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ABSTRACT 

Broad-scale Population Genetics of the Host Sea Anemone, Heteractis magnifica  

Madeleine Anne Emms 

 

   Broad-scale population genetics can reveal population structure across an 

organism’s entire range, which can enable us to determine the most efficient 

population-wide management strategy depending on levels of connectivity. Genetic 

variation and differences in genetic diversity on small-scales have been reported in 

anemones, but nothing is known about their broad-scale population structure, 

including that of “host” anemone species, which are increasingly being targeted in the 

aquarium trade. In this study, microsatellite markers were used as a tool to determine 

the population structure of a sessile, host anemone species, Heteractis magnifica, 

across the Indo-Pacific region. In addition, two rDNA markers were used to identify 

Symbiodinium from the samples, and phylogenetic analyses were used to measure 

diversity and geographic distribution of Symbiodinium across the region. Significant 

population structure was identified in H. magnifica across the Indo-Pacific, with at 

least three genetic breaks, possibly the result of factors such as geographic distance, 

geographic isolation and environmental variation. Symbiodinium associations were 

also affected by environmental variation and supported the geographic isolation of 

some regions. These results suggests that management of H. magnifica must be 

implemented on a local scale, due to the lack of connectivity between clusters. This 

study also provides further evidence for the combined effects of geographic distance 

and environmental distance in explaining genetic variance. 



4 
 

ACKNOWLEDGMENTS 

 

   I would like to thank my advisor, Dr. Michael Berumen, not only for funding this 

project but also for all of his help, knowledge and support throughout, for which I am 

extremely grateful. I would also like to thank several others who were very generous 

with their time and provided me with invaluable tutoring. Dr. Pablo Saenz-Agudelo 

(Universidad Austral de Chile) was heavily involved with this project and guided me 

throughout the population genetics analyses, as well as always being available to help 

with questions and providing constructive feedback on my final draft. Dr. Roberto 

Arrigoni (King Abdullah University of Science and Technology) supported me greatly 

in the genetic analysis of the Symbiodinium samples. I am very grateful to both, for the 

time, effort and care taken to explain the many different software and procedures. 

   I am also grateful for the support of Remy Gatins, who both collected many of the 

samples and provided invaluable information and advice throughout this project. I also 

thank the many other contributors who collected all the samples over the last 2 years. 

My fellow lab members also deserve a mention for their continued support in all aspects 

of life during my thesis writing. My thesis defence was improved based on comments 

from Pablo De La Garza, and his patience in acting as an audience from outside the 

field of study during practice runs was very much appreciated. 

   Last but not least, I extend my sincere thanks to my committee for their support during 

my thesis writing, including their taking the time to read through this manuscript and 

provide valuable and knowledgeable feedback which contributed greatly to the final 

product.  



5 
 

TABLE OF CONTENTS 

 
EXAMINATION COMMITTEE APPROVALS FORM ....................................................................... 2 

ABSTRACT ................................................................................................................................... 3 

ACKNOWLEDGMENTS ................................................................................................................ 4 

TABLE OF CONTENTS.................................................................................................................. 5 

LIST OF ABBREVIATIONS ............................................................................................................ 6 

LIST OF ILLUSTRATIONS AND FIGURES....................................................................................... 7 

LIST OF TABLES ........................................................................................................................... 9 

1. INTRODUCTION .................................................................................................................... 10 

1.1 Broad-scale population genetics .................................................................................... 10 

1.2 Host anemones .............................................................................................................. 12 

1.3 Genetic analysis of photosynthetic symbiont ................................................................ 15 

2. MATERIALS AND METHODS ................................................................................................. 18 

2.1 Sample collection ........................................................................................................... 18 

2.2 Population genetics of host anemones .......................................................................... 20 

2.2.1 Genetic analysis of host anemones ........................................................................ 20 

2.2.2 Broad-scale population structure ........................................................................... 24 

2.2.3 Geographic analysis ................................................................................................ 25 

2.3 Genetic analysis of photosynthetic symbiont ................................................................ 25 

2.3.1 Extraction and PCR amplification of photosynthetic symbiont .............................. 25 

2.3.2 Sequence alignment and phylogenetic analysis of photosynthetic symbiont ....... 27 

3. RESULTS................................................................................................................................ 29 

3.1 Population genetics of host anemones .......................................................................... 29 

3.1.1 Genetic analysis of host anemones ........................................................................ 29 

3.1.2 Broad-scale population structure ........................................................................... 31 

3.2 Phylogenetic analyses of photosynthetic symbiont ...................................................... 35 

4. DISCUSSION .......................................................................................................................... 41 

