly, all samples had at least two distinct OTUs present, with an average of 7.1 per sample 

(minimum: 2; maximum: 19). While there was a high level of variability in the number of raw sequence 

counts recovered per sample, there was no relationship between this and the number of OTUs per 

sample (Figure A1.5), indicating that this is unlikely to influence results. In addition, there was no 

particular relationship between OTU richness and host genus. For example, 52 samples (14%) had more 

than 10 OTUs; those samples were evenly distributed among 23 different coral genera, indicating that 

there was not one particular genus prone to hosting a significantly higher number of OTUs. Further, 32 

samples (8.5%) hosted more than one clade, which were spread over 20 different host genera. However, 
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there were differences evident in OTU richness between sites and broad geographic regions (Figure 

2.6).  

 

 
Figure 2.6: Comparison of OTU richness between sites and regions. (a) Average number of OTUs per sample 

belonging to the four clades found at each site. (b) Venn diagram of the number of OTUs unique to Atauro Island 

and Timor sites, separated by clade. 

 

Figure 2.6 demonstrates that, generally, OTU richness was higher at Atauro sites than Timor sites, 

though this difference was not statistically substantiated (Kruskall-Wallis test, p = 0.383). However, 

there was a significant difference in composition between the two geographic regions (χ2 test, p < 

0.0001). Figure 2.6a shows that, while the number of clade D OTUs was similar among Atauro and 

Timor sites, the lower total number of OTUs means that, proportionally, clade D OTUs were much 

more prevalent at Timor sites (31% vs. 14%). This is supported by Figure 2.6b; the OTUs unique to 

Timor were evenly distributed among clade D and C, while unique Atauro OTUs were nearly all clade 

C.  

 

To further explore regional differences without any potential confounding effect of host specificity 

(Tonk et al. 2013), coral genera that had a minimum of five representatives per region (Atauro or Timor) 

were investigated separately. This involved the five most common coral genera: Acropora, Porites, 

Pocillopora, Platygyra and Montipora (Figure 2.7).  
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Figure 2.7: Mean OTU richness and composition for the five most common coral genera, for both Atauro Island 

sites (top bar) and Timor sites (bottom bar). The first column of symbols on the right indicates significance in 

terms of OTU richness (* = significant difference between Atauro and Timor, 0 = non-significant), while the 

second column indicates significance in terms of OTU composition (* = significant difference between Atauro 

and Timor, 0 = non-significant).  

 

Differences in terms of OTU richness between Atauro Island and Timor sites were assessed with one-

way ANOVA, while differences in cladal composition were assessed with χ2 tests. Porites showed no 

differences between the sites in terms of either richness or composition, hosting only clade C, plus one 

clade A at background levels at Atauro. However, there was a fairly strong trend of increased richness 

at Atauro Island (p = 0.051). In contrast, there was a significant difference in terms of richness for both 

Platygyra (p = 0.007) and Acropora (p < 0.0001), with Atauro Island having 1.4 times and 1.3 times 

more OTUs, respectively. However, the composition of OTUs did not differ (p > 0.05 for both genera). 

In contrast, Pocillopora and Montipora showed no differences in OTU richness (p > 0.05), but 

significant differences in composition (p < 0.0001 and p = 0.0002, respectively). This difference was 

particularly pronounced in Pocillopora, with 93% of OTUs belonging to clade D in Timor, matching 

the dominant sequence analysis which found only clade Ds at Timor sites. In contrast, there were no 

clade D OTUs found at Atauro sites.  
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2.4. Discussion 

 

2.4.1. Commentary on methods 

 

This study utilised both direct Sanger sequencing and Next Generation Sequencing (NGS) to assess the 

diversity of symbiont communities at Atauro Island and adjacent sites at Timor. While the use of NGS 

to study Symbiodinium is not novel, running ~380 samples on a single MiSeq is significantly more than 

is generally attempted, with 96 being the typical maximum (e.g. Ziegler et al. 2017a). This approach 

was shown to be highly successful. Only two samples could be considered unsuccessful (0.5%), and 

high-quality data were produced which supported and added to the direct sequencing results, which had 

failure rates of 14% (cob) and 42% (psbAncr). Running a large number of samples on a single lane was 

highly cost-effective – assuming the researcher has access to indexing primers (a NZ$1500 outlay being 

sufficient for 80,000 samples), the sequencing cost per sample was <NZ$7, comparable to a standard 

PCR/direct sequencing cost while achieving a much higher sequencing depth. Other approaches used 

to quantify background symbiont populations are less appropriate. DGGE is prohibitively time-

consuming over large numbers and insensitive (Quigley et al. 2014), while plasmid cloning is very 

expensive and artificially inflates rare variants (LaJeunesse and Thornhill 2011). While increasing the 

number of samples on a single lane does decrease sequencing depth per sample, if meta-community 

dynamics are not being studied then depth is less important. In addition, typically sequences that only 

appear at frequencies >1% in at least one sample are used anyway (Thomas et al. 2014, Ziegler et al. 

2017a), so the decrease in sensitivity is likely to be negligible. Therefore, this method is strongly 

recommended for future studies of Symbiodinium diversity. The psbAncr could also technically be 

sequenced via NGS, but the long amplicon length means that this could only be done in one direction. 

For future Symbiodinium systematics, the development of additional short, highly variable gene regions 

amenable to NGS methods is recommended. 

 

Further, the utility of using multiple genes was demonstrated. This is clear for the five samples that had 

co-dominant symbiont populations (see section 2.2.6). A single gene would not have discovered this, 

and failed to appreciate the full diversity of relationships present. It was also able to highlight potential 

inconsistencies in nomenclature; for example cob type C3 being a different symbiont type to ITS2 type 

C3 (Table 2.2). If this is not appreciated it could lead to confusion and incorrect comparisons between 

studies. In addition, it also challenged the assertion that the cob gene always contains less resolution 

than other regions, as it was able to detect further diversity within ITS2 type C15 (Table 2.2). This 

supports the use of a hierarchical approach to quantify symbiont populations, using genes with different 

sensitivities (LaJeunesse and Thornhill 2011).  
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Overall, these methods combined to find significant variation in symbiont populations at Atauro Island 

and also Timor. The following sections explore this diversity for the direct sequencing results (2.4.2) 

and OTU results (2.4.3). In each case, the contrasting patterns at Atauro and Timor will first be 

considered, before extending the discussion to comparisons with similar studies at other locations. As 

per the Results, symbiont types are referred to by their ITS2 designation unless otherwise specified.  

 

2.4.2. Diversity in the dominant sequence analyses 

 

There were significant differences in both symbiont richness and composition between sites (Figures 

2.2 – 2.5). In some cases, this can be explained by differential host sampling between the sites. For 

example, 43% of cob type C1 was found at Beloi Saddle Patch. However, Beloi Saddle Patch also 

hosted 38% of the Astreopora sampled, the predominant host of that symbiont type. This appears to be 

through chance, as Turak and DeVantier (2013) do not report any notable increase of Astreopora at that 

site (though it could have changed since their survey in late 2012). A similar phenomenon could also 

explain some of the abundance differences of clade D between Atauro and Timor. The genus 

Pocillopora hosted type D1 at Timor sites, and 48% of all Pocillopora in the study was sampled at Hera 

West. However, this does not explain the presence of clade D exclusively in Pocillopora at Hera West 

and Lamsana Inlet West, when it appears in a variety of other genera at Atauro Island. Other differences 

also remain unexplained, such as the exclusive presence of type C3z at Beloi Harbour and Beloi Saddle 

Patch. At those two sites, C3z occurred in Acropora, Montipora and Favites, which were common 

across all sites. In addition, symbiont types C1 and C1x showed strong partitioning between Atauro and 

Timor sites, despite them having similar host genera (they share six host genera, largely from the 

families Fungiidae and Faviidae). Differential host sampling does not explain the richness differences 

between Atauro Island and Timor, both in terms of overall sequence diversity (Figure 2.2) and the 

number of unique sequences for the cob and ITS2 regions (see Table A1.4). On this evidence, there 

does appear to be some differentiation in symbiont richness and community structure between Atauro 

Island and Timor, disproving the first hypothesis of this study (that Atauro and Timor sites have similar 

symbiont diversity and composition). A contributing factor could be the underlying oceanographic 

conditions. The two regions are separated by the Ombai Strait, a channel over 3000 m deep 

(Atmadipoera et al. 2009). This features a strong north-south flow (Sprintall et al. 2004), which may 

prevent gene flow between Atauro and Timor, and encourage the production of distinctive 

Symbiodinium communities. However, this does not necessarily explain the greater diversity displayed 

at Atauro Island, especially given the reduced diversity in terrestrial fauna such as birds (Trainor and 

Soares 2004) and reptiles (Kaiser et al. 2013).  

 

Despite the differences, there were also many conserved relationships between the regions, which serve 

to distinguish these reefs from other systems. Clearly, at Atauro Island and Timor sites, Symbiodinium 
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C40 is a common generalist symbiont, fulfilling the role that type C3 typically inhabits elsewhere in the 

Indo-Pacific. For example, Diploastrea and Favites are largely C40 here, when they are dominated by 

C3 elsewhere (LaJeunesse et al. 2004a). In addition, Acropora is mainly (and often exclusively) 

inhabited by C3 as the dominant symbiont (LaJeunesse et al. 2003; Davies et al. 2016), while here it 

hosts C40 as well as a range of other symbionts in the C3 radiation. However, C40 has also been shown 

to be the dominant symbiont at sites in both Western Australia (Silverstein et al. 2011) and Micronesia 

(Davies et al. 2016). While such results may be attributed to stochasticity or general flexibility in these 

relationships, it is very interesting to note that from the OTU analysis, C3 was actually the most common 

symbiont in this study, in terms of the number of samples it appeared in (52% of all samples, Table 

2.4). The fact that it was only the dominant symbiont in 1% of samples would indicate that C40 holds 

some sort of selective or competitive advantage over C3, or that there is some functional benefit to 

corals keeping C3 at background levels. Additionally, it could be explained by intragenomic variation, 

though given that C3 appears at background levels in 191 samples and C40 only appears in 152 samples 

in total, it would also require multiple other types to have residual C3 repeats in their genomes. This 

would be an interesting direction of further study.  

 

There are several other noticeable differences between this study and other studies. While type C3z has 

previously been reported, it appears in the literature largely in the western Indian Ocean (African coast 

and Madagascar) (LaJeunesse et al. 2010b; Chauka 2012; Yang et al. 2012). To the author’s knowledge, 

this is the first time that C3z has been recorded inside the Coral Triangle. Finally, several of the non-

scleractinians also display divergent symbiont relationships. Millepora, which exclusively hosts C66 as 

its dominant symbiont, has largely been reported to host type A7 elsewhere (LaJeunesse et al. 2003; 

Tonk et al. 2013). When it does host clade C, it appears to be only C57 (LaJeunesse et al. 2004a). 

Heliopora hosts largely unique previously unidentified types, which are not shared with other host taxa 

or indeed conspecifics. This is a particularly unusual result given they appear to obtain their symbionts 

horizontally: studies have shown their planulae lack zooxanthellae (Harii et al 2002). There is little 

literature on the symbionts of Heliopora, but this wide diversity between individual colonies suggests 

it may be worthy of greater consideration.  

 

There were also relationships found here that are widely conserved across multiple studies. Stylophora 

has been shown to host only symbionts from the C1 radiation (Fitt et al. 2009), as it did here. In this 

case it was a previously unreported subtype C1z, likely a local variant. In addition, Galaxea has been 

reported to host either D1 or C1 as its dominant symbiont type (LaJeunesse et al. 2004b; Zhou and 

Huang 2011), exactly as it did here. Porites almost exclusively appears to host Symbiodinium C15, in 

associations that are highly stable through time (LaJeunesse et al. 2003; Fitt et al. 2009; Zhou and 

Huang 2011; Putnam et al. 2012). Montipora has also been reported to host C15, though the authors 

that reported this expressed mild surprise that it hosts the same type that has been well-established to 
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occur in Porites (LaJeunesse et al. 2003). My results bring further clarity to this, by showing that C15 

encompasses two different types that clearly partition into the two genera. All four of these genera 

(Stylophora, Galaxea, Porites, Montipora) are largely vertical transmitters of symbionts to their 

offspring (Baird et al. 2009); this study hence affirms the general hypothesis that vertically transmitting 

corals are more predisposed to hosting specific (as opposed to generalist) symbionts (Stat et al. 2008; 

Fabina et al. 2012).  

 

The results for Pocillopora also match previous studies, where it has been shown to host either S. glynii 

(D1) or symbionts of the C1 radiation (e.g. C1b-c) as their homologous (i.e. native) type depending on 

location (Rowan 2004; Magalon et al. 2007; LaJeunesse et al. 2008; McGinley et al. 2012). These 

relationships have been shown to be highly stable, and are hence attributed to long-term ecological 

processes in addition to the host cell environment (LaJeunesse et al. 2008). It has been shown that such 

assemblages are independent of the species of Pocillopora sampled (Cunning et al. 2013), so it is 

unlikely that these results are explainable by sampling different species of Pocillopora at the different 

sites. The major contributor to Pocillopora hosting these different homologous types in distinct but 

close geographic areas appears to be stress, particularly past bleaching events (Glynn et al. 2001; Rowan 

2004). In this case, however, it appears implausible that bleaching has caused the different symbionts 

between Atauro Island and Timor sites, given that there is no evidence of coral bleaching at Timor 

reefscapes dating to before the first global bleaching event in 1998 (Turak and DeVantier 2013). 

However, it is possible that other stressors such as terrestrial runoff or nutrient enrichment can also lead 

to the observed changes in Pocillopora symbiont types (LaJeunesse et al. 2008). Turak and DeVantier 

(2013) found lower visibility due to terrestrial runoff as well as higher litter levels at the Timor sites, 

particularly Lamsana Inlet, something they attribute to the higher human population adjacent to these 

sites. Given that Timor is significantly agricultural, it is likely that the terrestrial runoff is nutrient-

enriched to some extent. This combination of factors appears the most plausible reason for the 

differential symbiont populations hosted by Pocillopora across the sites surveyed here, and other studies 

have reported clade D symbionts in Pocillopora from more turbid areas (LaJeunesse et al. 2010b, 2014; 

Wham et al. 2017). Further, Stat et al. (2013) found a correlation between sedimentation and clade D 

Symbiodinium in Montipora in Kaneohe Bay, Hawaii. The current study also found a greater proportion 

of clade D in Montipora at Timor (Figure 2.7), which further supports this explanation. While further 

research is required to definitely prove this, human-mediated impacts on the reefs appears a possible 

mechanism for the general diversity differences displayed between Timor and Atauro Island.  

 

In terms of ITS2 diversity, Atauro Island appears very symbiont-rich compared with other studies and 

Timor (Table 2.3). Only the Hawaii study reports a high number of symbiont types per host genus, a 

result which was considered to represent an extremely high level of diversity (LaJeunesse et al. 2004b). 

In addition, all the other studies in Table 2.3 conducted sampling at both deep and shallow sites, and 
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many of the symbiont types found were exclusively at deep sites. The current study only sampled in 

shallow regions, and therefore diversity estimates would likely be further elevated if symbiont 

assessments at other depths were carried out. Further, in the Hawaii study the diversity was largely in 

three vertically (i.e. maternally) transmitting genera, a symbiont acquisition mode which has been 

shown to promote symbiont specialisation (Douglas 1998) and is thought to be the major cause of the 

high diversity observed (LaJeunesse et al. 2004b). In contrast, the different types found here were 

spread reasonably evenly over 17 host genera, encompassing a wide range of horizontally- and 

vertically-transmitting corals. Finally, many of the genera were probably under-sampled (54% had ≤5 

samples taken), and increased sampling may drastically increase the observed diversity. This provides 

partial support for the second hypothesis of this study, in that Atauro appears to have a higher level of 

symbiont diversity than other regions around the world, while Timor does not. However, the 

psbAncr values in Table 2.3 would suggest the opposite. This result could reflect a higher rate of 

evolution at Timor sites caused by environmental stress (Moran and Alexander 2014), or, more likely, 

that sampling had not reached a saturation point yet for this gene (Figure A1.4).  

 

To conclude this section, the sites studied here show very high symbiont diversity, though with a 

significant discordance between Atauro Island and Timor. Host-symbiont assemblages are reasonably 

consistent with other studies, though also show novel relationships (e.g. C3z) which further set this 

region apart from other reefs examined in the literature. 

 

2.4.3. Total diversity in Atauro and Timor corals: the OTU-based approach 

Overall, the OTU results from the NGS support the direct sequencing results. There were clear 

differences in OTU cladal composition between Atauro and Timor sites, shown both overall (Figure 

2.6a) and for the common genera Pocillopora and Montipora (Figure 2.7).  In addition, there were many 

more OTUs unique to Atauro Island than there were to Timor (Figure 2.6b). This included the presence 

of clades G and A at background levels. While these are reasonable associations to uncover, it should 

also be noted that this may have been caused by contamination on the surface of the coral, especially as 

these clades were never recovered as the dominant sequence. There was also an observable non-

significant drop in OTU richness from Atauro to Timor, a pattern that was particularly apparent in both 

Acropora and Platygyra. In this case, differences in the number of host genera sampled can be 

categorically eliminated as an explanation, as richness was assessed on a per-sample basis. Therefore, 

a difference in symbiont communities between Atauro and Timor is further supported by the NGS data. 

 

However, other results also support broad-level homogeneity between the two regions, especially Table 

2.4. The fact that the third most common OTU found here is a previously undefined symbiont type, 

C40p, which appears commonly in both regions, would indicate that there is potential for gene flow. In 
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addition, the high prevalence of types C3 and C115 at background levels, despite being nearly or totally 

absent as the dominant type, suggests a shared evolutionary history between the two regions. This 

pattern could be the result of intragenomic variation, or cryptic functional benefit. For instance, there is 

the potential for symbiont combinations to convey an interactive benefit to a host that cannot be 

achieved by symbiont populations in isolation (Ziegler et al. 2017b). 

 

Comparison with other studies is more difficult, as slightly different processing methods could have a 

profound influence on the number and nature of OTUs recorded. In addition, the OTU approach itself 

is not without limitations. Different ‘species’ (in the sense of a reproductively isolated population) may 

display different levels of genetic variation (Correa and Baker 2009). Using a single cut-off point (97% 

similarity) for collapsing sequences into discrete units may mean that some OTUs could potentially 

host multiple species, while others may not encompass the full range of a single species. While a 97% 

cut-off was claimed to resolve species (Arif et al. 2014) and has since been adopted for NGS of 

Symbiodinium (e.g. Thomas et al. 2014, Ziegler et al. 2017a), a paucity of definitive information on 

what constitutes a Symbiodinium ‘species’ means further work is recommended to have complete 

confidence in an OTU-based approach. Despite this, there are some striking comparisons to be made. 

In the present study, 8.5% (32/377) of the samples hosted more than one clade of Symbiodinium. Other 

studies also report this statistic, and return values of 8.5% (Thomas et al. 2014), 9% (Putnam et al. 

2012) and 6% (Tonk et al. 2013), a number which appears remarkably consistent across divergent 

reefscapes. In saying that, higher levels of up to 78% have been reported (Mieog et al. 2007), though 

this is attributable to recent bleaching events (Mieog et al. 2007; Rouzé et al. 2017). Hence, the 

reasonably low percentage reported here further supports the assertion that these reefs have not 

experienced significant bleaching. While there may be an element of coincidence to this congruence, it 

may also reflect some aspect of evolutionary history that maintains background clades at this frequency. 

A possible mechanism is beyond the remit of this thesis, but it provides a potentially fascinating area 

of future study.  