4.1 Population genetics of host anemones .......................................................................... 42 

4.1.1 Genetic analysis of host anemones ........................................................................ 42 

4.1.2 Broad-scale population structure ........................................................................... 43 

4.2 Phylogenetic analyses of photosynthetic symbiont ...................................................... 50 

5. CONCLUSION ........................................................................................................................ 53 

REFERENCES ............................................................................................................................. 55 



6 
 

LIST OF ABBREVIATIONS 

 

 rDNA: ribosomal deoxyribonucleic 

acid 

 H. magnifica: Heteractis 

magnifica 

 E. quadricolor: Entacmaea 

quadricolor 

 S. mertensii: Stichodactyla 

mertensii 

 PCR: polymerase chain reaction 

 NRS: North Red Sea 

 CRS: Central Red Sea 

 SRS: South Red Sea 

 FI: Farasan Islands 

 PNG: Papua New Guinea 

 DAPC: discriminant analysis of 

principal components 

 N: number of samples collected 

 Ncc: number of samples following 

clone correction 

 Na: allelic diversity 

 He: expected heterozygosity 

 Ho: observed heterozygosity 

 Fis: inbreeding coefficient 

 Ta: annealing temperature 

 NASA: National Aeronautics and 

Space Administration 

 MODIS: moderate resolution 

imaging spectroradiometer 

 Fdr: false discovery rate 

 MPA: marine protected area 

 MP: multiplex 

 MCMC: Markov Chain Monte 

Carlo 

 AMOVA: analysis of molecular 

variance 

 GPS: global positioning system 

 KAUST: King Abdullah 

University of Science and 

Technology 

 NCBI BLAST: National Center 

for Biotechnology Information 

Basic Local Alignment Search 

Tool 

 AIC: Akake Information Criterion 

 SCUBA: self-contained 

underwater breathing apparatus 

 HWE: Hardy-Weinberg 

Equilibrium 

 LD: linkage disequilibrium 

 IBD: isolation by distance 

 RAD: restriction site associated 

deoxyribonucleic acid

 



7 
 

LIST OF ILLUSTRATIONS AND FIGURES 

 

Figure 1. Satellite map showing the Indo-Pacific and the 9 regions from which H. magnifica samples 

were collected. Points were plotted in MapCustomizer. (Google Maps, Imagery © 2015 

TerraMetrics, Map Data © Google, ZENRIN). 

Figure 2. Structure output for the Bayesian analysis of H. magnifica microsatellite DNA from across 

the Indo-Pacific, with sampling regions given as prior. There are most likely 2 population 

clusters (K=2) based on Evanno’s method (A) and K=7 based on highest mean maximum 

likelihood (B). Populations 1 – 9 are arranged roughly from west to east: NRS, CRS, SRS, FI, 

Djibouti, Maldives, Lizard Island, PNG and Moorea, respectively.  

Figure 3. Scatterplot for the DAPC analysis of H. magnifica microsatellite DNA from across the Indo-

Pacific, with sampling regions given as prior. Principal components = 10, maintaining >60% 

of variance and discriminant factors = 2. Populations 1 – 9 are numbered roughly from west to 

east: NRS, CRS, SRS, FI, Djibouti, Maldives, Lizard Island, PNG and Moorea, respectively. 

Figure 4. A) Scatterplot from a Mantel test comparing pairwise matrices of linearized genetic distance 

(Fst/(1-Fst)) and geographic distance (km) between H. magnifica from 7 sampling regions 

across the Indo-Pacific: NRS, CRS, SRS, FI, Maldives, PNG and Moorea. B) Comparing the 

standardised matrices. Zero represents the mean values. Both scatterplots show a significant, 

strong, positive relationship.  

Figure 5. Bayesian phylogenetic tree of a Symbiodinium ITS2 alignment, isolated from H. magnifica 

from across the Indo-Pacific, including reference sequences from GenBank, rooted at the mid-

point. Phylogenetic support in the form of bootstrap percentages can be seen at each node 

(>0.5). Relevant reference sequence types are shown alongside the tree. 

Figure 6. Median-Joining phylogenetic network analysis of the aligned ITS2 region of Symbiodinium 

rDNA obtained from H. magnifica sampled throughout the Indo-Pacific. Invariable sites were 

removed and sites with gaps or missing data were not considered. It shows an enlarged view 

of the dominant clade C cluster and also the divergent cluster of clade A sequences to the left; 

the genetic link to which has been shortened for visual purposes. Colours represent the 



8 
 

sampled regions across the Indo-Pacific. Black cross-hatching represents reference sequences 

from GenBank. 

Figure 7. Bayesian phylogenetic tree of the Symbiodinium psbA alignment, isolated from H. magnifica 

from across the Indo-Pacific, rooted at the mid-point. Phylogenetic support in the form of 

bootstrap percentages can be seen at each node (>0.5). Respective ITS2 types obtained from 

are shown alongside the tree.  

Figure 8. Median-Joining phylogenetic network analysis of the aligned psbA region of Symbiodinium 

rDNA obtained from H. magnifica sampled throughout the Indo-Pacific. Invariable sites were 

removed and sites with gaps or missing data were not considered. It shows the highly variable 

clade C monophyly. Colours represent the sampled regions across the Indo-Pacific. There is a 

strong geographical link.  

Figure 9. A map of the world showing sea surface temperature averages from summer 2014, obtained 

from NASA’s OceanColor Web (NASA Goddard Space Flight Center, 2014). Measurements 

of 9km x 9km areas are taken via the MODIS Aqua satellite. 

 

 

 

 

 

 

  



9 
 

LIST OF TABLES 

 

Table 1. Summary statistics for H. magnifica sampled in 9 regions across the Indo-Pacific. GPS 

coordinates (decimal) represent the mean coordinates of all fine-scale sampling sites within 

the region. Number of samples collected (N), number of samples following clone correction 

(Ncc), allelic diversity (Na), observed heterozygosity (Ho), expected heterozygosity (He) and 

inbreeding coefficient (Fis) are given for each region, as an average across the final selection 

of 8 loci. All values (except N) were estimated after removing clones. No Fis values were 

significant. Djibouti and Lizard Island were excluded from calculations due to their sample 

size of 1. 

Table 2. Summary of the final 7 H. magnifica microsatellite markers, obtained from samples across the 

Indo-Pacific. Djibouti and Lizard Island were excluded in these calculations due to their 

sample size of 1. Primer pair sequences are included. Each primer pair was assigned to a 

multiplex (MP) and the Forward primer was tagged with one of four fluorescent dyes, 6-FAM 

(F), NED (N), VIC (V) or PET (P). The repeat motif, annealing temperature (Ta) and size 

range are shown, as well as number of samples (N(/126)), allelic diversity (Na), observed 

heterozygosity (Ho), expected heterozygosity (He) and the inbreeding coefficient (Fis) for 

each locus. None of the Fis values were significant. 

Table 3. Pairwise Fst matrix for each region with a sample size > 1. Fst values are shown below the 

diagonal and significance values, above, following fdr correction. The four values highlighted 

in bold are the only non-significant values. All other pairwise comparisons are significant. Gst 

and Dest values depicted the same pattern. 

 

  



10 
 

1. INTRODUCTION 

1.1 Broad-scale population genetics 

   Studying the broad-scale population genetics of species, or other taxonomic groups, 

can shed light on the evolutionary history of the study organism (Angers and 

Bernatchez, 1998, Tishkoff and Verrelli, 2003, Haber et al., 2005), identify unusual 

environments that have affected the genotypes of individuals inhabiting those areas 

(Benzie and Stoddart, 1992, Nanninga et al., 2014, Giles et al., 2015), and can help to 

determine historic continental movements based on separation or mixing events 

(McCommas, 1982, Ciofi and Bruford, 1999, Bowen et al., 2001). Population genetics 

can provide information on population structure, which can determine the 

connectivity in a population. Identifying boundaries with distinct subpopulations 

which do not experience mixing, or identifying high connectivity in a single, well-

mixed population can enable more targeted, and thus efficient, conservation efforts 

for threatened species.  