 

The richness of OTUs is also higher than found in other studies. This is consistent for both total OTUs 

and OTUs per host genus. For example, across Acropora, Montipora, Pocillopora and Porites, Ziegler 

and colleagues (2017a) found on average 2.9 OTUs per sample, in contrast to the 7.4 here. Thomas et 

al. (2014) found 4 OTUs per Acropora colony, in contrast to the 6.2 here. In addition, the diversity 

appears to be much more even in the current study. The most common OTU by number of sequences 

accounts for 34% of all sequences here; in Western Australia, by comparison, this figure is 98% 

(Thomas et al. 2014). While these comparisons must be treated with caution, these results support the 

direct sequencing results that Atauro sites harbour abnormally high Symbiodinium diversity that is 

reasonably evenly distributed.  
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2.4.4. Conclusions 

 

The hypothesis that symbiont diversity and composition would be similar between Atauro and Timor 

sites has been strongly disproven, with Atauro Island displaying high diversity relative to Timor and 

significantly different symbiont communities, particularly a high proportion of clade D symbionts at 

Timor sites. Thanks to the OTU analysis, variable host sampling and bleaching can largely be eliminated 

as causes. In addition, Turak and DeVantier (2013) documented no clear differences in coral 

communities between the regions. Therefore, a combination of oceanographic conditions and 

environmental (e.g. turbidity) stress appears to be the most likely explanation for this. However, there 

are several aspects of the symbiont community shared between regions which distinguish them from 

other regions and support the conservation value of these sites. The hypothesis that these regions would 

show elevated diversity relative to other reefs is partially supported; while Timor sites showed similar 

levels, Atauro diversity was higher than most other studies, even with only shallow sites and small 

numbers of some genera being represented. Given the highly diverse macrofauna documented at this 

site (Conservation International 2016), there may be a link between symbiont diversity and reef health. 

Turak and DeVantier (2013) observed environmental degradation consistent with human influences at 

Timor sites, and while this does not appear to have significantly affected the coral community, this 

study points to a potentially significant reduction in symbiont diversity. Therefore, it is possible that by 

the time corals start to show negative effects, the adaptive potential of high symbiont diversity may 

have been lost without anyone realising. This should encourage further thorough analyses of symbiont 

diversity, in order to accurately predict and perhaps ameliorate the deleterious effects of human-induced 

environmental change.  
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Chapter 3: Multi-gene evidence of symbiont hybridisation 

at Atauro Island, Timor-Leste 
 

3.1. Introduction 

 

In order for coral reefs to survive the stresses of a changing climate, genetic adaptation over rapid 

evolutionary timescales has to occur. Adaptation in the coral itself may go some way to provisioning 

for the environmentally challenging conditions predicted to come (Rodriguez et al. 2009). However, 

given that the response of corals to environmental conditions is inextricably linked to the diversity and 

performance of their symbionts, increasing attention is being focused on the evolutionary potential 

within the genus Symbiodinium.  

 

Coral symbionts were thought to be nearly exclusively asexual (Trench 1997; LaJeunesse 2005), thanks 

to their isolated position sequestered inside host cells, and the hypothesis that endosymbiotic sex would 

encourage exploitation of the host (Law and Lewis 1983). However, previous work in other taxa has 

shown that intracellular symbionts can sexually reproduce (Chesnick and Cox 1987). In general, it is 

thought that many such organisms may have cryptic sexual cycles that have previously been 

unappreciated, in addition to the production of clonal populations via asexual reproduction (Heitman 

2010). Now, there is significant evidence that Symbiodinium also displays a mixed reproductive 

strategy, with periods of asexuality interspersed with occasional to frequent sex. While it has never been 

explicitly observed, there are distinct and observable traces of sex in their genomes (e.g. Baillie et al. 

2000; LaJeunesse 2001; Santos and Coffroth 2003; Santos et al. 2004; Pettay et al. 2011; Baums et al. 

2014; Chi et al. 2014; LaJeunesse et al. 2014; Thornhill et al. 2014; Levin et al. 2016; see also review 

by Thornhill et al. 2017).  

 

Sexual reproduction can facilitate adaptation by generating novel genetic variation, which selection can 

then act on. However, symbiont sex may not be enough to ensure the survival of coral reefs into the 

future. The maximum recorded increased tolerance conveyed by symbionts is 1.5ºC (Berkelmans and 

van Oppen 2006), while increases up to 3ºC are predicted by the end of the century (Kirtman et al. 

2013). Therefore, even if sex does produce increased thermal tolerance in Symbiodinium, it may not be 

sufficient to facilitate coral survival. Further, bursts of diversification in Symbiodinium have 

traditionally occurred in periods of cooler temperatures (Pochon and Pawlowski 2006); warmer 

temperatures may lead to significantly reduced diversity as many symbiont types may die out. This 

removal of genetic diversity eliminates the raw material for adaptation via sex. Put plainly, corals are 

unlikely to be able to keep pace with the warming climate, even with the adaptive potential of symbiont 

sex (Baskett et al. 2009; van Oppen et al. 2015).  
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However, the presence of sex raises the possibility of hybridisation, sexual reproduction between 

divergent genetic lineages. This can allow for rapid adaptation, by facilitating macro-evolutionary 

jumps (Willis et al. 2006; Dittrich-Reed and Fitzpatrick 2013). An example is introgressive 

hybridisation, where the F1 hybrids subsequently mate with one or both parent populations; this can 

transfer a large quantity of genetic material between the two parent lineages in the space of a few 

generations. In addition, hybridisation can also produce offspring with elevated fitness (‘hybrid 

vigour’), which can even outcompete the parent species (Ellstrand and Hoffman 1990; Rhymer and 

Simberloff 1996). Importantly, instances of hybridisation have also been shown to increase in taxing 

conditions (Rhymer and Simberloff 1996; Moran and Alexander 2014). Therefore, the possibility of 

hybridisation in coral symbionts raises tantalising opportunities for adaptation at the required pace and 

scale for survival. Other biologically similar taxa show evidence of adaptive hybridisation, which 

encourages the hypothesis that Symbiodinium could hybridise.  

 

In particular, there is evidence that a range of dinoflagellates hybridise. For example, Brosnahan and 

colleagues (2010) recorded reproduction between two genetically diverse groups (I and III) of 

Alexandrium tamarense, though the zygote became inviable after three cell divisions and died. A more 

successful example is between Dinophysis acuminata and D. norvegica. Successful hybrids between 

these two species have been recorded from both Norway (Edvardsen et al. 2003) and Scotland (Hart et 

al. 2007). In addition, there is evidence from genetic data that hybridisation also occurs in the genera 

Protoperidinium, Preperidinium and Diplopsalis (Gribble and Anderson 2007). Of course, these 

examples all come from exclusively free-living taxa, with no significant barriers to encountering other 

species. However, there is also evidence from plant-fungi relationships that endosymbionts can 

successfully hybridise. The endophytes Epichloë spp. are pathogenic or mutualistic fungi that inhabit a 

wide range of grasses. Hybridisation appears to be a major mechanism for diversification in this genus, 

and has been reported to occur inside the grasses Lolium perenne (Schardl et al. 1994), Festuca 

arundinacea (Tsai et al. 1994), Bromus laevipes (Charlton et al. 2014) and Poa alsodes (Shymanovich 

et al. 2017). In several cases, multiple cases of hybridisation have been recorded, and evidence put 

forward that those hybrids are fitter than non-hybrids (Schardl et al. 1994; Moon et al. 2004). It should 

be noted, however, that these endophytes grow in intercellular space in their hosts, rather than being 

sequestered in host cells as Symbiodinium are. However, in other respects they are remarkably similar. 

Both are generally asexual with evidence of cryptic sex, infect a broad variety of hosts, and are often 

transferred via host embryos, where hybridisation could occur.  

 

Hybridisation remains understudied as a mechanism for evolutionary leaps (Dittrich-Reed and 

Fitzpatrick 2013), both in general and especially for Symbiodinium. However, the above evidence that 

both dinoflagellates and endosymbionts can hybridise increases the plausibility of it as an evolutionary 

mechanism. The extensive presence of background symbiont populations inside hosts, the observation 
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that corals themselves hybridise (Willis et al. 2006, Combosch and Vollmer 2015), and the existence 

of a free-living state (Coffroth et al. 2006; Nitschke et al. 2016) mean it is highly possible (even likely) 

that at some point diverse symbiont communities may interact, with the possibility for sexual 

reproduction. This is especially possible for those vertically transmitting corals that host diverse 

symbiont consortia in their eggs and where genotypically distinct symbionts are hence not physically 

segregated (Padilla-Gamiño et al. 2012). Because researchers have not been focused on hybridisation 

as an adaptive mechanism, evidence for its existence could easily have been glossed over. Some 

possible examples for Symbiodinium are given in the following paragraph. 

 

LaJeunesse and colleagues (2003) reported an ITS2 sequence variant they called C1c and treated as an 

intragenomic variant, as it was only observed in DGGE profiles associated with type C1. However, it 

was then discovered to be an independent type and called C45 (LaJeunesse 2005). Therefore, the 

additive DGGE pattern shown in LaJeunesse et al. (2003) could have in fact resulted from the 

hybridisation of C1 and C45 (Wilkinson 2015). In the same paper, LaJeunesse (2005) defined type C3m 

using the ITS2 region, which has co-dominant characteristics of both C1 and C3. This was attributed to 

either sexual recombination or homoplasy. A similar scenario was also recorded in symbiont type C3h, 

an apparent intermediary between C3 and C21 (LaJeunesse et al. 2004a). This time, the pattern was 

hypothesised to be due to incomplete lineage sorting or sexual recombination between the two different 

types. Given the unambiguous existence of ‘pure’ C3 and C21 in the samples, sexual recombination is 

possibly a more credible explanation than having a symbiont ‘caught between’ the two established 

genotypes. Finally, one of the only studies that actually targeted hybridisation found evidence for its 

existence. Wilkinson and colleagues (2015) reported two symbiont types but three distinct symbiont 

populations inside a single Pocillopora colony: C100 symbionts, C109 symbionts, and symbionts 

having co-dominant C100 and C109 repeats in the same cell. Again, the extensive presence of the two 

‘pure’ populations means incomplete lineage sorting is a less parsimonious explanation than 

hybridisation. However, it cannot be completely eliminated as a possibility. In addition, this study took 

place at Lord Howe Island, the world’s southern-most coral reef, and therefore may not be widely 

applicable across less marginal, low-latitude sites.  

 

Hence, there is a body of indirect evidence for sexual recombination between diverse symbiont types 

(hybridisation sensu lato), and this warrants in-depth study. The current study aimed to gather further 

defendable evidence as to whether hybridisation occurs in coral symbionts. Because it is very difficult 

to observe hybridisation directly, it is generally inferred through genetic signals. One of the most 

common of these is incongruence between gene regions, which can be caused by hybridisation in a 

number of ways. Because nuclear genes are inherited biparentally, while organelle genes are inherited 

uniparentally, sexual reproduction between different species will result in organelle genes resembling 

one parent only, while the nuclear genome will have clear traces of both parents (Rieseberg et al. 1996). 
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In extreme cases, repeated backcrosses with a parent type can result in organelle capture, where novel, 

discordant nuclear-organellar combinations are observed (Folk et al. 2017; Figure 3.1).  

 

 

Figure 3.1: Theory of introgressive hybridisation causing incongruence, where one or a few representatives of 

Species Two contact a population of Species One. If Species Two acts as the maternal contributor in the initial 

hybridisation event, and the hybrids continue to do so, after several generations, then the hybrids will largely have 

the nuclear genome of Species One (red) but the organellar genome of Species Two (blue). It has been found that 

minority taxa will nearly always be the ‘female’ parent of hybrids due to gamete fusion typically being egg-limited 

rather than sperm-limited (Rieseberg et al. 1996). Figure adapted for Symbiodinium from Rieseberg et al. (1996).  

 

Following a hybridisation event, selection can also act to produce incongruence between gene regions: 

there may be elevated (or reduced) fitness of certain nuclear-cytoplasmic combinations, or selection 

pressure may be different for nuclear and cytoplasmic genomes (e.g. a greater selection pressure acting 

on nuclear genes) (Rieseberg et al. 1996). Therefore, identifying incongruence between gene regions is 

a common method for assessing potential hybridisation (Planet et al. 2006, Govindarajulu et al. 2015), 

and was utilised in the current study.   

 

The chosen location for this study of Atauro Island and the north coast of Timor, is in the Coral Triangle 

and therefore widely applicable to other important reef systems. The hypothesis tested was that 

hybridisation between distinct Symbiodinium genotypes has occurred at these sites, as evidenced by 

various gene regions (cob, ITS2, psbAncr) having experienced different evolutionary histories. If proven 

to be correct, then this may provide a plausible mechanism for coral reef survival in the future.   
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3.2. Methods 

 

3.2.1. Incongruence tests utilised 

 

A brief introduction to the incongruence tests utilised in this chapter is provided below, as a basic 

mathematical understanding of their function is necessary when their results are interpreted and 

discussed. Ideally, a statistical test would be able to test the null hypothesis ‘Dataset X and Dataset Y 

are congruent’, against an alternate hypothesis ‘Dataset X and Dataset Y are incongruent.’ Regretfully, 

no such test exists for phylogenetic data. As such, other tests with slightly different hypotheses have 

been frequently employed as an approximation. Two of these tests will be utilised here. 

 

The Incongruence Length Difference (ILD) test was originally developed by Farris and colleagues 

(1994), using a criterion of maximum parsimony. At its simplest, the test is used to compare two data 

partitions (nucleotide alignments) X and Y, of arbitrary length. The shortest number of steps 

(evolutionary events) required to build tree X and tree Y from the partitions independently is calculated 

and summed. The test then generates random partitions P and Q, the same sequence length as X and Y, 

by randomly drawing characters (i.e. columns in the alignment, a single nucleotide position) from X 

and Y, and placing them in the partitions P and Q. This is repeated for a defined number of replicates, 

and the test statistic is the number of replicates for which X+Y produces a more parsimonious tree than 

P+Q. The null hypothesis is that the defined partitions (X, Y) are no more parsimonious than random 

partitions (P, Q) while the alternate hypothesis is that the defined partitions are significantly more 

parsimonious than random partitions. Functionally, this can be used to test if two datasets have 

undergone separate evolutionary histories (Planet 2006). The implication is that if X and Y are indeed 

more parsimonious, they encode contrary evolutionary information that is lost when randomised, and 

hence leads to less parsimonious trees in P and Q. In this way, incongruence can be assessed. While the 

example here is two partitions, the test can technically be scaled up to any number of partitions. This 

test uses parsimony as its criterion, and though there is no reason why it should not be as successful 

using maximum likelihood or distance methods, currently there are no programs available using these 

criteria (Planet 2006; Leigh et al. 2011). 

  

An explicit tree-based test was developed using the criterion of maximum likelihood (ML), the 

Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa 1999). This is designed to test a 

multiplicity of trees, allows for the fact that the optimal tree may be included, and establishes a 

‘confidence set’ of trees that explain the data equally well. The null hypothesis is that all tested trees 

are equally good explanations of the data, while the alternate is that some or all tested trees are not 

equally good explanations of the data. In practice, this test identifies the best tree for a given dataset 

(i.e. a multiple sequence alignment), and then presents output as to whether other candidate trees are 
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statistically distinct from that best tree. The output hence appears as pairwise comparisons between two 

trees. This procedure can be used to test for incongruence in datasets X and Y, using trees TX and TY 

made from those datasets. If TX and TY are equally likely for all or most characters in X and in Y (tested 

in two separate tests), the test will find a p-value >0.05, and it can be concluded that X and Y are 

congruent, as their trees do an equally good job of explaining each other’s data. If they are incongruent, 

it is expected that TX will be significantly better than TY when considering dataset X, and vice versa for 

TY and Y. Alterations have since been made to this test, as it can be very conservative. The weighted 

SH test (WSH) was also defined by Shimodaira and Hasegawa (1999), which divides the test statistic 

by the variance for each set of trees tested. The Approximately Unbiased (AU) test was developed by 

Shimodaira (2002) as a derivation of the SH test, and generally finds more accurate results when there 

are many candidate trees, or some trees are particularly unlikely (Shimodaira 2002; Strimmer and 

Rambaut 2002). The SH test (both normal and weighted) and the AU test were utilised for testing 

procedures. 

 

3.2.2. Data Assembly 

 

Raw sequence data were obtained via the methods outlined in Chapter 2. As the tests require a single 

sequence per sample, the most dominant ITS2 sequence from the Next Generation Sequencing in each 

sample was extracted. Before analyses, data were filtered extensively. First, only samples that had 

successful sequences for all three gene regions were chosen, as the tests require exactly the same taxa 

lists for each tree or partition. This eliminated a large number of samples, as generally unsuccessful 

sequences were not consistent within samples (i.e. an unsuccessful psbAncr sequence would render the 

sample invalid for use in the analyses, even if the cob and ITS2 sequences were successful). Following 

this, only samples that could be placed in an unambiguous alignment were used, which eliminated 

several samples with highly divergent psbAncr sequences. This also meant that clade D samples were 

not included, as their psbAncr sequences were not alignable with those of clade C. They were not 

included as a separate analysis due to the small amount of successful psbAncr sequences and the fact 

that the clade D cob gene was completely invariant. This limited the data to between 18 and 28 samples 

per site (𝑥̅ = 22.7), with a total of 159 samples used. However, this number is typical of other studies 

assessing incongruence, and provides the resolution required (e.g. Dolphin et al. 2000; Govindarajulu 

et al. 2015).  

 

For the Shimodaira-Hasegawa and Approximately Unbiased tests, alignments were created and 

manually edited in Geneious v8.0.5, using the in-built Geneious alignment algorithm with all default 

settings (gap open penalty = 12, extension = 3). Each site (BBR, BHB, BLS, BSP, HEW, LIE, LIW; 

see Table 2.1 for abbreviations) had a separate alignment for each gene region (cob, psbAncr, ITS2), 

leading to 21 separate alignments. Additional holistic datasets for each gene region were created for 
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Atauro Island (93 samples) and Timor (66 samples), to facilitate broad-scale island comparisons. All 

alignments had 787, 369 and 531 columns for the cob, ITS2 and psbAncr regions respectively. In total, 

27 separate datasets were assembled. The samples with co-dominant clade C and D populations (see 

Chapter 2) were not included in the analyses, while sample BHB151 (co-dominant clade B and C) was 

used as an outgroup for these analyses (see Appendix A2.2).  

 

For the Incongruence Length Difference test, the three gene regions were concatenated for each site, 

with each region then treated as a separate partition (cob: 1-787; ITS2: 788-1156; psbAncr 1157-1687; 

total of 1687 columns, Figure 3.2b). This was carried out for each site, plus for Atauro Island samples 

and Timor samples as above (total of nine different concatenations).  

 

For the parsimony analyses, gaps were coded as a fifth character state (except in the cob datasets, where 

no gaps existed). All analyses described below used the program PAUP* 4.0a159 (Swofford 2002) 

unless otherwise specified. Note that in PAUP*, the incongruence length difference test is called the 

partition homogeneity test. 

 

3.2.3. Incongruence Length Difference (ILD) test 

 

The individual site analyses were originally carried out with 100 replications, using a MaxTrees value 

(number of trees stored at any one time) of 1000. For results that had p-values <0.2, a more thorough 

confirmatory analysis was run with 1000 replicates and a MaxTrees value of 10000. In all cases, the p-

values between the two sets of tests differed by <0.015, and therefore the tests with original p-values 

>0.2 would be extremely unlikely to change the result if the more extensive tests had been run on them. 

 

The Atauro Island and Timor analyses were also carried out with 100 replications, with MaxTrees set 

to 100 to compensate for the additional computational burden of the larger dataset. Exploratory analyses 

of subsampled datasets (not presented) showed that the difference in MaxTrees setting had minimal 

impact on the performance of the test. All other settings used for the tests were the PAUP* defaults. 

Conclusions were drawn at α = 0.05.  

 

3.2.4. Shimodaira-Hasegawa (SH) and Approximately Unbiased (AU) tests 

 

Maximum likelihood trees were generated for all gene regions by individual site (all possible 

combinations of {cob, psbAncr, ITS2} and {BBR, BHB, BLS, BSP, HEW, LIE, LIW} i.e. 21 different 

trees). Trees were also made for each gene region for Atauro Island and Timor datasets (i.e. six trees). 

The appropriate evolutionary model was determined for each of the 27 datasets individually by first 

making a neighbour-joining tree using a Jukes-Cantor distance measure and then running the 
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automodel command. The appropriate evolutionary model for each dataset was then employed when 

making the maximum likelihood trees (see Table A2.1, Appendix 2). A basic heuristic search was run 

to generate a base tree or trees, which was then bootstrapped. All bootstrapping procedures used a 

heuristic search with random sequence addition. For the individual site datasets, the following 

procedure was used. Bootstrapping of cob datasets involved 1000 replicates, using a heuristic search 

algorithm with all other settings as the PAUP* defaults and unlimited MaxTrees. For the ITS2 and 

psbAncr datasets, bootstrapping had 100 replicates, with MaxTrees set at 1000 for the initial heuristic 

search and 100 for the bootstrapping. In addition, for the psbAncr datasets, the number of addition 

sequence replicates was set to 2 (versus the default of 10). For the Atauro Island and Timor datasets, 

bootstrapping involved 1000 replicates using the faststep search option for all three gene regions. 

Nodes with <50% bootstrap support were collapsed into polytomies. This procedure yielded 27 

maximum likelihood trees, one for each gene region for each of the nine datasets. 

 

A set of 100 random trees was also generated for each dataset, using the generate random command 

employing an equiprobable model. These trees are random in the sense that they represent a subset of 

possible topologies for the data in question. For the SH and AU tests these additional trees are necessary 

to gain an accurate p-value. In theory, every single possible tree topology of the data should be present, 

to ensure that the ‘true’ maximum likelihood tree is available to be chosen by the test, and thus provide 

a baseline (Goldman et al. 2000). Indeed, this a priori specification of trees is necessary for the 

appropriate calculation of the null distribution for the test statistic (Planet 2006). However, given that 

the number of possible topologies increases exponentially with the addition of taxa, this criterion is 

functionally impossible to meet for most modern studies. As such, a random subset of all possible 

topologies is chosen instead (e.g. see Robinson et al. 2005).  

 

Because the SH test assesses whether competing trees are equally likely hypotheses of the data, the 

choice of dataset will affect the conclusions of the test (e.g. it may be expected that for dataset X, tree 

TX made from that dataset may be statistically better than another tree TY, even if they do not inherently 

disagree. This would not be evidence for incongruence, just the test behaving in its originally intended 

manner). Because of this, for each site, reciprocal SH tests were run (Figure 3.2c). For example, for site 

BBR, the cob BBR alignment was used as the base, and all three trees (from the cob BBR, ITS2 BBR 

and psbAncr BBR alignments) were compared with the SH (both weighted and unweighted) and AU 

tests. This was then repeated using the ITS2 BBR and psbAncr BBR alignments as bases to compare the 

same three trees (Figure 3.2c). 10000 RELL bootstrap replicates were used for calculation of p-values. 

Because there were six pairwise comparisons carried out for each site (best tree vs. other two trees for 

cob, psbAncr and ITS2 regions), a within-site Bonferroni correction was applied by dividing α by six, 

meaning p-values were considered significant if less than 0.0085. 
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3.2.5. Post hoc analyses 

 

Based on the original analyses, several datasets displayed consistent evidence of incongruence or 

contrary patterns (see Results). To verify these results, further ILD tests were executed, using only two 

gene regions at a time (e.g. for a single site, the following concatenations were assembled and tested: 

cob vs. ITS2; cob vs. psbAncr; ITS2 vs. psbAncr; Figure 3.2b). This allowed the location of incongruence 

to be established (in terms of between-gene regions), as the original ILD tests could not say which 

partitions were incongruent, only that incongruence existed. An extra site which had consistently shown 

no evidence of incongruence (LIW) was used as a control.  

 

Following that, the datasets which continued to show incongruence had their ML trees input into 

Dendroscope 3.0 (Huson and Scornavacca 2012), and pairwise tanglegrams were constructed to identify 

the source of incongruence (Figure 3.2d). In addition, tree hybridisation networks were created using 

the Autumn algorithm (Huson and Linz 2016), implemented in Dendroscope 3.0. This algorithm 

attempts to make a consensus tree from two input trees, and highlights the taxa that cannot be reconciled. 

This was used to verify the visual inspection of the tanglegrams.  

 

 

Figure 3.2: Graphical representation of methods, using a single site as an example. (a) Trees were made from the 

gene regions individually using maximum likelihood (ML) criteria. (b) Data were merged into an overall 

concatenation for the initial Incongruence Length Difference test, as well as in pairwise fashion for the post hoc 

ILD tests. (c) All three gene trees were tested against each gene region, using Shimodaira-Hasegawa-based tests. 

(d) Trees from each gene region were compared in pairwise fashion to identify sources of incongruence.  
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3.3. Results 

 

3.3.1. Incongruence Length Difference test 

 

The Timor sites showed no evidence of incongruence among the cob, psbAncr and ITS2 gene regions, 

either when considered all together or as separate sites (ILD test, p = 1). This p-value is not concerning; 

it simply indicates that among the replicates, the partitions were never more parsimonious than random 

partitions. The Atauro dataset as a whole did not show statistically substantiated evidence of 

incongruence, though it approached significance (p = 0.07). Looking at each Atauro site individually, 

BBR and BLS were strongly congruent (p = 0.99), while BHB was close to significance (p = 0.066) 

and BSP was strongly incongruent between partitions (p = 0.001). This could explain the equivocal 

result demonstrated by the overall Atauro dataset.  

 

3.3.2. Shimodaira-Hasegawa and Approximately Unbiased tests 

 

In 25 of the 27 tests conducted, the best tree chosen was the one that was made from that gene region 

originally (i.e. for a test with the ITS2 region as its base, the ITS2 tree was chosen as the best tree). The 

exceptions were the Atauro and Timor datasets, where the psbAncr and ITS2 trees were chosen as the 

best explanation of the cob dataset, respectively. Generally, the SH and WSH tests failed to find any 

incongruence. The occasional exception was when the psbAncr region was compared to the other two. 

Similarly, the AU test always found incongruence between this and the other two gene regions. This set 

of results is more likely due to issues with the tests (see Discussion), and therefore the results of the AU 

test for the cob and ITS2 gene regions are the major focus of these results. 

 

There was a very clear island-wide partitioning of results when it came to the AU test. All Timor sites 

showed no incongruence for either the cob or ITS2 gene regions; all three trees (cob, ITS2, psbAncr) did 

an equally good job of explaining these two regions. This was also displayed for the overall Timor 

analysis. In contrast, the Atauro dataset showed high levels of incongruence in the AU test. Overall, the 

ITS2 tree (but not the psbAncr tree) made from all Atauro samples was incongruent with the cob dataset, 

and both the cob and psbAncr trees were incongruent with the ITS2 dataset. Looking at individual sites, 

for BBR, BHB and BSP datasets, the ITS2 tree (but not the psbAncr tree) was incongruent with the cob 

dataset, and for BHB, BLS and BSP, both the cob and psbAncr trees were incongruent with the ITS2 

dataset. The three most consistently incongruent datasets in these tests (Atauro, BHB, BSP) correspond 

to the three lowest p-values returned by the ILD tests. 

 

Taken in broad summary, the AU reveals incongruence between the organellar (cob and psbAncr) and 

nuclear (ITS2) gene regions. In all cases, the AU test was unable to reject congruence between the cob 
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and psbAncr regions. However, it did reject congruence between the ITS2 and psbAncr regions (using the 

ITS2 region as a base), and showed reciprocal incongruence between the cob and ITS2 region (using 

both the ITS2 and cob regions as a base). See Table A2.3 for all results. 

 

In addition, these results now mean that three datasets (BHB, BSP, and Atauro) displayed incongruence 

or near-incongruence in both sets of tests. Therefore, these datasets were carried forward to post hoc 

testing. 

 

3.3.3. Post hoc analyses 

 

First, additional ILD tests were carried out using two partitions at a time. Two other sites were included: 

site BLS, which showed incongruence between the ITS2 region and the other two in the AU test, and 

site LIW, which was included to ensure that the tests still successfully supported congruence where 

appropriate.  

 

Table 3.1: Results of pairwise Incongruence Length Difference tests. Conclusions were drawn at α = 0.05. Bolded 

values indicate significance. 

Dataset Partitions tested p-value 

BHB cob vs. ITS2 0.006 

cob vs. psbAncr 0.847 

ITS2 vs. psbAncr 0.021 

BSP cob vs. ITS2 0.011 

cob vs. psbAncr 0.223 

ITS2 vs. psbAncr 0.001 

Atauro cob vs. ITS2 0.01 

cob vs. psbAncr 1 

ITS2 vs. psbAncr 0.01 

BLS cob vs. ITS2 1 

cob vs. psbAncr 1 

ITS2 vs. psbAncr 0.778 

LIW cob vs. ITS2 1 

cob vs. psbAncr 1 

ITS2 vs. psbAncr 1 

 

These results strongly support the main tests, particularly the AU test. There is clear incongruence 

between the nuclear ITS2 region and the other two organellar gene regions, which are congruent when 

considered together. Site LIW is strongly congruent at all regions. This shows that these two-way tests 

are functioning as expected. BLS is also strongly congruent; while the AU test indicated incongruence, 

the other tests do not and so it was not carried forward as a candidate for hybridisation.  

 

Tanglegrams were made for BHB, BSP, Atauro, and LIW (as a control), with potentially incongruent 

branches verified by attempting to hybridise the two trees to create a consensus. The tanglegrams for 

BHB and BSP are presented below.  
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Figure 3.3 (previous page): Pairwise tanglegrams for site BHB. Red branches with bolded taxa labels indicate 

incongruent samples, while dark black branches designate monophyletic groups to emphasise the differential 

location of incongruent samples. Branch labels are ML bootstrap values (100 replicates). (a) cob vs. ITS2: found 

incongruent by ILD and AU tests. (b) psbAncr vs. ITS2: found incongruent by ILD and AU tests. (c) cob vs. 

psbAncr: found congruent by ILD and AU tests.  

 

A visual inspection of the tanglegram for site BHB (Figure 3.3) supports the results of the statistical 

tests. Comparing the two organellar genes with the ITS2 region (Figure 3.3a, b) reveals two incongruent 

samples, BHB146 and BHB148, something affirmed by the tree hybridisation analyses, which showed 

that these two samples prevented a congruent consensus tree. For the organellar gene regions, BHB146 

belongs to the C1 subclade (symbiont types C42a and C1v respectively, bolded in the cob and psbAncr 

trees). For the ITS2 region, it is identified as type C1#, which groups more closely with the C3 group 

(bolded in the ITS2 trees; see Table A1.3 for why it is called C1# but groups with C3 sequences). 

BHB148 is identified by the alphanumeric system as a member of the C1 radiation for all three gene 

regions: symbiont type C42a for the cob, and type C1d for the psbAncr and ITS2 regions. However, C1d 

appears highly divergent in this case; for the psbAncr it is a sister to one of the common groups, while it 

groups as a sister to all other samples in the ITS2 tree. 

 

Interestingly, sample BHB148 is also incongruent between the two organellar genes (Figure 3.3c), 

despite this incongruence not being detected in the tests. This can be considered positive; it shows that 

the tests are not functioning in an excessively sensitive manner. This is supported by the LIW 

tanglegrams (not presented), a site that showed no evidence of incongruence in any of the tests. The 

tanglegrams and tree hybridisation analysis showed no incongruence at all between the cob vs. ITS2 or 

cob vs. psbAncr regions, but one potentially incongruent sample between the psbAncr and ITS2 regions. 

Therefore, there is high consistency between the statistical tests and visual inspection, with some 

allowance for conservancy on the part of the tests.  

 

Much like the BHB analyses, the BSP tanglegrams (Figure 3.4) support the statistical analyses. The tree 

hybridisation analysis found no specifically incongruent relationships between the cob and ITS2 regions 

(Figure 3.4a), however the four bolded samples contribute to generating a reasonably different tree 

structure. This would support the results of the incongruence tests. In particular is sample BSP387, 

which is sister to the major C3 group in the cob tree, being part of the ambiguous Symbiodinium C1/3 

group (see Chapter 2) but part of the monophyletic type C40 group in the ITS2 tree, though it is a 

distinct type called C31 (see Table A1.3). The same pattern is observed in Figure 3.4c, which finds 

BSP387 to be definitively incongruent between cob and psbAncr sequences, even though the tests did 

not find these gene regions to be incongruent. However, the incongruence between the psbAncr and ITS2 

regions is very closely supported by the tanglegram (Figure 3.4b), with five samples (bolded) identified 

as potentially incongruent. 
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Figure 3.4 (previous page): Pairwise tanglegrams for site BSP. Red branches with bolded taxa labels indicate 

incongruent samples, while dark black branches designate monophyletic groups to emphasise the differential 

location of incongruent samples. Bolded taxa without red branches indicate potentially incongruent samples. 

Branch labels are ML bootstrap values (100 replicates). (a) cob vs. ITS2: found incongruent by ILD and AU tests. 

(b) psbAncr vs. ITS2: found incongruent by ILD and AU tests. (c) cob vs. psbAncr: found congruent by ILD and 

AU tests.  

 

Of particular significance are the following. BSP364 belongs to two different previously defined 

subclades: type C40 for psbAncr (specifically C40i), and type C3z for ITS2. BSP372 follows a very 

similar trend to BHB148, being designated as symbiont type C1d alphanumerically for both ITS2 and 

psbAncr, but grouping with the broad C3 group in the psbAncr tree and as sister to most other samples in 

the ITS2 tree (compare Figures 3.3b and 3.4b). Finally, BSP343 shows clear incongruence between the 

organellar and nuclear genes regions. The psbAncr is C40l, just a more specific designation of the cob 

C3 (see Table 2.2), which groups it most closely with the C3z clade (Figure 3.4b), while the ITS2 region 

features type C3u, which places it as distinct from both the C3z and C40 groups. 

 

Given the larger number of taxa, tanglegrams and tree hybridisation analyses for Atauro Island are 

presented in Appendix A2.3 (Figures A2.1 – A2.3). Their overall results are remarkably consistent with 

the individual site analyses, and are presented in Table 3.2. 

 

Table 3.2: Summary of incongruent samples inferred from tanglegrams and tree hybridisation analyses. Samples 

that are bolded indicate they are shared across more than one dataset. 

Dataset Comparison Incongruent Samples 

BHB cob vs. ITS2 BHB146, BHB148 

psbAncr vs. ITS2 BHB146, BHB148 

cob vs. psbAncr BHB148 

BSP cob vs. ITS2 BSP387 

psbAncr vs. ITS2 BSP320, BSP343, BSP358, BSP364, BSP372 

cob vs. psbAncr BSP387 

Atauro cob vs. ITS2 BHB146, BSP387 

psbAncr vs. ITS2 BHB146, BSP343, BSP364  

cob vs. psbAncr BSP387 

  

Despite the Atauro dataset hosting a diverse range of samples from four sites, the tree analyses showed 

that incongruence was caused by exactly the same samples as found by the individual site analyses, 

affirming BHB and BSP as sites with incongruent samples. Further, no other sites contributed any 

incongruent samples. In addition, Table 3.2 shows that there were always the fewest or equal-fewest 

incongruences between the cob and psbAncr regions, while the ITS2 comparisons displayed the most 

incongruence. This is strongly supportive of the AU test results as well as Table 3.1, which all indicate 

that incongruence largely occurs between the organellar and nuclear genomes of Symbiodinium. Of the 

four clearly incongruent samples (BHB146, BSP343, BSP364, BSP387) there is no general clear pattern 

in coral host (host genera: Montipora, Pavona, Acropora and Symphyllia).  
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Finally, these patterns were confirmed by inspecting the raw sequence alignments. An example using 

sample BSP364 is given in Figure 3.5 below. This confirms that it possesses different genetic signals 

in the psbAncr and ITS2 regions.  

 

 

Figure 3.5: 15 base-pair alignments showing sample BSP364 (nucleotides at polymorphic sites bolded) and a few 

related sequences. (a) When the ITS2 region is considered, BSP364 is identical to samples BSP344 and BSP366 

(type C3z). (b) When the psbAncr region is considered, BSP364 is identical to BSP362 and BSP373 (type C40i).  

 

3.4. Discussion 

 

3.4.1. True incongruence in Symbiodinium? 

 

For a discussion of symbiont hybridisation to be compelling, the first burden-of-proof is to establish 

genuine patterns of incongruence (i.e. not artefacts of the tests). There are many factors, such as 

character sampling and bias due to differential gene length, which can give false signals of incongruence 

(Som 2014). Once the limitations of the tests are understood, it is clear that this burden-of-proof has 

been met in this study.  

 

The SH and AU tests display an issue, with most trees being incongruent for the psbAncr region. The 

psbAncr region is highly variable, and hence a more complex tree is required to explain it. The cob and 

ITS2 trees with multiple polytomies could not do this as effectively, and hence a result of incongruence 

is returned. Therefore, the cob and ITS2 results are likely more reliable. The SH and weighted SH tests 

also suffer from excessive conservancy (Shimodaira 2002; Planet 2006), observed by their failure to 

reject congruence in the large majority of cases (the exception was for the Atauro dataset). This can be 

caused by including unlikely trees in the analysis. While high variance between trees will allow a correct 

identification of incongruence, extraneous variance (which naturally increases as the number of 

candidate trees or unlikely trees is increased) will retard the test’s ability to detect incongruence 
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(Kishino and Hasegawa 1989, Strimmer and Rambaut 2002). In contrast, the AU test has been shown 

to be less affected by these factors (Shimodaira 2002). In the datasets which have broadly been 

established to be congruent, there was a 61% average reduction in p-value going from the SH to AU 

test. For the incongruent datasets, this inflates to 94%, which would indicate that this may be the cause 

of the differences between the test types. As the least biased test, the AU p-values are the most reliable. 

This test found incongruence between the ITS2 region and the other two regions for the BHB, BSP, and 

Atauro datasets (Table A2.3). These results are also compelling because they are differential: they show 

consistently different patterns between datasets and are therefore likely responding to genuine 

phylogenetic signals.  

 

The ILD analyses provide some of the strongest evidence for incongruence, especially when comparing 

the two partitions. This test has been well-criticised for being overly sensitive, especially when 

comparing partitions of different resolutions (Barker and Lutzoni 2002). The refutation of this is simple: 

in all cases, it found congruence between the psbAncr and cob regions, the two most different in terms 

of resolution (Table 3.1), so this is clearly not contributing to the positive results between the organellar 

and nuclear partitions. This test clearly displays incongruence between the ITS2 regions and other two 

regions for the BHB, BSP, and Atauro datasets (Table A2.2, Table 3.1). 

 

One discrepancy was observed in the tanglegram and tree hybridisation results: samples BHB148 and 

BSP372 (both Symbiodinium C1d for all regions) were observed as incongruent in the site-wise 

analyses, but not in the wider Atauro dataset. Given that the different gene regions have the same 

nomenclature, it appears that in these two cases the incongruence can be attributed to highly divergent 

evolutionary rates in the psbAncr and ITS2 regions, which cause resolution differences and group the 

samples differently in the single site tanglegrams (Figures 3.3, 3.4). However, in the larger Atauro 

dataset which incorporates more variation, the samples can be better contextualised and are shown to 

be congruent (Figures A2.1 – A2.3). However, in the other cases the visual tree results affirm the 

statistical tests. 

 

This leaves the irrefutable conclusion of incongruence between gene regions in Symbiodinium. All tests 

support incongruence between the nuclear and organellar genomes of datasets BHB, BSP, and Atauro. 

The tanglegrams concur with these results, and consistently recover the same samples implicated in this 

incongruence: BHB146, BSP343, BSP364, and BSP387 (Table 3.2). Incongruence is also occasionally 

recovered via visual inspection between organellar gene regions, but this is not statistically supported. 

Generally, the organellar genes are congruent, or at least significantly more so than between the 

organelles and the nucleus. Given that only a quarter of the samples causing incongruence overall 

belong to vertically transmitting hosts (one Montipora species) it does not appear that there is any 

particular link between coral transmission mode and potential hybridisation, at least in this study.  
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3.4.2. Hybridisation in Symbiodinium? 

 

While incongruence has been comprehensively established, there are many factors other than 

hybridisation which can cause it. One hypothesised to be quite common but insidious in its undetectable 

nature is heterotachy, shifts in site-specific evolutionary rates through time (Som 2014). For example, 

Lopez et al. (2002) showed that, for the cob gene, 95% of variable sites have inconstant substitution 

rates through time in vertebrate lineages. While there is no particular way to identify heterotachy or 

exclude it as a cause, except with a very large number of sequences, maximum likelihood methods in 

particular have been shown to be robust to even intermediate levels of heterotachy (Som 2014).  

 

A more plausible explanation is incomplete lineage sorting (ILS), often considered the most common 

cause of incongruence (Degnan and Rosenberg 2009). This is due to polymorphisms not segregating 

fully during speciation events, leading to phylogenetic signals in gene trees that conflict with the overall 

species tree. This has been shown to be quite common in the ITS2 region, thanks to its multiple-copy 

nature (Thornhill et al. 2007, see also Figure 1.4). Through this mechanism, ancestral polymorphisms 

may persist at low levels in the genome. The results observed in Chapter 2, with C3 sequences occurring 

at background levels in a large number of samples, are suggestive that some of the sequences recovered 

may be intragenomic variants in a single cell, rather than an independent population of symbionts. 