   Connectivity and population genetics are tightly linked, and, when combined with 

local information such as levels of self-recruitment vs. immigration, and movement 

behaviour, population genetics can help inform us of connectivity in situations where 

it is difficult to measure directly, particularly at large scales (Lowe and Allendorf, 

2010). Empirically measuring self-recruitment and immigration usually relies on 

parentage analysis, which itself requires exhaustive sampling of an area. This is 

actually possible for very few coastal marine organisms due to high mobility and 

difficulty of intensive sampling when taking into account the complexity of reef or 

algal substrate. Even most sessile organisms have a pelagic larval stage in their life 

cycle which is highly mobile. It was only achieved with a species of anemonefish, due 
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to unusual characteristics of benthic brooding and an obligate relationship with a sea 

anemone enabling easier location and capture of eggs/individuals for sampling (Jones 

et al., 1999). This unusual combination of characteristics might also mean that the 

results are not actually relevant to many other species. Thus, population genetics is 

also beneficial at smaller scales. High levels of connectivity between subpopulations 

implies open mixing of individuals, either adults or larvae, resulting in a genetically 

homogeneous population. This leaves maximum opportunity for gene flow, so it is 

likely that there would be low levels of genetic structure and that individuals from all 

areas would be considered to belong to one single population (Andreakis et al., 2009, 

Reece et al., 2010). However, this is not always the case in natural populations; there 

are often barriers to connectivity and gene flow within species. These can be physical, 

biological, natural, or anthropogenic, including examples such as geographic isolation 

(Drew and Barber, 2009), the Indo-Pacific barrier and Isthmus of Panama as land 

barriers (Briggs, 1974, Randall, 1998, Benzie, 2000, Bowen et al., 2001) significant 

bodies of deep water such as the East Pacific barrier (Briggs, 1961, Steeves et al., 

2003), natural waterfalls (Crispo et al., 2006), and female preference for particular 

male characteristics during mate choice (Colbeck et al., 2010). Thus, geographic 

distance is not always linearly related with genetic distance (Froukh and Kochzius, 

2007, Nanninga et al., 2014, Giles et al., 2015). In these cases, genetic distance 

reveals reduced connectivity in particular areas due to variation in environmental 

pressures. 
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1.2 Host anemones 

  The study species is a large host anemone species from the family Stichodactylidae 

and of the order Actinaria and is commonly found throughout the Indo-Pacific region, 

including the Red Sea. In total there are 10 “host” anemone, that is, those known to 

associate with tropical pomacentrid fishes in the Amphiprion genus. According to 

Mariscal (1970), the relationship is best described as mutual. The benefits to 

Amphiprion are relatively clear – protection within the nematocyst-filled tentacles 

from fish predators (Fautin, 1991), tactile stimulation from anemone tentacles 

(Mariscal, 1966b), and nutrition seemingly from waste mucous and anemone-captured 

food, algal symbionts (Gohar, 1934), and possibly anemone tentacles themselves 

(Mariscal, 1966a, 1966b). The benefits to the anemone include protection from 

predatory fish (Mariscal, 1966a, 1966b, Fautin, 1991), thus increased chances of 

survival, and faster growth (Holbrook and Schmitt, 2005), which could be due to 

tactile stimulation (Gohar, 1934), the potential removal of anemone parasites by 

juvenile Amphiprion (Mariscal, 1966b), removal of necrotic tissue, removal of 

organic/inorganic material from the oral disc, and nutrition via food presentation by 

some species of symbiotic fish (Gohar, 1934). A review by Mariscal (1970) 

summarises some of these theories. It is these associations that have ultimately 

created the recent demand for more knowledge of these host anemone species, as 

Amphiprion species are extremely popular in the aquarium trade. Wabnitz (2003 

book) reported Amphiprion ocellaris to be the most traded species of ornamental fish 

worldwide between 1997 and 2002, and over 245,000 Amphiprion ocellaris/percula 

individuals to have been exported worldwide over the same time period. Their 

popularity has only increased in recent years thanks to the release of the 2003 
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Pixar/Disney animation “Finding Nemo”, with over 400,000 Amphiprion 

ocellaris/percula individuals being imported into the U.S. in 2005 alone (Rhyne et al., 

2012), although different methods may have contributed to these differences to some 

degree. Their obligatory association with a host anemone means that the anemone 

trade has also rapidly increased. This has resulted in an increase in individuals being 

directly removed from reefs and a new threat to their abundance emerging (Shuman et 

al., 2005). Studying population genetics can help support conservation efforts such as 

MPA design (Palumbi, 2003), by identifying local-scale or large-scale management 

requirements depending on connectivity, or specific areas of ecological importance, in 

order to maintain diversity in the natural population.  