Therefore, it is possible that the divergent sequences recovered actually represent a single symbiont 

population, which has multiple ancestral polymorphisms present via ILS. Through stochastic DNA 

processes such as unequal crossing over, slipped-strand mispairing and transposition, these 

intragenomic variants may be eliminated or promoted in the multiple-copy array (Nei and Rooney 

2005). Hence, in the samples from a single population, one ancestral polymorphism may be dominant 

in the ITS2 region of some, while a different ancestral polymorphism may be dominant in others. This 

would cause the patterns observed in this study, with the ITS2 region being occasionally incongruent 

with the organellar regions.  

 

Ideally, a statistical test would be carried out to differentiate between hybridisation and ILS, and such 

tests do exist. However, they require inputs of information which are not currently available for 

Symbiodinium, such as: (a) An understanding of the effective population size Ne (Pelser et al. 2010); 

(b) a large number of genes, at least some of which must be adjacent (Pollard et al. 2006; Meng and 

Kubatko 2009); or (c) strictly bifurcating trees and clearly defined species (Sang and Zhong 2000; Joly 

et al. 2009). Therefore, ILS as a cause of the observed incongruence cannot be statistically refuted. 

However, there is good evidence that the patterns observed here are more likely to be caused by 

symbiont hybridisation.  
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First, the pattern of incongruence observed, with organellar cytoplasmic genes being different to nuclear 

genes, accords with a large body of prior theory on hybridisation. Nuclear genes are largely inherited 

biparentally, and the ITS2 region is no exception (Baldwin et al. 1995; Rybalka et al. 2013). However, 

the cytoplasm tends to be inherited maternally (Rieseberg et al. 1996). This difference is largely due to 

gametogenesis and fertilisation, where the male gamete typically only contains nuclear information, 

while the female gamete (egg) contains the cytoplasm that will be passed on to the zygote. Therefore, 

if an organism encounters a population of another species and produces viable hybrids, theory predicts 

that over time, repeated backcrossing with the more common species (introgression) will produce 

hybrids with divergent organellar and nuclear signals (Figure 3.1).  

 

While the nature of the sexual life cycle has yet to be fully elucidated in Symbiodinium, previous 

evidence has shown that other unicellular dinoflagellates produce gametes (Brawley and Johnson 1992). 

In addition, the presence of ‘plus’ and ‘minus’ mating types, analogous to gender, has been shown in 

the dinoflagellate Alexandrium tamarense (Brosnahan 2011). Therefore, it is reasonable to assume that 

Symbiodinium also produce distinct gametes (as opposed to conducting sex via fusion, for example), 

making this mechanism eminently plausible. The documentation of functional meiotic genes in 

Symbiodinium (Chi et al. 2014, Levin et al. 2016) supports this assertion. Such a pattern of discordance 

between cytoplasmic and nuclear genes caused by hybridisation has been recorded for taxa as diverse 

as plants (Rieseberg et al. 1996; Pelser et al. 2010; Sun et al. 2015), beetles (Sota and Vogler 2001) and 

indeed corals (van Oppen et al. 2001b). In general, hybridisation is predicted to cause incongruence 

between nuclear and cytoplasmic markers in both multicellular and unicellular taxa (Bull et al. 1993). 

Other factors due to hybridisation, such as semigamy or differential fitness of nuclear-cytoplasmic 

combinations, can also cause incongruence between gene nuclear and cytoplasmic gene trees 

(Rieseberg et al. 1996). Therefore, the fact that this was the pattern observed in this study is strong 

circumstantial evidence that hybridisation is the explanation.  

 

In addition, hybridisation is made more likely in comparison to ILS by the fact that all of the incongruent 

ITS2 sequences were previously defined types (i.e. not unique sequences), that were also present in 

non-incongruent relationships in the analyses. One example from the results will serve to demonstrate 

this. BSP364 had a generic Symbiodinium C3 sequence for the cob gene, was a C40 type for the psbAncr 

region, and C3z for the ITS2 region. Significantly, there were also samples recovered which were type 

C40 for both the psbAncr and ITS2 regions (bolded branch group for psbAncr in Figure 3.4b, and 

matching samples in the ITS2 tanglegram), and samples which were type C3z for both regions (bolded 

branch group for ITS2 in Figure 3.4b and corresponding samples in the psbAncr tanglegram). This 

confirms that they are clearly separate types, supported by the fact that they differ by four base pairs in 

the ITS2 sequence and 64 base pairs in the psbAncr region (including a 49 base pair deletion in the C40 

sequences), indicating that this is not just a non-diagnostic polymorphism (Wilkinson et al. 2015). The 
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implications for this being caused by ILS are given in Figure 3.6. Only the psbAncr
 and ITS2 genes are 

presented, as the cob gene was invariant in this case.  

 

 

 

Figure 3.6: Predictions under Incomplete Lineage Sorting. (a) General pattern expected for ILS. A single ancestral 

population with polymorphism in both the psbAncr and ITS2 regions is present before a speciation event. After 

speciation, the ITS2 polymorphism fails to segregate, while through stochastic processes the C40 polymorphism 

is eliminated and leads to incongruence between nuclear and chloroplast genes. (b) The process of ILS that would 

be required for this example. The ITS2 region fails to segregate after speciation; despite the extensive presence of 

C40 alleles, a small subpopulation of symbionts with dominant C3z alleles is maintained (weak dashed blue line) 

in the C40 population and both are recovered in present-day sampling, at the same site, as pure C3z populations.  

 

Figure 3.6b graphically represents the process that would be required for the observed patterns to be 

due to ILS. Given that symbiont sex is now strongly supported (Thornhill et al. 2017), it seems unlikely 

that a divergent ancestral polymorphism could be maintained as the dominant sequence in some samples 

within type C40, as it would be expected that repeated recombination would eventually remove C3z 

traces from the C40 genome, or vice versa (Figure 3.6a). It would appear a more reasonable conclusion 

that a hybridisation event has occurred between symbiont types C40 and C3z, via a mechanism such as 

that presented in Figure 3.1, leading to incongruence between organellar and nuclear genes. In addition, 

the NGS data from Chapter 2 further challenge ILS as the cause of incongruence. If it was to be caused 

by ILS, then both variants would be expected to occur in the ITS2 region of the samples (with one at 

low frequency), but this was not consistently observed. For example, sample BSP343 was identified as 

Symbiodinium type C40 for the organelle regions, and type C3u for ITS2. However, the NGS data 
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revealed no trace of type C40 in that sample for the ITS2 region, contrasting with the prediction of ILS. 

In fact, in only two of the four cases were both the divergent types observed in the ITS2 region of the 

sample, suggesting that ILS is a less plausible explanation than hybridisation. In addition, the 

divergences observed (i.e. C40/C3u, C40/C3z etc.) all coalesce at the ‘ancestral’ types C1 or C3, rather 

than one representing an intermediate evolutionary step to the other (see Figure 2.3). Therefore, ILS 

would also predict these ancestral sequences to be in the ITS2 genome in low frequencies. However, 

once again, in only two of the four cases was this observed (and the two samples in which it was 

observed are not the same two samples as above).  

 

Finally, even if ILS was operating on these samples, in one case there would still be incongruence 

present. Sample BSP387 has ITS2 type C31 as the dominant sequence, which is incongruent with the 

cob gene identity C1/3. The most common ITS2 background populations in this sample are C3d/C21 

and C15, which would also be incongruent with the cob gene. Therefore, even if the C31 repeat has 

risen to ascension through random processes associated with ILS, the sample would still display 

incongruence. This is strong evidence that the patterns observed are more likely to be due to genuine 

hybridisation. While it is acknowledged that hybridisation and ILS are not mutually exclusive and the 

incongruences observed could be caused by a combination of both, the weight of evidence suggests that 

these results are more likely a result of interspecific hybridisation between distinct symbiont types.  

 

Finally, an appeal to basic common sense can be made. ILS, and indeed most other analytical factors, 

are random or would be expected to affect all sites. The results obtained, however, are anything but 

random, with two sites consistently being recovered as incongruent in contrast to all others, despite 

those incongruences coming from a range of host species. The fact that they both came from Atauro 

Island, with its high diversity when compared with the Timor sites (see Chapter 2) speaks to the fact 

that this is a genuine and significant pattern. While ILS cannot be categorically dismissed, all available 

evidence suggests that hybridisation is occurring at Beloi Harbour and Beloi Saddle Patch (Right).  

 

3.4.3. Synthesis with previous research 

 

No previous study on Symbiodinium seriously considers symbiont hybridisation, except that of 

Wilkinson and colleagues (2015), which also finds evidence for its existence. However, aside from the 

potential examples of hybridisation mentioned in the Introduction of this chapter (LaJeunesse et al. 

2003, 2004a; LaJeunesse 2005), three other studies bear mention. 

 

Sampayo et al. (2009) also focused on the basis that hybridisation can cause incongruence between 

genes from different organelles, and built trees from mitochondrial, chloroplast and rDNA nuclear gene 

regions to test this. Based on these trees, they concluded that different symbiont lineages (types) within 
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clade C are reproductively isolated. However, this may be an overly general conclusion considering 

that only three species of pocilloporid corals were sampled (Pocillopora damicornis, Stylophora 

pistillata and Seriatopora hystrix). Further, this was done largely on the visual inspection of trees, and 

they used the cp23S chloroplast gene region, which is less sensitive than the psbAncr. Interestingly, they 

did also use the ILD test to formally test incongruence, which returned a p-value of 0.01. The authors 

recognised that this signifies incongruence, but then go on to say that this supported the concatenated 

analysis. This is a misunderstanding, as incongruence implies conflicting genetic signals in the data 

which invalidate a holistic grouping. Therefore, this study did not definitively disprove hybridisation, 

and may have actually provided some evidence towards it. 

 

Pochon and colleagues (2014) assessed six genes from three different organelles (mitochondrion, 

nucleus and chloroplast). In all cases, they found evidence of incongruence between pairwise 

comparisons of genes, using the AU test. While they go on to discuss the implications for concatenation 

in some detail, the cause of these incongruences was never attributed or discussed in detail again. 

Because only one test was attempted, and given the acknowledged limitations of incongruence tests, it 

is difficult to draw confident conclusions from that result alone, something which also demonstrates the 

utility of the approach taken in this chapter. However, that study (Pochon et al 2014) adds to the body 

of evidence that the genus Symbiodinium has not evolved in a simple linear fashion. 

 

Another study from Pochon et al. (2006) found the surprising result of incongruence between whole 

clades rendered from nr28S and cp23S data, using the SH test. However, when they removed all but 

two members of each clade, the test then showed congruence between datasets. This indicated 

incongruence was being caused by the accumulation of within-clade mismatches between the nucleus 

and chloroplasts, something which is also broadly agreeable with a hypothesis of hybridisation.  

 

These studies can hardly be considered to provide convincing evidence of hybridisation. However, it is 

reasonably striking that four studies conduct an explicit statistical test of incongruence within 

Symbiodinium (Pochon et al. 2006, 2014; Sampayo et al. 2009; this study), and all four find evidence 

for its existence. At the very least, this justifies a more careful consideration of patterns of incongruence 

within this genus, and its potential causes.  

 

3.4.4. Conclusions 

 

This study cannot be considered unequivocal evidence for hybridisation within Symbiodinium. 

However, it takes a significant step towards justifying an in-depth exploration of genetic incongruence 

between organelles in coral symbionts. Given the multiple-copy nature of the ITS2 region, 

corroboration with an additional nuclear marker would lend further weight to these results, and is 
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recommended for future studies. In addition, the clear differences in instances of putative hybridisation 

between Atauro and Timor sites suggest some external, environmental influence on its occurrence. This 

will be explored in Chapter 4.  

 

All incongruence tests have flaws, largely because none of them were originally designed to test 

incongruence, just whether certain phylogenetic hypotheses fit data better. However, the use of multiple 

tests and a thorough understanding of their flaws allows for a certain level of confidence in their results. 

When they agree with both each other and a visual representation of the data, as they do here, 

incongruence can be assuredly stated. Despite the clear advantages of this approach, few studies use 

multiple tests or optimality criteria, or consider the statistical basis of the tests. This leaves many studies 

drawing conclusions with confidence despite unnecessarily equivocal results.  

 

In this study, there is clearly evidence for incongruence between the ITS2 region of the symbiont 

nucleus and the two organellar gene regions, psbAncr and cob. This pattern conforms to the hypothesis 

of hybridisation between divergent taxa. While incomplete lineage sorting remains a possibility, it is a 

less intuitive explanation, especially in the light of incongruent samples having clearly distinct, 

predefined types which were recovered in non-incongruent samples, and the failures of background 

populations to consistently align to its predictions. Therefore, hybridisation appears to be a credible 

mechanism for adaptive change in Symbiodinium. Ascertaining the frequency and extent of this may be 

vital to predicting the fate of coral reefs in an environmentally unpredictable future.  
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Chapter 4: General Discussion 
 

The preceding chapters in this thesis have explored the diversity of symbiont populations at Atauro 

Island and nearby Timor sites. Chapter 2 demonstrated that both geographic regions host highly diverse 

symbiont communities, in patterns that generally conform to those of the Indo-Pacific region. For 

example, a few host-generalist symbionts such as C40, C1 and C1x are present, as well as several 

conserved, specific relationships such as Porites and Montipora associating with C15p and C15q, 

respectively (Section 2.3.5). However, there were also several novel relationships and symbiont types 

documented, as well as a large community of cryptic background symbionts within each coral colony 

(e.g. Table 2.3). These differences were also observed over more local geographic scales, with Atauro 

Island having demonstrably higher diversity than Timor (Figures 2.2 and 2.6), something which cannot 

be attributed to differential host sampling or other analytical factors. This extends to an analysis of 

potential hybridisation. Chapter 3 provides reasonably strong evidence for non-linear evolution in 

Symbiodinium, but only at Atauro Island. The identity of putative hybrid samples, as revealed by their 

incongruence in different gene trees, was found to be diverse. While the cob and psbAncr identities were 

generally common symbiont types (C40 or C1), the ITS2 identities belonged to the less common types 

C1#, C3z, C3u and C31, though it is significant that all of these are previously defined types. While 

other explanations such as incomplete lineage sorting cannot be eliminated, the observed patterns align 

very closely with theoretical predictions for the effect of hybridisation, and this is therefore invoked as 

the most plausible reason for the incongruences found. 

 

This discussion will begin with a brief consideration of the methods used in this study. Subsequently, 

the potential reasons for the patterns of prospective hybridisation are explored, informed by the 

symbiont diversity of Atauro Island and Timor. Following this, the potential implications of 

hybridisation for evolutionary advancement are discussed, before concluding with a section on 

considerations arising from this thesis.  

 

4.1. Development of methods and future recommendations  

 

This study displays a novel application of Next Generation Sequencing (NGS) with the Illumina 

platform, multiplexing over 380 samples on a single lane. This made costs comparable to standard PCR 

while significantly increasing sequencing depth. Given the high prevalence of background symbiont 

populations (Silverstein et al. 2012; Kennedy et al. 2015), this approach clearly has high efficacy for 

Symbiodinium diversity studies and is strongly encouraged for future studies. In addition, this study also 

utilised markers from multiple organelles. While this is becoming increasingly common (e.g. Sampayo 

et al. 2009; Pochon et al. 2014), in general it is only to ‘back up’ the results of other genes, and 
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differences are treated as a problem (e.g. procedural or analytical mistakes) that should be eliminated 

(Leigh et al. 2011; Som 2014). However, this study proves that, in many cases, differences between the 

gene regions are just as informative as the information encoded in the regions themselves. For example, 

these differences have facilitated the identification of co-dominant symbiont populations and 

nomenclature issues (Chapter 2), as well as provided strong evidence of non-linear evolution within 

Symbiodinium (Chapter 3). Therefore, it is strongly recommended that future studies treat the small 

incongruences between different gene regions and organelles not as a problem, but as an opportunity to 

further understand evolution and diversity within coral symbionts. 

 

However, there are still issues with the interpretation of genetic data in this study, particularly 

concerning the multiple-copy nature of the ITS2 region. While the OTU-based approach is designed to 

limit the impact of intragenomic variation, it can still reduce confidence in the results. Ideally, other 

gene regions which are less afflicted by intragenomic variation should also undergo NGS to increase 

sureness in attributing background populations. However, this is limited by the fact that the Illumina 

MiSeq platform still only supports sequence reads of 300 bp or less (illumina.com/systems/sequencing-

platforms/miseq/specifications). The limited number of currently-developed markers for Symbiodinium 

(see Chapter 1) means that there are very few options for an NGS-based verification of ITS2 patterns. 

Therefore, a priority should be the development of additional markers <300 bp for Symbiodinium, 

particularly in the mitochondrial and chloroplast genomes. If these markers are then utilised in the 

manner described in Chapters 2 and 3, thorough, defendable and wide-ranging studies of symbiont 

diversity and evolution can be carried out at costs scarcely greater than those currently incurred.  

 

4.2. The observed patterns of putative hybridisation  

 

The following two subsections (4.2.1 and 4.2.2) expand upon the discussion in Chapter 3, and provide 

further evidence and explanations for hybridisation by incorporating the analyses in Chapter 2.  

 

4.2.1. Does hybridisation make sense in terms of the observed diversity?  

 

Chapter 2 demonstrated the possibility that different gene regions may identify different symbiont 

populations, due to co-dominance inside a coral host (see Section 2.2.6). It is plausible that such a 

mechanism could cause the incongruence here. For example, sample BHB146 is a putative hybrid 

between Symbiodinium types C1# and C1, and while the dominant ITS2 type was C1#, the OTU data 

revealed that C1 was present at background frequencies in the sample. Potentially, there were actually 

two clear symbiont populations, C1# and C1, which were co-dominant and reproductively isolated. 

However, overall the OTU data suggest that this explanation can likely be dismissed. On average, the 

most common ITS2 sequence found in the putative hybridising samples was 2.25 times more common 
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than the next sequence in the sample (range 1.91 – 2.55). Of the 377 samples included in the OTU 

analysis, 122 had a smaller difference than this between their first and second most common sequences. 

Even if the smallest difference in the potential hybridising samples is considered (most common 

sequence 1.91 times greater than second most common), there are 101 samples in the dataset with a 

difference less than that. If co-dominant symbiont populations were the explanation for this, it would 

be expected that a much greater proportion of the samples across all sites would have displayed these 

incongruent patterns, rather than the four observed at two sites only. In addition, only in two of the four 

cases (samples BHB146 and BSP364) was the other possible parent type found among the background 

ITS2 types. Therefore, the within-host diversity does suggest divergent parent Symbiodinium taxa for a 

single symbiont population. 

 

The assertion that hybrids are present would be made more compelling if there was evidence of both 

‘pure’ parent populations also present at the sites. For most examples, this does indeed appear to be the 

case. All of the putative hybrids have a reasonably common Symbiodinium type as one of their parents 

(either C40 or a C1 variant), which were frequently found in congruent relationships. The other possible 

parents were all comparatively rarer (ITS2 types C3z, C1#, C3u and C31). However, they are also well-

established as independent evolutionary lineages. They all appeared as the dominant sequence, an 

important criterion for establishing evolutionary divergence (Smith et al. 2009). In addition, they are 

all types that have been previously reported and established as independent (van Oppen et al. 2011b; 

Zhou and Huang 2011; Chauka 2012; Franklin et al. 2012; Baker et al. 2017), and therefore their 

candidacy as hybrid progenitors is well supported. Symbiont types C3z and C1# also appear in 

congruent relationships multiple times, which is strongly supportive of their presence as distinct 

populations (as opposed to intragenomic variants). Of course, this assumes reasonably recent 

hybridisation as the cause of incongruence – it is possible that the hybridisation events in the more 

distant evolutionary past could have caused the incongruence. Therefore, the clear attribution of distinct 

parent types is not necessary for proof of hybridisation, though the fact that there appear to be in several 

cases here encourages the hypothesis of recent hybridisation at these sites. 

 

4.2.2. What explains the differential patterns of putative hybridisation at different sites?  

 

4.2.2.1. Can differences in observed cases of putative hybridisation be explained by symbiont diversity? 

 

The symbiont diversity at each of the sites provides a good explanation as to why putative hybridisation 

was only observed at two Atauro sites. As previously established, the hypothesised Symbiodinium 

parent populations for the hybrid samples feature some uncommon symbiont types (ITS2 types C3z, 

C3u, C31, and C1#). They only appear in samples 36 times (including dominant and background 

occurrences). Of those 36 samples, 31 of them were collected at Atauro Island; the only time they 
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appeared at Timor sites was type C1# at background levels at Lamsana Inlet East. Therefore, this 

appears to be a reasonable explanation for the differential pattern of possible hybridisation displayed, 

at least between Atauro and Timor sites – the lowered diversity means that there are simply fewer 

symbiont populations that could hybridise.  