   Very few population genetics studies have focussed on tropical anemones; most 

efforts are directed towards corals and fishes when gathering information to support 

MPA design. However, two host anemone species were studied in Kimbe Bay, Papua 

New Guinea. Stichodactyla gigantea showed evidence of asexual reproduction, which 

was not seen in Heteractis magnifica (Gatins, 2014), demonstrating variation in the 

prevalence of asexual reproduction, between species. High connectivity was identified 

between two islands inside the bay for both species (Gatins, 2014), suggesting that 

larval exchange is common across short distances.  Other studies have focussed on 

anemones in the genus Aiptasia due to their use as a model system for coral-

Symbiodinium symbiosis.  Thornhill et al. (2013), found a single Aiptasia lineage in 

Florida, and a second lineage widely spread across locations around the world; a 

pattern that did not match the putative species distributions that had been suggested 

previously (Fautin, 2013) and one which was explained by vectoring events rather 

than global connectivity. Aside from these studies, knowledge seems to be restricted 
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to temperate anemone genetics from the 1970-80’s, further demonstrating the need for 

more information about tropical, host anemones. Bunodosoma cavernata allele 

frequencies were shown to be extremely homogenous within subpopulations but 

varied greatly when comparing Gulf of Mexico samples with samples from the 

Atlantic (non-Gulf samples), despite there being no land barrier between the two 

(McCommas, 1982). The author concluded that a vicariance event separated the two 

populations several millions of years ago. Aspects of their biology – a sessile adult 

form and larvae with low pelagic larval duration – are now leaving them vulnerable to 

the barrier effects of ocean currents. In this case it is the Gulf Stream which is 

maintaining the prevention of gene flow between the populations. On the other hand, 

Hoffmann (1986), who compared genotypic diversity in north-eastern North 

American Metridium senile populations with computer simulations based on a 

panmictic, sexually reproducing population, found that some subpopulations were as 

genetically diverse as expected. Some were less so, and the author believes this was 

probably due to high asexual reproduction in these isolated, sheltered areas. These are 

similar results to a study by Ayre two years earlier (1984) who reported Actinia 

tenebrosa populations from around Australasia to have less genotypic diversity than 

expected on calmer shores, where asexual reproduction seemed to be prolific, but 

more genotypic diversity in rougher waters where there was high sexual recruitment. 

Thus, anemones can be both genetically homogeneous or heterogeneous within 

subpopulations, seemingly dependent on environmental characteristics. 

   Other recent studies looking at population genetics within the study region include 

two focussing on the latitudinal gradient in the Red Sea in a pomacentrid of the 

Amphiprion genus (Nanninga et al., 2014), which forms an obligatory association 
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with host sea anemones, and a sessile invertebrate (Giles et al., 2015). Both found a 

distinct genetic break in the South Red Sea, separating the Farasan Islands from the 

rest of the Red Sea, which seems to be related to environmental gradients as well as 

geographic distance. 

   To the best of my knowledge this study will represent the first broad-scale study of 

host anemone genetics, which will give insights into their natural diversity, allow 

identification of likely population clusters and highlight any distinct populations 

which could be under unique environmental pressures. 

 

1.3 Genetic analysis of photosynthetic symbiont 

   The mutualistic associations, and resulting benefits, between corals and the 

photosynthetic dinoflagellates of the genus, Symbiodinium, are well-studied, but 

corals are far from the only marine invertebrates to associate with the algal symbionts. 

Other hosts include zoanthids, tridacnids and sea anemones (LaJeunesse, 2005, 

Thornhill et al., 2013, Reimer et al., in review), of which the associations have only 

recently begun to be examined in any detail. Symbiodinium is known to have several 

different clades (LaJeunesse, 2005), or potential species, and subclades too. Genetic 

analysis of Symbiodinium within the same species over a geographic range has shown 

that some host species are associate with only one clade or sometimes even one type, 

whereas some host species are able to host many different clades. Different types of 

Symbiodinium have different levels of heat tolerance (Baker et al., 2004, Rowan, 

2004), and it has been shown that some host species associate with heat tolerant types 

in hotter environments and other, less heat tolerant types in cooler environments 
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(Berkelmans and van Oppen, 2006, Silverstein et al., 2011). Some are even able to 

undergo symbiont switching, taking up new clades from the environment following 

bleaching under conditions of temperature rise (Baker, 2001, Berkelmans and van 

Oppen, 2006), which can be seen as evidence for climatic adaptation in the host 

species. This demonstrates that, similarly to genetic distance, Symbiodinium 

associations are often not linearly associated with geographic distance either, but 

rather, are more influenced by the local environment. Studying the host anemones’ 

symbionts will allow comparisons with patterns of genetic variation. Perhaps if the 

patterns of variation are similar, this may suggest that local environmental differences 

are causing the observed genetic variation.  

   One of the most commonly used genetic markers for assessing Symbiodinium 

diversity is the variable internal transcribed spacer region 2 (Correa and Baker, 2009), 

however, more recently this is frequently being used in combination with the non-

coding region of the psbA mini circle, a highly variable rDNA marker which enables 

support and analysis of initial diagnostics from the ITS2 region, at a higher resolution 

(LaJeunesse and Thornhill, 2011, Reimer et al., In review).  

   Previous analysis of host sea anemone symbionts mostly include studies that focus 

on Entacmaea quadricolor, the bubble anemone. One such study sampled individuals 

along the east coast of Australia (Pontasch et al., 2014). They reported all but one 

sample to associate solely with clade C Symbiodinium; namely C1, C25 and 4 novel 

sequences which they named C3.25, C25.1, C42(type2).1 and C42(type 2).2 

(Pontasch et al., 2014), based on their similarities to the previously described subtypes 

C3, C25, and C42 (often differing by only two or three base-pair insertions or 

mismatches). Type E1 was found in a single sample. A later study looking at 
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symbiont shuffling in Entacmaea quadricolor from North Solitary Island, again off 

the east coast of Australia, by some of the same authors, found only clades C25 and 

C3.25 (Hill et al., 2014). Entacmaea quadricolor sampled off the coasts of Japan and 

Korea also associated with symbionts of only clade C, this time clades C1/3 and no 

genetic variation (Chang et al., 2011). 

   There is also evidence that other host anemones, Heteractis magnifica and 

Stichodactyla mertensii, associate only with clade C variants; C67 and C68 were 

found in H. magnifica samples and C69 in S. mertensii samples, both from the central 

Great Barrier Reef (LaJeunesse et al., 2004). Even temperate Heteractis sp. were also 

found to contain only clade C Symbiodinium (Rodriguez-Lanetty et al., 2003), even 

after alga-infection experiments, although only clades C and F were present in the 

study environment. Thus, it appears that host sea anemones in the west Pacific 

associate predominantly with clade C symbionts, but at least one species is able to 

host symbionts in clade E. It is not known if this is a global pattern, or even if this 

pattern is repeated across the rest of the Indo-Pacific, such as in the Indian Ocean or 

the Red Sea. 

   This project will also be the first to study algal symbiont associations in a host sea 

anemone on a broad scale. More information regarding these associations will enable 

more informative analysis following bleaching events, which can provide evidence 

for, or against, scope for adaptation to climate change. Patterns in symbiont 

association and genetic differentiation can also be compared, and any geographic 

distinctions in symbiont association may help to support environmental factors as 

being the potential root of any genetic differences across the sampled region.  
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   The null hypothesis for the broad-scale population genetics of H. magnifica, would 

be no evidence of differentiation, but rather one lineage comprising connected sites 

across the Indo-Pacific. This is not expected to be the case, due to the evidence for 

distinct populations across the Indo-Pacific barrier and distinct genetic breaks in the 

far north and at around 20ºN in the Red Sea. Based on the lack of any asexual 

reproduction in H. magnifica in Papua New Guinea, as reported in Gatins (2014), it is 

expected that there will be no clones in the collected samples. With such local 

variation, it is difficult to predict the broad-scale patterns of Symbiodinium 

associations, however it is expected that H. magnifica will mostly host symbionts of 

clade C. Associations with Symbiodinium are often related to temperature, so 

variation in clade C types can be expected to be governed by temperature variation 

across the Indo-Pacific. 

    

2. MATERIALS AND METHODS 

2.1 Sample collection    

   The study species, Heteractis magnifica, has a wide distribution throughout the 

tropical, coastal waters of the Indo-Pacific, from the shallows down to maximum 

depths of around 50m (Fautin and Allen, 1992).  A total of 285 tissue samples were 

collected using SCUBA from 9 different regions across the geographic range; the 

North Red Sea (NRS), Central Red Sea (CRS), South Red Sea (SRS), Farasan Islands 

in the Red Sea (FI), Djibouti, Maldives, Lizard Island in Australia, and Moorea in 

French Polynesia (Fig. 1, Table 1). A tentacle clip and depth recording was taken in 



19 
 

situ from each individual, along with the GPS coordinates for each site. Samples were 

stored in 96% ethanol.  

 

 

Figure 1. Satellite map showing the Indo-Pacific and the 9 regions from which H. magnifica samples 

were collected. Points were plotted in MapCustomizer. (Google Maps, Imagery © 2015 TerraMetrics, 

Map Data © Google, ZENRIN). 