 

This conclusion operates under the assumption that hybridisation is a purely chance event, and the more 

closely related types that coexist, the greater the probability of an interspecific mating event occurring. 

This model has support in the literature, with other studies finding evidence that hybridisation is 

attributable purely to chance events associated with co-existence of closely related species (e.g. Nolte 

et al. 2005; Yaakub et al. 2007). This is also supported in a slightly different way by comparisons with 

the two studies of Pochon and colleagues (2006, 2014), which also found statistical evidence of 

incongruence. In both cases they were meta-analyses, which drew symbiont samples from a wide array 

of locations. Therefore, the wider sampling encompassing high levels of diversity allowed for the 

detection of potential hybridisation, which supports it being a chance event driven by the presence of 

increased genetic variability. In contrast, studies on plants have suggested that hybridisation is not due 

to chance, but degrading environmental conditions, which causes species to shift ranges or decrease in 

population size (Rhymer and Simberloff 1996; Moran and Alexander 2014). This serves to increase the 

likelihood of sexual contact between two species, because with lowered population size the chance of 

encountering a different species (versus a conspecific) increases. However, this appears to be a less 

plausible explanation here, as the geographic region that is arguably more environmentally stressful 

(Timor, see Section 4.2.2.3) provided no evidence of hybridisation. It appears more likely that high 

diversity facilitates the potential for symbiont hybridisation. As only seven sites were assessed in total 

in this study, it is difficult to state this with certainty, but it represents a testable hypothesis for 

Symbiodinium that should be explored further.  

 

Interestingly, the cryptic types C3u, C31, C3z and C1# are not just rare at Timor, but throughout the 

Indo-Pacific. In all four cases, this is the first time that they have been reported inside the Coral Triangle 

(Figure 4.1). Obviously, it is unlikely that they only appear inside the Coral Triangle at Atauro Island; 

it is more reasonable to assume that they exist at other sites, but remain undetected due to incomplete 

sampling. However, this still suggests that they are uncommon types, and therefore potential 

hybridisation may be limited by their absence elsewhere. Therefore, establishing the possibility of 

hybridisation may be studied further by accounting for why these rare types are absent elsewhere.  
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Figure 4.1: All previous reported locations of the four rare putative hybridising types in this thesis. Note their 

complete absence from the Coral Triangle (blue). Data from Smith et al. (2009); LaJeunesse et al. (2010b); Zhou 

and Huang (2011); van Oppen et al. (2011b); Chauka (2012); Franklin et al. (2012); Yang et al. (2012). 

  

4.2.2.2. Can differences in observed cases of putative hybridisation be explained by host diversity or 

under-sampling? 

 

One of the most plausible reasons for different symbiont communities in different geographic regions 

is the coral species found there (e.g. LaJeunesse et al. 2004a, Kemp et al. 2015). However, this does 

not appear to be the explanation here. The potentially hybridising symbiont types were found in a broad 

range of host genera at both dominant and background levels (Table A1.5). For example, Symbiodinium 

type C3z was found in Acropora, Favia, Favites and Montipora, among other genera, which were 

common at all sites in both geographic regions. The only potential exception is Symbiodinium C3u, 

which was found in the genera Sandalolitha, Ctenactis and Symphyllia, which were rare at all sites. 

However, in general there was no clear pattern evident, which suggests that the absence of rare symbiont 

types is not due to different coral species at Timor sites.  

 

Given that putative hybridisation appears to involve rare types in this study, it is possible that there was 

simply not enough sampling to detect hybrids at all sites. This explanation could perhaps explain the 

lack of evidence for hybridisation at Beloi Barrier Reef and Beloi Lagoon South at Atauro Island – most 

of the rare types were found at these sites, and it is possible that if more sampling was done, there would 

have been incongruent samples there too. However, this explanation is less likely for Timor. Calculating 

the proportion of potential hybridising types per genus per sample at Atauro Island and extrapolating 

this to Timor, the four rare types would still be expected to occur ~23 times, a number far more than 

the five observed. Therefore, the lowered presence of putative hybridising types at Timor is not 

adequately explained by low potential for discovery.  
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4.2.2.3. Can differences in observed cases of putative hybridisation be explained by environmental 

conditions? 

 

Chapter 2 hypothesised that the differences in diversity between the two geographic regions were 

explained by environmental conditions. In light of the evidence presented in Chapter 3 as well, and in 

the absence of other explainable factors, this appears to be the most likely mechanism for the observed 

differences. This is possibly temperature-related: Turak and DeVantier (2013) reported an average of 

26.3ºC at Atauro sites (range 25ºC-27ºC) and 27ºC at Timor sites (range 26ºC-28ºC). While this 

difference is reasonably small, often temperature increases of as little as 1ºC can stimulate bleaching 

(Hill et al. 2014). Therefore, temperature could potentially have a role in the patterns observed. In 

addition, there were clear differences in turbidity (as assessed by water visibility) between the sites, 

with Timor being much more turbid (Turak and DeVantier 2013). As phototrophs, light is one of the 

most important resources for Symbiodinium, and plays a large role in structuring symbiont communities 

(Ulstrup and van Oppen 2003; Bongaerts et al. 2015a). As such, turbidity has a major influence on 

symbionts, having the potential to depress their photosynthetic rates (Fabricius 2005) and place their 

coral hosts under significant physiological pressure (Pollock et al. 2014). Some symbionts have the 

ability to photo-acclimate, or to maintain photosynthetic capacity under lowered light conditions 

(Ulstrup et al. 2008; Browne et al. 2014); it is therefore reasonable to assume that, given the opportunity, 

corals would preferentially associate with these types in suboptimal light conditions. In the case of both 

increased turbidity and increased temperature, clade D symbionts have generally been shown to be more 

resilient, and are the homologous type in corals under such conditions (e.g. LaJeunesse et al. 2010a, 

2010b, 2014; Ladner et al. 2012; Stat et al. 2013; Wham et al. 2017). Significantly, Chapter 2 found a 

greater proportion of clade D symbionts at Timor sites; it may be that these symbionts bring greater 

benefit to coral hosts under the slightly warmer, more turbid conditions at this location. In addition, two 

of the most common clade C symbiont types observed at Timor sites, C40 and C15, are ranked as the 

7th and 17th most thermally tolerant symbiont types in a recent meta-analysis (Swain et al. 2017). In 

contrast, type C1 (which replaces D1 in Pocillopora at Atauro Island) is ranked 42nd out of the 64 types 

assessed. Therefore, the symbiont composition observed at Timor sites is strongly supportive of this 

location generally being more ‘stressful’.   

 

In contrast, at least three of the rare potential hybridising types in this study (C3u, C3z, and C31) have 

been shown to be intolerant of environmental stress (Chauka 2016; Swain et al. 2017). This may explain 

their absence at Timor sites (and indeed elsewhere in the world): there may be negative selection for 

suboptimal or rare types, as they do not contribute to a maximal photosynthetic rate under lowered light 

or increased temperature (Suggett et al. 2008; Ainsworth et al. 2016). This selection pressure does not 

appear to be operating at Atauro Island to the same extent. The results in Chapter 2 are strongly 

supportive of this, with a greater proportion of rare clade C types at background levels at Atauro sites 
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(Figure 2.6b). This leads to the conclusion that hybridisation may only be possible (or at least far more 

likely) at high-quality reef sites, with high levels of symbiont diversity. Other studies have also recorded 

higher levels of symbiont diversity at higher-quality sites (e.g. Howells et al. 2009). This accords with 

the result of Pochon and Pawlowski (2006), who found that rapid diversification in Symbiodinium 

occurred in relatively cooler periods in geological history. Potentially, these periods with reduced heat 

stress released corals from the pressure of hosting only optimal symbionts, and promoted diverse 

symbiont assemblages that potentially contributed to the bursts of diversification via hybridisation. In 

addition, this suggests that rare symbiont types may have an important role to play in symbiont 

communities, if they can lead to highly stress-tolerant hybrids (Figure 4.2). The efficacy of this 

mechanism is discussed below. 

 

 

Figure 4.2: Conceptual diagram of the hypothesis advanced in this chapter. (a) Original high levels of symbiont 

diversity (coloured circles) in coral populations in both geographic regions (Timor and Atauro Island). (b) Local 

environmental stress serves to reduce diversity and therefore hybridisation potential at Timor sites, while 

maintenance of diversity at Atauro allows occasional production of (golden) hybrid types. (c) Hybrids may have 

higher realised fitness under future stress scenarios, allowing coral persistence at Atauro but death at Timor. Coral 

outline from Wilkinson et al. (2015).  

 

4.3. Evolutionary benefits of hybridisation 

 

Evidence suggests that hybridisation may be increasingly important as an evolutionary mechanism for 

coral reefs. Acclimation, where occasional heat-stress events allow a tolerance to warming oceans to be 

generated, has been largely discredited as a method by which corals could survive into the future 

(Ainsworth et al. 2016). While most bleaching events have been characterised by the occasional well-

adapted host-symbiont combination surviving and proliferating (e.g. Jones et al. 2008), conditions are 

changing too rapidly for this to sustain coral reefs (Baskett et al. 2009). It has even been hypothesised 
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that the adaptive limit of coral reefs has been reached (Császár et al. 2010), at least through the standard 

mechanisms of somatic mutation and intraspecific sexual recombination. 

 

However, hybridisation is a highly credible mechanism for the appearance of new forms (Dittrich-Reed 

and Fitzpatrick 2013). It facilitates rapid evolutionary change, by producing high levels of variation at 

thousands of genes per generation (Rieseberg et al. 2003). In many cases, hybridisation can lead to 

inviable or low-functioning combinations, and many authors express doubt as to the evolutionary 

validity of this mechanism (e.g. Brosnahan et al. 2010, see also review by Arnold and Martin 2010). 

However, it is generally recognised that hybrids exist on a continuum of significantly depressed to 

highly elevated fitness, even for different hybrids in the same genus (Schardl and Craven 2003; 

Hamilton et al. 2010; Dittrich-Reed and Fitzpatrick 2013). Most importantly, hybridisation has the 

ability to produce extreme phenotypes, through transgressive segregation. This is where favourable 

alleles from both parents combine to produce significantly elevated hybrid fitness, relative to either 

parent (Rieseberg et al. 2003). For example, the hybrid sunflower Helianthus paradoxus is adapted to 

extreme conditions such as highly saline soils, in contrast to its two progenitors H. annuus and H. 

petiolaris (Rieseberg et al. 2003). This is significant as it can promote species that will survive in highly 

stressful conditions, even if the parent species do not live in those conditions.  

 

This is eminently possible for Symbiodinium, especially as there are three separate reservoirs of genetic 

material to act on (mitochondrial, chloroplast and nuclear genomes). It has been shown that cytoplasmic 

genomes have a significant role to play in adaptive potential (Leinonen et al. 2011; Bock et al. 2014), 

and different cytoplasmic-nuclear combinations can display novel functions (Derks et al. 1992), which 

brings significant evolutionary potential to the different combinations observed in Chapter 3. For 

example, the cotton plant Gossypium bickii has different ancestors for cytoplasmic and nuclear genomes 

following a hybridisation event but there is little evidence for subsequent nuclear recombination; this 

could be taken as evidence that the current nuclear-cytoplasm combination is under significant positive 

selection (Wendel et al. 1991). In extreme cases, this can manifest itself as cytoplasmic male sterility 

(CMS): cytoplasmic genes from one parent are turned off, until they come into contact with certain 

nuclear genes from the other parent, when they are then turned on again (Frank 1989; McCauley 2013). 

This suggests that there can be significant evolutionary benefit to certain nuclear-cytoplasm 

combinations. Given the evidence presented for nuclear-organellar recombination in Symbiodinium, 

this could be a rich potential source of adaptive traits. Importantly, other studies of hybridisation (e.g. 

Rieseberg et al. 2003) suggest that these adaptive hybrids can be generated under normal conditions, 

before expanding to open marginal niches if given the opportunity. While fidelity for particular 

symbiont taxa is generally displayed by coral hosts (Chapter 2), they have also demonstrated the ability 

to take up new symbionts in new environments (Baird et al. 2007), and so they could associate with 

adaptive hybrid types in the future. 
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4.4. Considerations arising from this thesis 

 

This study suggests that hybridisation between divergent Symbiodinium lineages can occur; however, 

it may require high levels of symbiont diversity to do so. It has been suggested that “disaster taxa” such 

as type D1a (S. trenchii) may be able to see corals through stressful periods, and that the future of coral 

reefs lies with one or a few resilient generalists (e.g. Correa and Baker 2011; Silverstein et al. 2015). 

However, this study suggests the opposite: high symbiont diversity is required to maintain adaptive 

potential.  

 

A good example of this is in the Persian/Arabian Gulf, where S. thermophilum was described by Hume 

and colleagues (2015). This thermally resistant symbiont has allowed corals to survive in the world’s 

hottest sea, a body of water which became hot over reasonably short evolutionary timescales (Hume et 

al. 2016). While this symbiont is now common in this body of water, modelling suggests that it arose 

from a rare variant that suddenly diversified and spread when conditions changed (Hume et al. 2016). 

This supports the notion that a rare beneficial hybrid could spread and provide resistance over 

reasonably short timescales. The authors go on to explicitly state that protection of symbiont diversity 

is required, from which stress-tolerant genotypes can become more common under severe natural 

selection. This is supported by the hypothesis of Ziegler and colleagues (2017b), who observe that the 

dominant members of symbiont communities in corals are insufficient to explain the fine-scale 

environmental responses displayed by reef communities. They instead suggest that background 

symbiont populations have an important role to play, though they do not explicitly state how. I suggest 

that hybridisation may be a contributor to this role; the evidence in this study, as well as other possible 

cases documented in the introduction to Chapter 3, indicate that rare or background types can produce 

novel Symbiodinium types through sexual recombination with more common types.  

 

This naturally leads to the question as to where symbiont hybridisation may occur. When in symbiosis, 

Symbiodinium cells are sequestered in vacuoles inside host cells (Davy et al. 2012), with little chance 

for contact with other symbionts. The exception is in gametes; coral oocytes of vertically-transmitting 

hosts have been demonstrated to contain diverse symbiont assemblages (Padilla-Gamiño et al. 2012). 

Therefore, it may be hypothesised that vertically-transmitting corals would show greater evidence of 

hybridisation, something which has been observed for the fungal symbiont Neotyphodium and its grass 

hosts (Hamilton et al. 2010). This is supported by the genetic study of Pettay et al. (2011), which finds 

evidence for sexual recombination within S. glynni, a symbiont vertically transmitted by Pocillopora. 

However, only one of the four hosts of putative hybrids in the current study are vertical transmitters. 

The others take up their symbionts from the environment, which has been shown to host a wide range 

of Symbiodinium taxa, both in the water column (Coffroth et al. 2006) and in benthic sediments 

(Nitschke et al. 2016). Therefore, it is possible that diverse symbionts could sexually reproduce ex 
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hospite and be taken up by other corals. Additional results from my study suggest that there is broad 

sharing of symbiont types among host genera. For example, Symbiodinium C40n (psbAncr) was only 

found at sites LIW and LIE (on ten occasions), but in eight different horizontally transmitting genera 

of corals. Therefore, there is good evidence that symbionts could hybridise and spread in both vertically 

and horizontally transmitting coral hosts. However, determining the location of symbiont sex would 

make studies of hybridisation more compelling.  

 

The performance of putative hybrids is another crucial piece of information for determining the validity 

of hybridisation as a mechanism of long-term coral survival. This cannot be assessed here, as the ITS2 

and psbAncr regions are non-coding, the cob gene is highly conserved and the samples collected were 

too small to provide any convincing parameters of performance while in symbiosis. Ideally, effort will 

be put into quantifying the physiological and ecological performance of putative hybrids in combination 

with genetic data, as this is the most convincing way to distinguish functionally-distinct lineages 

(Arnold and Martin 2010; Charlton et al. 2014). Some work is already taking place in this area, both 

for Symbiodinium species generally (LaJeunesse et al. 2012, 2014) and for potential hybrids (Wilkinson 

et al. 2016). However, much more is required, and a combination of phylogenetic and ecological 

methods should be a feature of future Symbiodinium studies.  

 

Finally, this study demonstrates the need to understand Symbiodinium diversity more thoroughly. The 

weight of evidence for sexual recombination is strong, yet precise knowledge of where and how 

Symbiodinium has sex is still lacking. Until this is resolved, hypotheses like the one advocated in this 

thesis remain equivocal. This study has also shown new host-symbiont relationships and added to the 

already prodigious list of Symbiodinium types. Given that the ecological success of corals is owed 

largely to their symbiosis with their dinoflagellate symbionts, a complete understanding of the scale 

and nature of these relationships must be a priority.  

 

4.5. Concluding remarks 

 

The reefs of northern Timor and associated islands match the general patterns of the Indo-Pacific, while 

displaying high diversity and several novel relationships. These results are interpreted with confidence 

thanks to the multi-gene approach taken here, as well as the use of Next Generation Sequencing. The 

use of these methods is strongly advocated for future studies, particularly NGS which has been 

demonstrated to be highly cost-effective while still producing high quality data when used in the manner 

described here. Atauro Island appears to have a greater diversity of Symbiodinium than Timor, a result 

which extends to strong evidence of hybridisation at select Atauro Island sites only. This suggests that, 

while hybridisation is a potential adaptive mechanism, it may be limited to high-quality sites which are 

able to maintain high levels of symbiont diversity. Importantly, the corals of Timor are not different to 
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those at Atauro Island (Turak and DeVantier 2013), which suggests that even regions with high coral 

diversity may be losing symbiont diversity. As such, symbiont diversity should be studied and managed 

as much as coral diversity to maintain maximum adaptive potential, something which is, regretfully, 

increasingly necessary.  
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Appendix A1: Appendices for Chapter 2 

 
A1.1. Full details of all cycling conditions for PCR amplifications 

 

A1.1.1. Amplification of the cob gene 

 

Dinocob1F/Dinocob1R primers  

 

Seventy-five samples were amplified using cycling conditions of denaturation for 3 min at 95ºC, 

followed by 35 cycles of 15 s at 95ºC, 15 s at 56ºC, and 10 s at 72ºC.  Reactions consisted of 12.5 µL 

MyTaq HS Red Mix 2x (BioLine), ~20 ng sample DNA, 10 µg BSA, 0.4 µM of each primer and 7.5 

µL PCRH2O for a total reaction volume of 25 µL. 

 

Eighty-four samples were amplified using cycling conditions of denaturation for 1min at 95ºC, followed 

by 40 cycles of 15 s at 95ºC, 20 s at 55ºC, and 30 s at 72ºC.  Reactions consisted of 10 µL MyTaq HS 

Red Mix 2x (BioLine), ~20 ng sample DNA, 10 µg BSA, 0.5 µM of each primer and 5 µL PCRH2O 

for a total reaction volume of 20 µL. 

 

Ninety-three samples were amplified using the final optimised conditions described in the methods, 

leading to a total of 252 successful amplifications with the primer pair Dinocob1F/Dinocob1R.   

 

Cob_f1/Cob_r1 primers  

 

All reactions consisted of 10 µL MyTaq HS Red Mix 2x (BioLine), ~20 ng sample DNA, 10 µg BSA, 

0.25 µM of each primer and 6 µL PCRH2O for a total volume of 20 µL. 

 

Ten samples were amplified using cycling conditions of denaturation for 2 min at 95ºC, followed by 35 

cycles of 20 s at 95ºC, 20 s at 59ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC.           

 

Eleven samples were amplified using cycling conditions of denaturation for 2 min at 95ºC, followed by 

38 cycles of 20 s at 95ºC, 20 s at 58ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC.            

 

Twelve samples were amplified using cycling conditions of denaturation for 2 min at 95ºC, followed 

by 35 cycles of 20 s at 95ºC, 20 s at 58ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC.            
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A total of 271 samples were amplified using the final optimised conditions described in the methods, 

leading to a total of 304 successful amplifications with the primer pair Cob_f1/Cob_r1.  

 

A1.1.2. Amplification of the minicircle psbAncr (clade C samples) 

 

Sixty-three samples were amplified using cycling conditions of denaturation for 3 min at 95ºC, followed 

by 38 cycles of 30 s at 95ºC, 30 s at 54ºC, and 30 s at 72ºC. Reactions consisted of 12.5 µL MyTaq HS 

Red Mix 2x (BioLine), ~20 ng sample DNA, 10 µg BSA, 0.4 µM of each primer and 7.5 µL PCRH2O 

for a total reaction volume of 25µL. 

 

The following methods all had reactions consisting of 10 µL MyTaq HS Red Mix 2x (BioLine), ~20 ng 

sample DNA, 10 µg BSA, 0.25 µM of each primer and 6 µL PCRH2O for a total volume of 20 µL: 

 

Six samples were amplified using cycling conditions of denaturation for 3 min at 95ºC, followed by 35 

cycles of 20 s at 95ºC, 30 s at 57ºC, and 30 s at 72ºC. 

 

Twelve samples were amplified using cycling conditions of denaturation for 3 min at 95ºC, followed 

by 37 cycles of 20 s at 95ºC, 30 s at 58ºC, 30 s at 72ºC, and a final extension for 7 min at 72ºC.            

 

A total of 309 samples were amplified using the two sets of conditions outlined in the methods, leading 

to a total of 390 successful clade C amplifications with the primer pair 7.4-Forw/7.8-Rev.  

 

A1.2. PCR clean-up process using MagNA solution 

 

The purpose of this clean-up method is to match commercial kits in quality at a cost that is much more 

manageable for large numbers of samples ($0.46 mL-1 vs. $19 mL-1). It also allows accurate size-

selection of fragments during the clean-up process. The principle of using MagNA solution (0.1% 

carboxyl-modified Sera-Mag Magnetic Speed-beads [FisherSci, cat.#: 09-981-123] 18% w/v PEG-

8000, 1 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.05% Tween 20, pH 8.0) and an initial protocol was 

developed by Rohland and Reich (2012). The preparation of the Speed-bead solution used in this study 

was done following Faircloth and Glenn (2014). The protocol used to clean up the reactions also follows 

Faircloth and Glenn (2014) and is copied below, but with several modifications that I made to enhance 

the process (indicated by italics). 
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1. Add 20 µL DNA template mixture to a volume of MagNA solution (the specific volume 

depends on amplicon size and PCR volume). 

For the cob gene, I added 25 µL of MagNA to the 16 µL of PCR product. For the psbAncr, I 

added 30 µL to the 16 µL of PCR product. For the host ITS2 region, I added 35 µL to the 16 

µL of PCR product. For the first clean-up of NGS ITS2 region I added 35 µL to the 25 µL of 

PCR product. For the second clean-up of NGS ITS2 region I added 30 µL to the 20 µL of PCR 

product.  

2. Incubate mixture 5 min at room temperature. 

It was noticed that the bead mixture and PCR product formed two distinct layers, so the mixture 

was vortexed and centrifuged for ~2 s each to homogenise the mixture.  

3. Place on magnet stand. 

4. Remove supernatant. 

5. Add 500 µL 80% EtOH. 

70% EtOH was used as this is generally the recommended concentration for cleaning of DNA 

product, is the concentration recommended in the original Rohland and Reich (2012) protocol, 

and saves on reagent costs. Only 450 µL were used, as it was judged to be functionally the 

same and saved a considerable amount of ethanol given that over 1200 samples were cleaned 

up in this manner. 

6. Incubate on stand for 1 min. 

7.  Remove supernatant. 

8. Add 500 µL 80% EtOH. 

450 µL 70% EtOH were used (see step 5 above). 

9. Incubate on stand for 1 min. 

10. Remove supernatant. 

11. Allow beads to sit until dry.  

Samples were dried using a heat block, as this sped up processing time. For the cob gene, 

psbAncr and host ITS2 region, samples were dried for ~7 min at 37ºC. For the two sets of clean-

ups for the NGS of symbiont ITS2 sequences, samples were dried for ~5 min at 34ºC to avoid 

over-drying, as this can affect subsequent yields in NGS.  

12. Rehydrate with 20 µL dH20. 

20 µL TE (10 mM Tris-HCl, 1 mM EDTA) was used instead, as it is better for longer-term 

storage of DNA. The sample was also left to sit for ~8 min to ensure all the DNA retained on 

the beads eluted into the TE.  

13. Place on magnet stand. 

14. Transfer supernatant to new tube. 

Following this step, samples were stored at 4ºC until all samples from a single gene had been 

cleaned up, at which point they were sent for sequencing.   
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A1.3. Amplification of clade D psbAncr sequences  

 

Difficulties were encountered in amplifying clade D samples. Trial runs were conducted using the 

general primers psbAFor_1 (5’-GCA GCT CAT GGT TAT TTT GGT AGA C-3’)/psbARev_1 (5’-

AAT TCC CAT TCT CTA CCC ATC C-3’), which are non-specific primers designed to target the 

psbA minicircle of all clades (LaJeunesse and Thornhill 2011). Running the amplicons on a gel revealed 

highly non-specific products, with samples often having up to three bands (Figure A1.1). This could be 

due to the hyper-variable nature of the psbAncr, or the primers amplifying multiple minicircles, as 

symbiont chloroplast genomes are composed of many different minicircles (Barbrook et al. 2014). A 

novel set of more specific primers were trialled: SYMPSBANCRF (5’-AAT CGT GCT GAT CTA 

GGW ATG G-3’)/SYMPSBANCRR (5’-GAG ACG ATT TGT TGT GGA TAG-3’) (S. Wilkinson, 

unpublished). Trial runs revealed a greater degree of specificity, but multiple bands per sample were 

often still observed. In order to attempt to isolate single bands while still getting reasonable coverage, 

the approach described in the Methods was applied.   

 

 

Figure A1.1: Example of a 1.5% agarose gel running clade D samples amplified with the primer pair 

psbAFor_1/psbARev_1, stained with SYBR-Safe DNA stain. Note two rows of samples are shown, each with a 

ladder in the first well. White arrows indicate typical banding patterns observed in a single sample, either three 

bands close together of comparable strength (a) or three bands separated by >500 bp, the first being strong (b) and 

the smaller fragments being weak (c, d).  
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A1.4. IDT primers for Next Generation Sequencing 

 

Table A1.1: List of indexing primers used in Next Generation Sequencing of symbiont ITS2 region. The primers 

had the general sequence 5’- AAT GAT ACG GCG ACC ACC GAG ATC TAC ACX XXX XXX XTC GTC 

GGC AGC GTC-3’ (forward) or 5’- CAA GCA GAA GAC GGC ATA CGA GAT XXX XXX XXG TCT CGT 

GGG CTC GG-3’ (reverse), where the X’s represent the specific index listed in the table. 

Primer Name Index Sequence (5’-3’) 

Forward 

S502 CTCTCTAT 

S503 TATCCTCT 

S505 GTAAGGAG 

S506 ACTGCATA 

S507 AAGGAGTA 

S508 CTAAGCCT 

S510 CGTCTAAT 

S511 TCTCTCCG 

S513 TCGACTAG 

S515 TTCTAGCT 

S516 CCTAGAGT 

S517 GCGTAAGA 

S518 CTATTAAG 

S520 AAGGCTAT 

S521 GAGCCTTA 

S522 TTATGCGA 

Reverse 

N701 TCGCCTTA 

N702 CTAGTACG 

N703 TTCTGCCT 

N704 GCTCAGGA 

N705 AGGAGTCC 

N706 CATGCCTA 

N707 GTAGAGAG 

N710 CAGCCTCG 

N711 TGCCTCTT 

N712 TCCTCTAC 

N714 TCATGAGC 

N715 CCTGAGAT 

N716 TAGCGAGT 

N718 GTAGCTCC 

N719 TACTACGC 

N720 AGGCTCCG 

N721 GCAGCGTA 

N722 CTGCGCAT 

N723 GAGCGCTA 

N724 CGCTCAGT 

N726 GTCTTAGG 
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Table A1.1 (cont.) 

N727 ACTGATCG 

N728 TAGCTGCA 

N729 GACGTCGA 

 

A1.5. Designation of all symbiont types found from sequencing that were the dominant type in at 

least one sample 

 

A1.5.1. Designation of previously defined cob gene sequences 

 

Table A1.2: Identification of cob sequences found in this study that match previously defined types listed in 

GenBank. Accession numbers are listed that have a 100% match to my sequence.  

Name Number found GenBank Accession No. Source paper and other notes 

C3 209 FJ529535 Sampayo et al. 2009 

C42a 72 FJ529541 Sampayo et al. 2009 

C1/3 22 KP234522 

AB971152 

KF740692 

Hume et al. 2015; Yorifuji et al. 2015; Jeong et al. 

2014. 

Hume and colleagues ID as C3. Yorifuji and 

colleagues ID as C1. Jeong and colleagues ID as 

F (likely incorrect). This is despite their accession 

numbers giving identical sequences. To reflect 

ambiguity, has been named C1/3 here, though my 

results clearly place it as part of C3 radiation. 

C1 7 FJ529534 

JN557943 

KF206028 

Sampayo et al. 2009; Pochon et al. 2012; 

LaJeunesse and Parkinson (direct submission, 

2013). 

D1 46 KY131780 

KF193520 

JN557956 

Wham et al. 2017; LaJeunesse et al. 2014; Pochon 

et al. 2012. 

 

A1.5.2. Naming of cob gene sequences that did not match previously defined types: 

 

Name: C15p (GenBank Accession Number: MH236749) 

Number: 29 

Sequence:  

TACTATTTTATTACAAATTATATCTGGAATCTTCTTAGGTTTACATTATACATCAGATATTAATTCAGCATATTT

TAGTATTTTCTTTATTATTAGAGAAATATATTATGGATGGTGTTTACGTTATCTTCATTCTAATGGTTCATCATT

TGTCTTTCTTTTGATATTTCTACATCTTGGAAGAGCTATATCTTATGGTTCATATTTTTATAATCCAAATACTTG

GTTTTCTGGAATTATTATTATCTTCTTCTTAATGGGAACAGCATTTATGGGTTATGTGTTACCTTTAGGACAAAT

GAGTTTATGGGGGGTTACAGTAATTACAAATTTATTATCTGCATTTCCATCTTTAATAGAATGGCTTTGTGGAGG

ACATTACATTTACAATCCTACATTTAAGAGGTTCTTTGTCTTTCATTTTCTATTTCCATTTCTTCTTTGTGGGTT

TCTTCTTTATCATATTTTTAATCTACATTTTCTATCTTCTAATAATCCTTTAAGGAATTCCACTAATAATAAAAT

AGCATTTTTCCCTTTCATTATTAGTAAAGATTTATATGGAAAGATATTAATTCTCTATCTATATCTTCTTCAAAT

TCATTTCGGTTTCTCTTCTTTCTCACATCCAGATAATGCATTAGAAGCATGTGGATTACTTACTCCTTTACATAT

AGTACCTGAATGGTATTTCTTATGCCAATATGCTATGTTAAAAGCTGTGCCAAATAAAAATGCAGGATTCATTAT

ATTATTTACTTCTATCTTCATCTTATTTTACTTTATG 
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Characterisation and justification for name: 

1 bp difference from type C1/3 (Table A1.2). Always in samples that matched ITS2 type C15. Letter ‘p’ chosen 

to avoid overlap with previously defined subtypes. 

 

Name: C15q (GenBank Accession Number: MH236750) 

Number: 13 

Sequence:  

TACTATTTTATTACAAATTATATCTGGAATCTTCTTAGGTTTACATTATACATCAGATATTAATTCAGCATATTT

TAGTATTTTCTTTATTATTAGAGAAATATATTATGGATGGTGTTTACGTTATCTTCATTCTAATGGTTCATCATT

TGTCTTTCTTTTGATATTTCTACATCTTGGAAGAGCTATATCTTATGGTTCATATTTTTATAATCCAAATACTTG

GTTTTCTGGAATTATTATTATCTTCTTCTTAATGGGAACAGCATTTATGGGTTATGTGTTACCTTTAGGACAAAT

GAGTTTATGGGGGGTTACAGTAATTACAAATTTATTATCTGCATTTCCATCTTTAATAGAATGGCTTTGTGGAGG

ACATTACATTTACAATCCTACATTTAAGAGGTTCTTTGTCTTTCATTTTCTATTTCCATTTCTTCTTTGTGGGTT

TCTTCTTTATCATATTTTTAATCTACATTTTCTATCTTCTAATAATCCTTTAAGGAATTCCACTAATAATAAAAT

AGCATTTTTCCCTTTCATTATTAGTAAAGATTTATATGGAAAGATATTAATTCTCTATCTATATCTTCTTCAAAT

TCATTTCGGTTTCTCTTCTTTCTCACATCCAGATAATGCATTAGAAGCATGTGGATTACTTACTCCTTTACATAT

AGTACCTGAATGGTATTTCTTATGCCAATATGCTATGTTAAAAGCTGTCCCAAATAAAAATGCAGGATTCATTAT

ATTATTTACTTCTATCTTCATCTTATTTTACTTTATG 

 

Characterisation and justification for name: 

2 bp difference from type C1/3 (Table A1.2), 1 bp different from C15p. Always in samples that matched ITS2 

type C15. Letter ‘q’ chosen to avoid overlap with previously defined subtypes. 

 

Name: C42p (GenBank Accession Number: MH236751) 

Number: 9 

Sequence:  

TACTATTTTATTACAAATTATATCTGGAATCTTCTTAGGTTTACATTATACATCAGATATTAATTCAGCATATTT

TAGTATTTTCTTTATTATTAGAGAAATATATTATGGATGGTGTTTACGTTATCTTCATTCTAATGGTTCATCATT

TGTCTTTCTTTTGATATTTCTACATCTTGGAAGAGCTATATCTTATGGTTCATATTTTTATAATCCAAATACTTG

GTTTTCTGGAATTATTATTATCTTCTTCTTAATGGGAACAGCATTTATGGGTTATGTGTTACCTTTAGGACAAAT

GAGTTTATGGGGAGTTACAGTAATTACAAATTTATTATCTGCATTTCCATCTTTAATAGAATGGCTTTGTGGAGG

ACATTACATTTACAATCCTACATTTAAGAGGTTCTTTGTCTTTCATTTTCTATTTCCATTTCTTCTTTGTGGTTT

TCTTCTTTATCATATTTTTAATCTACATTTTCTATCTTCTAATAATCCTTTAAGGAATCCCACTAATAATAAAAT

AGCATTTTTCCCTTTCATTATTAGTAAAGATTTATATGGAAAGATATTAATTCTCTATCTATATCTTCTTCAAAT

TCATTTCGGTTTCTCTTCTTTCTCACATCCAGATAATGCATTAGAAGCATGTGGATTACTTACTCCTTTACATAT

AGTACCTGAATGGTATTTCTTATGCCAATATGCTATGTTAAAAGCTGTACCAAATAAAAATGCAGGATTCATTAT

ATTATTTACTTCTATCTTCATCTTATTTTACTTTATG 

 

Characterisation and justification for name: 

1 bp different from type C42a (Table A1.2), no other close similarities. Letter ‘p’ chosen to avoid overlap with 

previously defined subtypes. 

 

 

All other previously undefined sequences (13 clade C) only appeared once or twice and are not 

reproduced here. GenBank Accession Numbers: MH236752-MH236764 
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A1.5.3. Designation of previously defined ITS2 gene sequences 

 

Table A1.3: Identification of ITS2 sequences found in this study that match previously defined types listed in 

GenBank. Accession numbers are listed that have a 100% match to my sequence; N/A indicates there was no 

exact match in GenBank and it was identified from the GeoSymbio database, where it had a 100% match (Franklin 

et al. 2012). 

Name Number found GenBank Accession No. Source paper and other notes 

C40 130 N/A Franklin et al. 2012 

C15 40 JN558044 Pochon et al. 2012 

C3d/C21 36 JN711493 Hume and Wiedenmann (unpublished) 

C1 35 JN558041 Pochon et al. 2012 

C3z 11 N/A Franklin et al. 2012 

C66 9 N/A Franklin et al. 2012 

C1d 5 KU197085 Kopp et al. 2016 

C3 4 JN711498 

EU828690 

Hume and Wiedenmann (unpublished), Fay et 

al. 2009 

C1# 2 JF298202 Franklin et al. 2012. This sequence was 

identified as being part of the C1 radiation by 

van Oppen et al. 2011b, hence its name. 

However, this appears to be an error – my 

Figure 2.4 groups it with the C3 radiation, and 

blasting the accession number they provide 

(JF298202) against C1 reveals that it is 6 bp 

different, not the 1 bp they claim in their paper.  

C1b/C1e 2 N/A Franklin et al. 2012 

C35.2/C26.b1 1 N/A Franklin et al. 2012 

C1c/C45 1 N/A Franklin et al. 2012 

C42a 1 N/A Franklin et al. 2012 

C1j 1 KU197084 Kopp et al. 2016 

C31 1 N/A Franklin et al. 2012 

C3u 1 N/A Franklin et al. 2012 

D1 32 N/A Franklin et al. 2012 

D5 4 N/A Franklin et al. 2012 

D6 1 N/A Franklin et al. 2012 

D3 1 N/A Franklin et al. 2012 

 

 

A1.5.4. Naming of ITS2 gene sequences that did not match previously defined types: 

 

Name: C1x (GenBank Accession Number: MH236765) 

Number: 28 

Sequence:  

GTGAATTGCAGAACTCCGTGAACCAATGGCCTCCTGAACGTGCGTTGCACTCTTGGGATTTCCTGAGAGTATGTC

TGCTTCAGTGCTTAACTTGCCCCCAACTTTGCAAGCAGGATGTGTTTCTGCCTTGCGTTCTTATGAGCTATTGCC

CTCTGAGCCAATGGCTTGTTAATTGCTTGGTTCTTGCAAAATGCTTTGCGCGCTGTTATTCAGGTTTCTACCTTC

GTGGTTTTACTTGAGTGACGCTGCTCATGCTTGCAACCGCTGGGATGCAGGTGCATGCCTCTAGCATGAAGTCAG

ACAAGTGAACCCGCTGAATTTAAGCATATAAGTAAGCGGAGG 

 

Characterisation and justification for name: 

1 bp different to C1 (Table A1.3), no other close similarities. 
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Name: C1z (GenBank Accession Number: MH236766) 

Number: 9 

Sequence:  

GTGAATTGCAGAACTCCGTGAACCAATGGTCTCCTGAACGTGCGTTGCACTCTTGGGTTTCCTGAGAGTATGTCT

GCTTCAGTGCTTAACTTGCCCCAACTTTGCAAGCAGGATGTGTTTCTGCCTTGCGTTCTTATGAGCTATTGCCCT

CTGAGCCAATGGCTTGTTAATTGCTTGGTTCTTGCAAAATGCTTTGCGCGCTGTTATTCAGGTTTCTACCTTCGT

GGTTTTACTTGAGTGACGCTGCTCATGCTTGCAACCGCTGGGATGCAGGTGCATGCCTCTAGCATGAAGTCAGAC

AAGTGAACCCGCTGAATTTAAGCATATAAGTAAGCGGAGG 

 

Characterisation and justification for name: 

2 bp different to C1 (Table A1.3), 1 bp different to C1x, no other close similarities. 

 

All other previously undefined sequences (13 clade C, 5 clade D) only appeared once or twice and are 

not reproduced here. Clade C Genbank Accession Numbers: MH236767-MH236779. Clade D 

GenBank Accession Numbers: MH236780-MH236784.  

 

A1.5.5: Naming of psbAncr 95% groupings, based on consensus sequences. 

 

This appendix will list all significant groups found for the psbAncr region, as represented by their 

consensus sequences. Because each one represents a group of closely-related sequences, there is often 

more than one GenBank Accession Number for a single group.  

 

Name: C40n (GenBank Accession Number: MH329431) 

Number: 10 (all identical) 

Sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCTACGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCACGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 1 bp different to psbAncr sequence C40 (KF572359, 

Thornhill et al. 2014). 

 

Name: C40o (GenBank Accession Numbers: MH329466-MH329472) 

Number: 11 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCTACGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCACGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 3 bp different to psbAncr sequence C40 (KF572359, 

Thornhill et al. 2014). 
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Name: C40c (GenBank Accession Numbers: MH329473-MH329486) 

Number: 21 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCGAAGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAAT 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 2 bp different to psbAncr sequence C40 (KF572365, 

Thornhill et al. 2014). 

 

Name: C40d (GenBank Accession Number: MH329487) 

Number: 14 (all identical) 

Sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGTG

CGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCATGCCCCAAAGG

GGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTCG

GGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 2 bp different to psbAncr sequence C40 (KF572359, 

Thornhill et al. 2014). 