 

 

 

Table 1. Summary statistics for H. magnifica sampled in 9 regions across the Indo-Pacific. GPS 

coordinates (decimal) represent the mean coordinates of all fine-scale sampling sites within the region. 

Number of samples collected (N), number of samples following clone correction (Ncc), allelic diversity 

(NA), observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficient (Fis) are 

given for each region, as an average across the final selection of 8 loci. All values (except N) were 

estimated after removing clones. No Fis values were significant. Djibouti and Lizard Island were 

excluded from calculations due to their sample size of 1. 
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Region 

No. 

Region Mean GPS 

coordinates 

N Ncc Na Ho He Fis 

1 NRS 25.472, 36.731 9 7 2.286 0.447 0.386 -0.166 

2 CRS 21.683, 39.092 40 20 3.286 0.357 0.403 0.099 

3 SRS 18.768, 40.569 6 6 2 0.333 0.302 -0.136 

4 FI 16.872, 41.993 63 23 2.286 0.360 0.374 0.028 

5 Djibouti 12.221, 43.439 5 1 1.429 0.429 0.214 -1.000 

6 Maldives 3.081, 72.966 6 6 3.143 0.357 0.446 0.256 

7 Lizard Island -14.673, 145.451 1 1 1.571 0.714 0.357 -1.000 

8 PNG -5.204, 150.376 53 53 8.286 0.597 0.613 0.001 

9 Moorea -17.539, -149.830 26 11 2.714 0.597 0.491 -0.220 

 

 

2.2 Population genetics of host anemones 

2.2.1 Genetic analysis of host anemones 

   As preparation for DNA extraction, approximately 5mm of each tentacle clip was 

added to a mix of 180µl tissue lysis ATL and 20µl Proteinase K (Qiagen, Germany) 

and left in a preheated water bath overnight, at 56ºC. Following tissue lysing, DNA 

extraction was performed using Qiagen’s DNeasy Blood and Tissue Kit (Qiagen, 

Germany) according to the manufacturer’s instructions.   

   Microsatellite markers are short tandem repeats in the nuclear DNA (Selkoe and 

Toonen, 2006) and were used to genotype each individual with a total of fourteen 

unique markers being used; all formed of dinucleotide repeating units. Their 

versatility, time and cost-effectiveness, and continual advances in multiplexing PCRs 

have ensured they remain a popular choice for markers (Guichoux et al., 2011), 

particularly for study groups which we know little about. All forward sequences were 
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labelled with blue (6-FAM), black (NED), red (PET) or green (VIC) fluorescent dyes 

to allow discrepancy following the mixing of the primers into 3 multiplexes. Markers 

of a similar length (number of base pairs) in the same multiplex would be labelled 

with different coloured dyes to distinguish between them. Markers of different lengths 

in the same multiplex could be labelled with the same coloured dye as the fragment 

length would distinguish between them. A total of 10µl was used for each individual 

reaction mix for the PCR amplifications, including 3.7µl Nuclease-free water, 0.5µl 

of primer mix (to include the Forward and Reverse primer at a concentration of 

10µM), 5µl of Multiplex PCR MasterMix (Qiagen, Germany) and 0.8µl DNA 

(Gatins, 2014). The thermocycler conditions for PCR amplifications were: 95ºC for 

15 min, then 25 cycles of 99ºC for 30s, 57ºC for 90s and 72ºC for 60s, and a final 

extension step at 60ºC for 30min (Gatins, 2014). The primer sequences and statistics 

can be found in Table 2. Final PCR products of 10µl were diluted with 130µl MilliQ 

water before being sent for fragment size analysis using a GeneScan 500-LIZ size 

standard and an ABI 3730xl genetic analyser (Applied Biosystems, USA) in the 

Biosciences CORE laboratory at King Abdullah University of Science and 

Technology, Saudi Arabia. Genotyping was completed using Geneious software 

(Biomatters; version 8.1.6) (Kearse et al., 2012). 