 

Name: C40e (GenBank Accession Number: MH329489) 

Number: 7 (all identical) 

Sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCTACGGGGTACCCATATGCACCCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTCG

GGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 5 bp different to psbAncr sequence C40 (KF572366, 

Thornhill et al. 2014). 

 

Name: C40f (GenBank Accession Numbers: MH329490-MH329496) 

Number: 8 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATAACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCTAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCGTAGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCACGAAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCATGCCCCTGT
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GGGGCATGCATTAATGGGGGTGGGTGCCCTACCCACCCCATATGGGCCCACACTTCGTGGGGCCCATAACGCCCT

TCGGGCTTCAAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 5 bp different to psbAncr sequence C40 (KF572366, 

Thornhill et al. 2014). 

 

Name: C40g (GenBank Accession Numbers: MH329497-MH329505) 

Number: 9 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCTACGGGGTACCCATATGCACCCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 5 bp different to psbAncr sequence C40 (KF572366, 

Thornhill et al. 2014). 

 

Name: C40h (GenBank Accession Numbers: MH329516-MH329521) 

Number: 15 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGTG

CGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCATGCCCCAAAGG

GGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTCG

GGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 2 bp different to psbAncr sequence C40 (KF572359, 

Thornhill et al. 2014). 

 

Name: C40i (GenBank Accession Numbers: MH329522-MH329526) 

Number: 7 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGTG

CGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAGG

GGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTCG

GGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 3 bp different to psbAncr sequence C40 (KF572370, 

Thornhill et al. 2014). 
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Name: C40j (GenBank Accession Numbers: MH329527-MH329533) 

Number: 9 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCGTAGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCACGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 2 bp different to psbAncr sequence C40 

(KF572366/KF572364, Thornhill et al. 2014). 

 

Name: C40k (GenBank Accession Numbers: MH329534-MH329535) 

Number: 5 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCTATGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCATGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAG

GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 3 bp different to psbAncr sequence C40 

(KF572366/KF572364, Thornhill et al. 2014). 

 

Name: C40l (GenBank Accession Numbers: MH329536-MH329540) 

Number: 5 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCTACGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGTGC

GACCACGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCTACGGGGCACCCATATGCATGCCCCAAAGGG

GCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTCGG

GCTTCAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 2 bp different to psbAncr sequence C40 (KF572370, 

Thornhill et al. 2014). 

 

Name: C40m (GenBank Accession Numbers: MH329506-MH329515) 

Number: 12 

Consensus sequence:  

CCCATATCCCCGAAGGGGATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGGCCTTCGGGAATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTATAATGGG

TACCCCGTAGGGGTACCCATATGCACCCCTACGGGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGT

GCGACCACGAAAAGAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCATGCCCCAAAG
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GGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGCCCTTC

GGGCTTCAAAAATA 

 

Characterisation and justification for name: 

Always occurred in samples with ITS2 type C40. Also, 1 bp different to psbAncr sequence C40 (KF572359, 

Thornhill et al. 2014). 

 

Name: C3z (GenBank Accession Numbers: MH329432-MH329438) 

Number: 7 

Consensus sequence:  

CCCATATGCACGAAGTGCATTAGAGGGCCCGCAGGAGCCCGCAAAGAAAAATCACGAAGTAGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGCCCTTCGGGCATTCGCACACGCGCGTATA

AAAGATTGCGACTTATAATGCACCACCCTTCGGGTGGTGCATATGGGTGCCCTTTAGGGCACCCATTAGAGCCGG

GAACGAGCCGAAGGCGAGTGGACGTGCGACCACGAAAAAGAAAAATAAATCGCGACCTATAATGGGTGCCCCTAC

GGGGCACCCATATGCATGCCCCACAGGGGCATGCATTAATGGGGTGGGTGCCCTACCCACCCCATATGGGCCCAC

ACTTCGTGGGGCCCATAACGCCCTTCGGGCTTCAAAAAATA 

 

Characterisation and justification for name: 

Almost exclusively occurred with ITS2 type C3z (See Chapter 3 for exception). 

 

Name: C1d (GenBank Accession Numbers: MH329439-MH329442) 

Number: 5 

Consensus sequence:  

CCCATATGCCCTTCGGGCATTTAGGGCCCGCAGGAGCCCGCAGAAAAGAAAAGACCCTGCCGCTAATTTTGGCCT

AAATCGCGAGTAAAATGGCCTAAATTGCCCCTTCGGGGCTTCACGTACACGCGTACACGCGCACACGCGTTATAT

AATGTGCACCCCTTCGGGGTGCACATATGCACCACCCTTTGGGTGGTGCATTGGAGCCGGTAACGAGCCGAAGGC

GAGTGGACGTGCGACCACGAATAAAAGAAAAATAAATCGCGACCTATAATGGGTGCCCCTGCGGGGCACCCATAT

GCACACCCCGAAGGGGTGTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCC

CATAACGGCCCTTCGGGCCTTCAAAAAATA 

 

Characterisation and justification for name: 

Exclusively occurred with ITS2 type C1d. Also, 1 bp different from psbAncr type C1d (HQ336236, Pinzon and 

LaJeunesse 2011).  

 

Name: C1x (GenBank Accession Numbers: MH329443-MH329454) 

Number: 17 

Consensus sequence:  

CCCATATGCCCGCAGGGCATTGAGGTCCACGAAGTGTGACCGTTAATTTTGGCCAAAAAAAGGGTGCCGCACAAA

ATGGCCTAAACTGCGACTATTTTGGCCAAAATTGCGACATGTGCCTCGCGCACACGCACACGCGTTATATAATGT

GCACCCCTTCGGGGTGCACATATGCACCACCCTTTGGGTGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTG

GACGTGCGACCACGAAGAAAAGAAAATAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCACAC

CCCGAAGGGGTGTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAAC

GGCCCTTCGGGCCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred with ITS2 type C1 and C1x. Closest related match in GenBank was C1. 

 

Name: C1u (GenBank Accession Numbers: MH329462-MH329463) 

Number: 2 

Consensus sequence:  

CCCATATGCCCGCAGGGCATTGAGGTCCACGAAGTGTGACCGTTAATTTTGGCCAAAAAAAGGGTGCCGCTAATT

TTGGCCTAAACTGCGACTATTTTGGCCAAAATTGCGACATGTGTCCTCGCGCACACGCGCACACGCGCACACGTA

TTAAAAAGATCGCGACTTATAATGTGACGTAAATGGGTGCCCCTGTGGGGCACCCATATGCACCACCCTTTGGGT
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GGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTGGACGTGCGACCACGAAGAAAAGAAAAAGAAATCGCGACC

TATAATGGGTGCCCCTTTGGGGCACCCATATGCACACCCCGAAGGGGTGTGCATTAATGGGCTGGGTGCCCTACC

CAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGGCCCTTCGGGCCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred with ITS2 type C1. 100% match to C1 (KF572172, Thornhill et al. 2014), though the matched area 

missed 7% of my sequence. 

 

Name: C1v (GenBank Accession Number: MH329488) 

Number: 11 (all identical) 

Sequence:  

CCCATATGCCCGCAGGGCATTGAGGTCCACGAAGTGTGACCGTTAATTTTGGCCAAAAAAAGGGTGCCGCACAAA

ATGGCCTAAACTGCGACTATTTTGGCCAAAATTGCGACATGTGCCTCGCGCACACGCACACGCGTTATATAATGT

GCACCCCTTCGGGGTGCACATATGCACCACCCTTTGGGTGGTGCATTGGAGCCGGGAACGAGCCGAAGGCGAGTG

GACGTGCGACCACGAAGAAAAGAAAATAAATCGCGACCTATAATGGGTGCCCCGTAGGGGCACCCATATGCACAC

CCCGAAGGGGTGTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAAC

GGCCCTTCGGGCCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred with ITS2 type C1 and C1x. Closest related match in GenBank was C1. 

 

Name: C3d/C21p (GenBank Accession Numbers: MH329455-MH329457) 

Number: 3 

Consensus sequence:  

CCCATATGCACGAAGTGCATTAGAGGGCCCGGAGGAGCCCGCAAAGAAAAATCACGAAGTGGAACCGAGAAAAGG

CTGCCGCTAATTTTGGCCTAGATCGCGATAATTTTGGCCAAAATTGCCCTTTAGGGCATTCGCACACGCGCGTAT

AAAAGATCGCGACTTATAATGGGTACCCCTTAGGGGTACCCATATGCACCCCGTAGGGGTGCATTATAGGAGCCG

GGAACGAGCCGAAGGCGAGTGGACGAGCGACAAAAGAAAAAAGAAATCGCGACCTATAATGGGTGCCCCGTAGGG

GCACCCATATGCACACCCCGGAGGGGTGTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACACT

TCGTGGGGCCCATAACGGAGCCCTTCGGGCTCCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred exclusively with ITS2 type C3d/C21. 

 

Name: C3d/C21q (GenBank Accession Numbers: MH329458-MH329461) 

Number: 4 

Consensus sequence:  

CCCATATGCACGAAGTGCATTAGAGGGCCCGCAGGAGCCCGCAAGAAAAATCACGAAGTGGAACCGAGAAAAGGC

TGCCGCTAATTTTGGCCTAGATCACGATAATTTTGGCCAAAATTGTCCTTTAGAGCATTCGCACACGCGCGTATA

AAAGATCGCGACTTATAATGGGTACCCCTACGGGGTACCCATATGCACCCCGTAGGGGTGCATTATAGGAGCCGG

GAACGAGCCGAAGGCGAGTGGACGTGCGACCACGATAAAGAAAAATAAATCGCGACCTATAATGGGTGCCCCTAC

GGGGCACCCATATGCATGCCCCAAAGGGGCATGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCAC

ACTTCGTGGGGCCCATAACGCCCTTCGGGCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred exclusively with ITS2 type C3d/C21. Also very similar to C3d/C21p.  

 

Name: Cva (GenBank Accession Numbers: MH329464-MH329465) 

Number: 2 

Consensus sequence:  

CCCATATGCCCGCAGGGCATTGAGGTCCACGAAGTGTGACCGTTAATTTTGGCCAAAAAAAAGGGTGCCGCACAA

AATGGCCTAAACTGCGACTATTTTGGCCAAAATTGCGACATGTGCCTCGCGCACACGCGCACACGTATTAAAAAG

ATCGTGACTTATAAGGTGCACCCCTTCGGGGTGCACATATGGGCACCCTTCGGGTGCCCATTGGAGCCGGGAACG
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AGCCGAAGGCGAGTGGACGTGCGACCACGAAAAAGAAAAATAAATCGCGACCTATAATGGGGTGCCCCTGCGGGG

CACCCATATGCACACCCCGAAGGGGTGTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTT

CGCGGGGCCCATAACGGCCCTTCGGGCCTTCAAAAATA 

 

Characterisation and justification for name: 

Occurred in different ITS2 types, hence has been given the designation ‘v’ (variable). No clear similarities were 

found in GenBank.  

 

Name: Cvb (GenBank Accession Numbers: MH329541-MH329542) 

Number: 2 

Consensus sequence:  

CCCATATGCCCGCAGGGCATTGAGGTCCACGAAGTGTGACCGTTAATTTTGGCCAAAAAAAGGGTGCCGGTAATT

TTGGCCTAAATCGCGAGTCTTCTGGCCTAAATTGCCCCTTCGGGGCTTCACGTACACGCGCACACGCGATAATGT

GCACCCCTTCGGGGTGCACATATGGGTGCCCTAAAGGGCACCCATTAGAGCCGGGAGCCCGAAGGGCGGACGAGC

GACAAAAGAAAAAAATAAATCGCGACCTATAATGGGTGCCCCTGCGGGGCACCCATATGCACACCCCGAAGGGGT

GTGCATTAATGGGCTGGGTGCCCTACCCAGCCCATATGGGCCCACGCTTCGCGGGGCCCATAACGGCCCTTCGGG

CCTTCAAAAAATA 

 

Characterisation and justification for name: 

Occurred in different ITS2 types, hence has been given the designation ‘v’ (variable). No clear similarities were 

found in GenBank.  

 

For the clade D sequences, (x) indicates a deletion of x base pairs from the overall alignment.  

 

Name: D1p (GenBank Accession Number: MH329568) 

Number: 4 (all identical) 

Sequence:  

CACTGCTTTGGAGAGGTTGGACAGGTCTAATTATTAATAAATTTATTAATTAATTTATAGGATTGTATAGCCTCT

TGCTCCTCTTGCACCACTTTGGAGCAAGAGTAACATCTATAGC(4)TGCACCACTCCAACCTAAAATATATGTGT

CCTACAACTACAAATAAATAAACTAAAATATATTTTAGTTGGAGCAAGAGTAAAATGATTTACAGCTATACATCT

TACTGTTGCTCCTT(19)TGGGCTACAGGTAGAAACCTTCTACACACTAAACTATAACAGATCTTAAATAGTTTT

GGTATTCATTCTGTCAAATCAAAGAATTAATTAAGGTACACTTCTAGTTAATATGGCTTGTAGTATAAGATGACT

GATTTGATTTATGAGAAAGAGGTTTTAAAGCTGTGAGTTATAGCAGCTTGTCTTACTGTACATTATGAACAGGCT

TTTCACTTGTAAATAGCTGCTTCTATAGCTGCTATTTCTGGAGAATCAATAGCAATTTAAACCTCGTGATGGAAG

GACTGGTGAGATTGTTTGGAAGGGCTGGTGATAATTTATTTGTAGGTAGTACAGTGTACTACTGTACAGTAGTAC

TGTGCACTTAGGATTGTACTAGGGCCTTTCTAGTTGGCCAACTA 

 

Characterisation and justification for name: 

Occurred entirely with ITS2 type D1. 

 

Name: D1q (GenBank Accession Number: MH329567) 

Number: 4 (all identical) 

Sequence:  

CACTGCTTTGGAGAGGTTGGACAGGTCTAATTATTAATAAATTTATT(3)TATTTTAG(5)TTTAAAGCT(4)GC

TCCACCTCCA(2)ACT(10)AGTAAGATGTATAGCCTCTTGCACCACT(5)TTGGAGAAGATGGG(32)ATTTTA

GTTGGAGCAAGAGTAAAAT(177)GATGACTGATTTGATTTATGAGAAAGAGGTTTTAAAGCTGTGAGTTATAGC

AGCTTGTCTTACTGTACATTATGAACAGGCTTTTCACTTGTAAATAGCTGCTTCTATAGCTGCTATTTCTGGAGA

ATCAATAGCAATTTAAACCTCGTGATGGAAGGACTGGTGAGATTGTTTGGAAGGGCTGGTGATAATTTATTTGTA

GGTAGTACAGTGTACTACTGTACAGTAGTACTGTGCACTTAGGATTGTACTAGGGCCTTTCTAGTTGGCCAACTA

G 

 

Characterisation and justification for name: 

Occured entirely with ITS2 type D1. 
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Name: Dva (GenBank Accession Number: MH329569) 

Number: 2 (identical) 

Sequence:  

CACTGCTTTGGAGAGGTTGGACAGGTCTAATTATTAATAAATTTATT(3)TATTTTAG(5)TTTAAAGCT(4)GC

TCCACCTCCA(2)ACT(10)AGTAAGATGTATAGCCTCTTGCACCACT(5)TTGGAGAAGATGGG(32)ATTTTA

GTTGGAGCAAGAGTAAAATGATTTACAGCTATACATCTTACTGTTGCTCCTTTGGGCAGCTAAGCTGGCCATGGG

CTACAGGTAGAAACCTTCTACACACTAAACTATAACAGATCTTAAATAGTTTTGGTATTCATTCTGTCAAATCAA

AGAATTAATTAAGGTACACTTCTAGTTAATATGGCTTGTAGTATAAGATGACTGATTTGATTTATGAGAAAGAGG

TTTTAAAGCTGTGAGTTATAGCAGCTTGTCTTACTGTACATTATGAACAGGCTTTTCACTTGTAAATAGCTGCTT

CTATAGCTGCTATTTCTGGAGAATCAATAGCAATTTAAACCTCGTGATGGAAGGACTGGTGAGATTGTTTGGAAG

GGCTGGTGATAATTTATTTGTAGGTAGTACAGTGTACTACTGTACAGTAGTACTGTGCACTTAGGATTGTACTAG

GGCCTTTCTAGTTGGCCAACTAG  

 

Characterisation and justification for name: 

Occurred with variable unique ITS2 clade D sequences, so has been given the designation ‘v’ (variable). 

 

Name: Dvb (GenBank Accession Number: MH329570) 

Number: 2 (identical) 

Sequence:  

CACTGCTTT(402)GGTTTTAAAGCTGTGAGTTATAGCAGCTTGTCTTACTGTACATTATGAACAGGCTTTTCAC

TTGTAAATAGCTGCTTCTATAGCTGCTATTTCTGGAGAATCAATAGCAATTTAAACCTCGTGATGGAAGGACTGG

TGAGATTGTTTGGAAGGGCTGGTGATAATTTATTTGTAGGTAGTACAGTGTACTACTGTACAGTAGTACTGTGCA

CTTAGGATTGTACTAGGGCCTTTCTAGTTGGCCAACTA 

 

Characterisation and justification for name: 

Occurred with variable unique ITS2 clade D sequences, so has been given the designation ‘v’ (variable). 

 

Name: Dvc (GenBank Accession Number: MH329571) 

Number: 2 (identical) 

Sequence:  

CACTGCTTTGGAGAGGTTGGACAGGTCTAATTATTAATAAATTTATT(3)TATTTTAG(5)TTTAAAGCT(4)GC

TCCACCTCCA(2)ACT(10)AGTAAGATGTATAGCCTCTTGCACCACT(5)TTGGAGAAGATGGG(32)ATTTTA

GTTGGAGCAAGAGTAAAAT(177)GATGACTGATTTGATTTATGAGAAAGAGGTTTTAAAGCTGTGAGTTATAGC

AGCTTGTCTTACTGTACATTATGAACAGGCTTTTCACTTGTAAATAGCTGCTTCTATAGCTGCTATTTCTGGAGA

ATCAATAGCAATTTAAACCTCGTGATGGAAGGACTGGTGAGATTGTTTGGAAGGGCTGGTGATAATTTATTTGTA

G(23)GTAGTACTGTGCACTTAGGATTGTACTAGGGCCTTTCTAGTTGGCCAACTAG 

 

Characterisation and justification for name: 

Occurred with variable unique ITS2 clade D sequences, so has been given the designation ‘v’ (variable). 

 

All other previously undefined sequences (24 clade C) only appeared once or twice and are not 

reproduced here. GenBank Accession Numbers: MH329543-MH329566 
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A1.6. Statistical tables for all results 

 

A1.6.1. Results for the cob gene 

 

ANOVA result comparing overall richness between Atauro Island and Timor sites: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 6.5019 6.5019 8.5035 0.03316 

Residuals 5 3.8231 0.7646   

 

PERMANOVA result comparing symbiont type composition between Atauro Island and Timor sites: 

 

Variation df Sum of squares Mean square F p-value 

Site 1 0.12548 0.12548 5.4416 0.002 

Residuals 33 0.76097 0.02306   

Total 34 0.88645    

 

 
Figure A1.2: Principal Components Plot comparing Atauro and Timor sites in terms of cob gene symbiont 

composition, drawn using the statistical model implemented in the Atauro vs. Timor PERMANOVA test. 

 

 

 



128 

 

AMOVA result comparing symbiont type composition between Atauro Island and Timor sites: 

ΦST = 0.03, p = 0.014 

Variation df Sum of squares σ2 % variation 

Among groups 1 269.804 1.0124 2.39888 

Among pops 5 283.974 0.6066 0.60086 

Within pops 414 17150.274 41.426 97.00026 

Total 420 17704.052 42.707  

 

A1.6.2. Results for the ITS2 gene region  

 

ANOVA result comparing overall richness between Atauro Island and Timor sites: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 18.678 18.678 6.7091 0.04883 

Residuals 5 13.920 2.784   

 

PERMANOVA result comparing symbiont type composition between Atauro Island and Timor sites: 

 

Variation df Sum of squares Mean square F p-value 

Site 1 0.68604 0.68604 19.814 0.001 

Residuals 33 1.14257 0.03462   

Total 34 1.82861    
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Figure A1.3: Principal Components Plot comparing Atauro and Timor sites in terms of ITS2 gene region symbiont 

composition, drawn using the statistical model implemented in the Atauro vs. Timor PERMANOVA test. The 

tight groupings correspond to specific sites within each region, showing that there are also some community 

differences within individual sites. 

 

AMOVA result comparing symbiont type composition between Atauro Island and Timor sites: 

ΦST = 0.02291, p = 0.037 

Variation df Sum of squares σ2 % variation 

Among groups 1 1114.006 1.636 0.40328 

Among pops 5 4046.607 7.658 1.88775 

Within pops 371 147050.083 396.361 97.70898 

Total 377 152210.696 405.655  
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A1.6.3. Results for the psbAncr gene region  

 

ANOVA result comparing overall richness between Atauro Island and Timor sites: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 8.743 8.743 0.2515 0.6373 

Residuals 5 173.782 34.756   

 

 

Figure A1.4: Rarefaction curves for the psbAncr region for all seven sites (single line each), showing how a 

sampling saturation point was not reached i.e. there was still a near-linear discovery rate of new sequences. 

Therefore, differences between sites and regions are potentially more likely due to chance than to there being 

genuine diversity differences (as the point where true diversity can be assessed has not yet been reached).  
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A1.6.4. Results from the OTU analyses 

 

Kruskall-Wallis test of whether the two regions (Atauro Island, Timor) have different numbers of OTUs: 

 

Test Statistic: 0.76142 

Degrees of Freedom: 1 

p = 0.3829 

 

ANOVA results comparing richness between Atauro Island and Timor sites for the five most common 

genera: 

 

Acropora: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 55.59 55.59 21.934 <0.0001 

Residuals 56 141.93 2.534   

 

Porites: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 21.873 21.873 4.1008 0.05101 

Residuals 33 176.013 5.3337   

 

Pocillopora: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 12.162 12.162 2.2248 0.1507 

Residuals 21 114.795 5.4664   

 

Platygyra: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 9.8017 9.8017 9.6365 0.007254 

Residuals 15 15.2571 1.0171   

 

Montipora: 

 

Variation df Sum of squares Mean square F p-value 

Region 1 9.4554 9.4554 1.5933 0.2261 

Residuals 15 89.015 5.9343   
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Figure A1.5: Scatterplot showing the lack of relationship between sequencing depth and number of OTUs 

recovered. 

 

A1.7. Summary of host and symbiont diversity data  

 

Table A1.4: List of all host genera sampled by site. 

Site BBR BHB BLS BSP HEW LIE LIW TOTAL 

Genus Scleractinians 

Acropora 8 10 13 11 19 10 5 76 

Porites 3 4 6 4 9 3 8 37 

Pocillopora 2 2 2 3 13 0 5 27 

Platygyra 2 0 4 5 5 1 4 21 

Montipora 2 6 1 3 1 6 0 19 

Echinopora 3 4 6 1 0 3 1 18 

Favia 3 1 0 3 5 3 1 16 

Favites 2 2 1 2 4 2 3 16 

Galaxea 2 2 3 1 1 2 2 13 

Goniastrea 4 3 1 2 0 2 1 13 

Fungia 2 1 1 2 0 4 2 12 

Hydnophora 2 1 2 3 0 1 2 11 

Symphyllia 4 0 0 5 0 2 0 11 

Goniopora 0 2 0 2 1 1 4 10 

Ctenactis 4 2 2 0 0 1 0 9 

Lobophyllia 1 2 1 1 1 0 3 9 

Stylophora 1 2 2 0 1 2 1 9 

Astreopora 0 1 0 3 0 2 2 8 

Sandalolitha 3 2 1 1 0 0 1 8 

Pectinia 2 0 1 1 0 1 2 7 

Seriatopora 2 3 1 0 0 1 0 7 

Diploastrea 0 0 1 2 0 2 1 6 

Turbinaria 2 1 0 1 0 0 2 6 

Pavona 0 3 0 0 0 2 0 5 

Merulina 1 0 2 0 0 1 0 4 

Cyphastrea 0 0 1 0 0 1 1 3 

Mycedium 0 0 0 2 0 1 0 3 

Oulophyllia 0 0 1 0 0 2 0 3 

Polyphyllia 0 0 0 2 0 0 1 3 
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Table A1.4 (cont.) 

Acanthastrea 0 0 0 0 1 0 1 2 

Caulastrea 0 0 1 0 0 1 0 2 

Coscinaraea 0 0 0 0 0 1 1 2 

Leptastrea 0 0 0 0 0 1 1 2 

Echinophyllia 0 0 0 0 0 0 1 1 

Euphyllia 0 0 0 1 0 0 0 1 

Halomitra 0 0 0 1 0 0 0 1 

Heliofungia 0 0 0 0 0 1 0 1 

Herpolitha 0 0 0 1 0 0 0 1 

Oxypora 0 0 0 0 0 0 1 1 

Pachyseris 0 0 1 0 0 0 0 1 

Plerogyra 0 0 1 0 0 0 0 1 

Psammocora 1 0 0 0 0 0 0 1 

Scapophyllia 0 0 1 0 0 0 0 1 

Genus Non-Scleractinians 

Heliopora 2 0 2 1 1 0 1 7 

Millepora 1 1 0 0 2 0 0 4 

Rhodactis 0 0 0 0 0 0 2 2 

Clavularia 1 0 0 0 0 0 0 1 

Ricordea 0 0 0 0 1 0 0 1 

Tubipora 0 0 1 0 0 0 0 1 

TOTAL 

GENERA PER 

SITE 

25 21 27 26 15 28 28  

TOTAL 

GENERA PER 

REGION 

40 39  

 

Table A1.5: Complete list of symbiont types hosted by each coral genus (ordered as per Table A1.4). Note this 

only includes dominant types. Because some samples only had successful sequences for one or two of the gene 

regions, there may appear to be some discrepancies between the loci. Cu = unique (unnamed) clade C type. Du 

= unique (unnamed) clade D type. 

Genus cob  ITS2 psbAncr 

Acropora C3, D1 C40, C3z, C3d/C21, D1 C40c, C40d, C40e, C40f, 

C40g, C40i, C40j, C40m, 

C40n, C3d/C21p, C3z, D1p 

Porites C15p, C15q, C3, Cu C15, C40, Cu C40i, Cu 

Pocillopora C42a, D1 C1d, C42a Cu, D1, Du C1d, Cvb, D1q, Dva, Dvb, 

Dvc 

Platygyra C3 C40, C1#, C3z C40c, C40d, C40g, C40h, 

C40j, C40m, C40o, C3z 

Montipora C3, C15q, C1/3, Cu C40, C15, C35.2/C26.b1, 

C3z, C66, C31, Cu 

C40o, C3z, Cu 

Echinopora C3, C42a, C1/3 C1, C1x, C40, C66, 

C3d/C21, D1 

C40c, C40h, C40j, C40m, 

C1x, C1v, Cu 

Favia C42a, C3, C1, C1/3 C1, C3, C40, C3d/C21 C40d, C40e, C40f, C40h, 

C40m, C40o, C1x, C1v, Cu 

Favites C3, D1 C40, Cu, D1 C40g, C40h, C40i, C40j, 

C40k, C40l, C40m, C3z 

Galaxea C42a, D1 C1, C1c/C45, D1, D5 C1x, Cva 

Goniastrea C3, C42a, C1/3 C40, C3z, C1 C1x, C40c, C40d, C40k 

Fungia C3, C42a C40, C3d/C21, C3z, C1, 

C1x 

C40k, C40n, C40o, C3d/C21p, 

C1x, C1v 

Hydnophora C3, C42a, Cu C40, C1, C3d/C21 C40c, C40h, C40i, C1v, Cu 
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Table A1.5 (cont.) 

Symphyllia C3 C40, C3u C40d, C40e, C40g, C40h, 

C40l, C40n 

Goniopora C1/3, C42a, D1 C1, C1b/C1e, C1j, Cu, D1 C1d, C1x, Cu 

Ctenactis C3, C42a C40, C1x C40c, C40e, C40m, C1x 

Lobophyllia C3 C40, C3d/C21 C40c, C40e, C40g, C40h, 

C40n, C40o 

Stylophora C42p C1z Cu 

Astreopora C3, C1 C40, C1 C40n, C1u 

Sandalolitha C42a C1, C1x C1x, C1v 

Pectinia C3, C1/3 C40, C3d/C21, C66 C40a 

Seriatopora C42a, D1 Cu, D1, D6 Cu, D1p 

Diploastrea C3 C40 C40c, C40d, C40h, C40l 

Turbinaria C3, C42a, D1 C40, C1x, Cu, D1, D5 C40g 

Pavona C42a, D1 C1#, C1x, D1 C1v, Cu 

Merulina C3 C40 C40i, C40k 

Cyphastrea C42a C1, C1x C1v 

Mycedium C3 C3d/C21, Cu C3d/C21q 

Oulophyllia C3 C40 C40g, C40o 

Polyphyllia C3, C42a C1x - 

Acanthastrea C3 C40 C40f, C40n 

Caulastrea C3 C40, C3d/C21 C40o 

Coscinaraea C42a C1x C1x 

Leptastrea C42a C1x C1x 

Echinophyllia C42a C1x - 

Euphyllia C3 C3z - 

Halomitra C3 C3d/C21 C3d/C21q 

Heliofungia D1 D1 - 

Herpolitha Cu C1x - 

Oxypora C3 C40 C40n 

Pachyseris C42a C1x - 

Plerogyra C1/3 C3 Cu 

Psammocora C42a C1 C1v 

Scapophyllia C3 C40 C40k 

Heliopora C1/3, Cu C3, Cu Cu 

Millepora C1/3 C66 - 

Rhodactis D1 D5 - 

Clavularia Du D3 - 

Ricordea C42a C1 C1x 

Tubipora Cu Cu Cu 
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Appendix A2: Appendices for Chapter 3 
 

A2.1. Summaries of PAUP* output 

 

Table A2.1: Evolutionary models selected by PAUP* for each dataset for building maximum likelihood trees, for 

the SH/AU tests. HKY = Hasegawa, Kishino and Yano (1985); GTR = Generalised Time Reversible (Tavaré 

1986); F81 = Felsenstein (1981); JC = Jukes and Cantor (1969); K80 = Kimura (1980); K81 = Kimura (1981). G 

= gamma coefficient, I = invariant sites.  

Dataset Gene Region Model I G 

BBR cob HKY - - 

ITS2 GTR+G - 0.032 

psbAncr GTR+G - 0.206 

BHB cob HKY - - 

ITS2 HKY - - 

psbAncr F81+G - 0.315 

BLS cob HKY - - 

ITS2 GTR+G - 0.0002 

psbAncr JC+G - 0.182 

BSP cob HKY+I 0.833 - 

ITS2 F81 - - 

psbAncr GTR+G - 0.267 

HEW cob HKY - - 

ITS2 HKY - - 

psbAncr GTR+G - 0.278 

LIE cob HKY - - 

ITS2 K81 - - 

psbAncr GTR+G - 0.419 

LIW cob HKY+I 0.875 - 

ITS2 F81 - - 

psbAncr JC+G - 0.128 

Atauro cob HKY+I 0.805 - 

ITS2 JC+I 0.851 - 

psbAncr JC+I+G 0.443 0.591 

Timor cob HKY+I 0.874 - 

ITS2 K81 - - 

psbAncr JC+I+G 0.484 0.862 

 

 

Table A2.2: Results of the Incongruence Length Differences tests with all three gene regions concatenated. See 

Methods for details. Conclusions were drawn at α = 0.05. Bolded values indicate significance.  

Dataset p-value 

BBR 0.99 

BHB 0.066 

BLS 0.99 

BSP 0.001 

HEW 1 

LIE 1 

LIW 1 

Atauro 0.07 

Timor 1 
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Table A2.3: Results of the Shimodaira-Hasegawa and related tests. p-values presented are whether a candidate 

tree is statistically differentiable from the best tree. Conclusions were drawn at Bonferroni-corrected α = 0.0085. 

Bolded values indicate potential true significance, while significance that is more likely due to type I error is 

designated by * (see Discussion). For three tests (psbAncr tests for LIE, Atauro and Timor datasets) p-values were 

unable to be computed, due an error with PAUP* optimising the likelihoods for these trees (D. Swofford, pers. 

comm.). SH = Shimodaira-Hasegawa; WSH = Weighted Shimodaira-Hasegawa; AU = Approximately Unbiased.  

Dataset Gene region 

used for test 

Best tree Tree to compare 

with best tree 

SH p-

value 

WSH p-

value 

AU p-

value 

BBR cob cob ITS2 0.2195 0.0476 <0.0001 

psbAncr 0.6699 0.5011 0.1226 

ITS2 ITS2 cob 0.6252 0.7203 0.4951 

psbAncr 0.6139 0.5801 0.2189 

psbAncr psbAncr cob 0.0767 0.0013* <0.0001* 

ITS2 <0.0001* <0.0001* <0.0001* 

BHB cob cob ITS2 0.5083 0.0522 <0.0001 

psbAncr 0.6926 0.5164 0.1096 

ITS2 ITS2 cob 0.1502 0.009 <0.0001 

psbAncr 0.1502 0.009 <0.0001 

psbAncr psbAncr cob 0.1203 <0.0001* <0.0001* 

ITS2 0.0001* <0.0001* <0.0001* 

BLS cob cob ITS2 0.6844 0.5215 0.1746 

psbAncr 0.6844 0.5215 0.1746 

ITS2 ITS2 cob 0.475 0.0789 0.0083 

psbAncr 0.475 0.0789 0.0083 

psbAncr psbAncr cob 0.1436 0.0001* <0.0001* 

ITS2 0.1383 0.0002* <0.0001* 

BSP cob cob ITS2 0.5347 0.4603 0.0084 

psbAncr 0.6482 0.6911 0.4410 

ITS2 ITS2 cob 0.0209 0.0518 <0.0001 

psbAncr 0.3394 0.0137 <0.0001 

psbAncr psbAncr cob <0.0001* <0.0001* <0.0001* 

ITS2 <0.0001* <0.0001* <0.0001* 

HEW cob cob ITS2 0.6651 0.4869 0.2519 

psbAncr 0.8284 0.8284 0.7864 

ITS2 ITS2 cob 0.6908 0.6908 0.5018 

psbAncr 0.6908 0.6908 0.5018 

psbAncr psbAncr cob <0.0001* 0.0002* <0.0001* 

ITS2 <0.0001* 0.0004* <0.0001* 

LIE cob cob ITS2 0.6440 0.5125 0.1152 

psbAncr 0.8433 0.8432 0.7155 

ITS2 ITS2 cob 1 1 0.4913 

psbAncr 0.6639 0.6639 0.4913 

psbAncr psbAncr cob - - - 

ITS2 - - - 

LIW cob cob ITS2 0.6145 0.6140 0.5028 

psbAncr 0.6129 0.6120 0.5028 

ITS2 ITS2 cob 0.5276 0.3304 0.1629 

psbAncr 0.5276 0.3304 0.1629 

psbAncr psbAncr cob 0.0003* <0.0001* <0.0001* 

ITS2 0.0004* 0.0001* <0.0001* 
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Table A2.3 (cont.) 

Atauro cob psbAncr cob 1 0.9267 0.0367 

ITS2 0.9781 0.0918 <0.0001 

ITS2 ITS2 cob 0.005 0.0062 <0.0001 

psbAncr 0.2361 0.0043 <0.0001 

psbAncr psbAncr cob - - - 

ITS2 - - - 

Timor cob ITS2 cob 0.5555 0.1400 0.0133 

psbAncr 0.5555 0.1400 0.0133 

ITS2 ITS2 cob 0.5360 0.1648 0.046 

psbAncr 0.5452 0.2020 0.0221 

psbAncr psbA cob - - - 

ITS2 - - - 

 

 

A2.2. Outgroup selection  

 

To make maximum likelihood trees, PAUP* requires an outgroup; if this is not specified by the user, it 

will pick a random taxon to use. The choice of an appropriate outgroup is a subject of rich debate. 

However, it appears less critical in the current case. For the ML trees created by PAUP*, it does not 

incorporate branch lengths, unless explicitly told to do so. Given that the Shimodaira-Hasegawa tests 

do not consider branch lengths, only explicit topology, this was not done in this case. As such, all 

branches are treated as the same length, and the genetic distance from the outgroup is largely irrelevant 

and does not affect the structure of the tree. An example is given below: the following code simply 

reads in ten samples with identical sequences and builds a maximum parsimony tree using a heuristic 

search (my commands in bold).  

 

P A U P * 

Version 4.0a (build 159) for 32-bit Microsoft Windows (built on Nov 18 2017 at 06:28:51) 

Mon Jan 15 08:56:27 2018 

 

paup> execute 'outgroup exemplar.nex'; 

 

Processing of file "F:\Masters Part Two\PAUP\outgroup exemplar.nex" begins... 

 

Data read in DNA format 

 

Data matrix has 10 taxa, 787 characters 

Valid character-state symbols: ACGT 

Missing data identified by '?' 

Gaps identified by '-' 

"Equate" macros in effect: 

   R,r ==> {AG} 

   Y,y ==> {CT} 

   M,m ==> {AC} 

   K,k ==> {GT} 

   S,s ==> {CG} 

   W,w ==> {AT} 

   H,h ==> {ACT} 
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   B,b ==> {CGT} 

   V,v ==> {ACG} 

   D,d ==> {AGT} 

   N,n ==> {ACGT} 

 

Processing of input file "outgroup exemplar.nex" completed. 

 

paup> cstatus; 

 

Character-status summary: 

Current optimality criterion = parsimony 

No characters are excluded 

Of 787 total characters: 

All characters are of type 'unord' 

All characters have equal weight 

787 characters are constant 

Number of parsimony-informative characters = 0 

 

paup> hs; 

 

Heuristic search settings: 

  Optimality criterion = parsimony 

    Character-status summary: 

      Of 787 total characters: 

        All characters are of type 'unord' 

        All characters have equal weight 

        787 characters are constant 

        Number of parsimony-informative characters = 0 

    Gaps are treated as "missing" 

  Starting tree(s) obtained via stepwise addition 

    Addition sequence: simple (reference taxon = HEW1) 

    Number of trees held at each step = 1 

  Branch-swapping algorithm: tree-bisection-reconnection (TBR) with reconnection limit = 8 

    Steepest descent option not in effect 

  Initial 'Maxtrees' setting = 100 

  Branches collapsed (creating polytomies) if maximum branch length is zero 

  'MulTrees' option in effect 

  No topological constraints in effect 

  Trees are unrooted 

 

Heuristic search completed 

  Total number of rearrangements tried = 274 

  Score of best tree(s) found = 0 

  Number of trees retained = 1 

  Time used = 0.00 sec (CPU time = 0.00 sec) 
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paup> showtrees; 

 

Note: No outgroup has been defined; tree is (arbitrarily) rooted at first taxon. 

 

Tree 1 (rooted using default outgroup) 

 

/--------------------------------------------------------------------------------- HEW1 

| 

|                                             /---------------------------------------------- HEW45 

|                                             | 

|                                             +---------------------------------------------- BLS91 

|                                             | 

|                                             +---------------------------------------------- LIE504 

|                                             | 

|                                             +---------------------------------------------- LIE565 

|                                             | 

\---------------------------------+---------------------------------------------- LIE502 

                                              | 

                                              +---------------------------------------------- BBR277 

                                              | 

                                              +---------------------------------------------- BHB118 

                                              | 

                                              +---------------------------------------------- BHB121 

                                              | 

                                              \---------------------------------------------- BHB163 

 

paup> log stop; 

 

Without any additional prompting, PAUP* selects one of the taxa as an outgroup and uses it to root the 

rest of the tree. This is despite the outgroup being an identical sequence. Because of this, sample 

BHB151 was chosen as an outgroup. Given its potentially contaminated status (see Chapter 2) it cannot 

be used in the actual analyses, but this way it can still be used as an outgroup without affecting the 

structure of the tree or the results. This is why BHB151 was chosen. As it is, the tree-based tests carried 

out are reasonably robust to variation in rooting, even for decisions like choosing to root at the midpoint 

(van Oppen et al. 2001b; Huson and Linz 2016).  
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A2.3. Tanglegrams for Atauro Island  

 

 

  
 

Figure A2.1: Tanglegram comparing cob and ITS2 gene regions. Red lines and bolded names indicate samples 

that were identified as incongruent by the tree hybridisation analysis.  
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Figure A2.2: Tanglegram comparing psbAncr and ITS2 gene regions. Red lines and bolded names indicate samples 

that were identified as incongruent by the tree hybridisation analysis.  
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Figure A2.3: Tanglegram comparing cob and psbAncr gene regions. Red lines and bolded names indicate samples 

that were identified as incongruent by the tree hybridisation analysis.  

 