   Any loci that did not amplify for more than 40% of samples and any samples that 

did not amplify at more than 3 loci were removed. Clonality of the remaining data set 

was investigated using the “poppr” package v.2.0.2 (Kamvar et al., 2014) in R (R 

Core Team, 2014), which identified the number of multi-locus genotypes among the 

number of samples collected from each region. All subsequent analyses were 

conducted after running clone correction on the whole population, leaving only one 
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individual per multi-locus genotype. Deviations from Hardy Weinberg equilibrium, 

any linkage disequilibrium in pairwise comparisons of all loci and population 

differentiation were tested for using GenePop v.4.2 (Raymond and Rousset, 1995, 

Rousset, 2008). Significance values were adjusted in R (R Core Team, 2014) using 

the fdr method (with a cut-off at 0.1), to account for multiple testing increasing the 

likelihood of false positive results. MICROCHECKER (Van Oosterhout et al., 2004) 

was used to check for null alleles. Summary statistics, including allelic richness, 

expected and observed heterozygosity and the fixation index were calculated in 

GenAlEx v.6.502 (Peakall and Smouse, 2012).



 
 

 

T
ab

le
 2

. 
S

u
m

m
ar

y
 o

f 
th

e 
fi

n
al

 8
 H

. 
m

a
g
n

if
ic

a
 m

ic
ro

sa
te

ll
it

e 
m

ar
k
er

s,
 o

b
ta

in
ed

 f
ro

m
 s

a
m

p
le

s 
ac

ro
ss

 t
h
e 

In
d

o
-P

ac
if

ic
. 

D
ji

b
o

u
ti

 a
n
d

 L
iz

ar
d

 I
sl

a
n
d

 w
er

e 
e
x
cl

u
d

ed
 i

n
 

th
es

e 
ca

lc
u
la

ti
o

n
s 

d
u
e 

to
 t

h
ei

r 
sa

m
p

le
 s

iz
e 

o
f 

1
. 

P
ri

m
er

 p
ai

r 
se

q
u
en

ce
s 

ar
e 

in
cl

u
d

ed
. 

E
ac

h
 p

ri
m

er
 p

ai
r 

w
as

 a
ss

ig
n
ed

 t
o

 a
 m

u
lt

ip
le

x
 (

M
P

) 
an

d
 t

h
e 

F
o

rw
ar

d
 p

ri
m

er
 

w
a
s 

ta
g

g
ed

 w
it

h
 o

n
e 

o
f 

fo
u
r 

fl
u
o

re
sc

en
t 

d
y
e
s,

 6
-F

A
M

 (
F

),
 N

E
D

 (
N

),
 V

IC
 (

V
) 

o
r 

P
E

T
 (

P
).

 T
h
e 

re
p

ea
t 

m
o

ti
f,

 a
n
n
ea

li
n

g
 t

e
m

p
er

at
u
re

 (
T

a)
 a

n
d

 s
iz

e 
ra

n
g
e 

ar
e 

sh
o

w
n
, 

as
 w

e
ll

 a
s 

n
u

m
b

er
 o

f 
sa

m
p

le
s 

(N
(/

1
2

6
))

, 
al

le
li

c 
d

iv
er

si
ty

 (
N

a
),

 o
b

se
rv

ed
 h

et
er

o
z
y
g
o

si
ty

 (
H

o
),

 e
x
p

ec
te

d
 h

et
er

o
zy

g
o

si
ty

 (
H

e)
 a

n
d

 t
h
e 

in
b

re
ed

in
g
 c

o
ef

fi
c
ie

n
t 

(F
is

) 

fo
r 

ea
ch

 l
o

cu
s.

 N
o

n
e 

o
f 

th
e 

F
is

 v
al

u
es

 w
er

e 
si

g
n
if

ic
an

t.
 



24 
 

2.2.2 Broad-scale population structure 

   To observe structure within the population, the software Structure (Pritchard et al., 

2000) was used to complete a Bayesian analysis, which enables prediction of the most 

likely number of population clusters (K) within the data set. Parameters were set to 

use the admixture model, with sampling location (9 regions) as prior and allele 

frequencies correlated. The admixture model is suitable when individuals may be the 

result of mixing between subpopulations; an individual’s genome could be made up of 

fractions from different subpopulations (Falush et al., 2003). Geographic sampling 

location can be used as prior to assist in clustering, where significant but weak 

population structure may not otherwise be detected under the default assumption that 

all the many possibilities of grouping individuals are equally likely (Hubisz et al., 

2009). Clustering methods without sample location information are not reliable when 

gene flow is anything more than moderate (Waples and Gaggiotti, 2006). Correlated 

allele frequencies are a result of admixture – within different subpopulations allele 

frequencies are still likely to be similar due to mixing events, such as migration. 

Preliminary tests with a burnin period of 5,000 iterations, 10,000 MCMC repetitions 

and K set from 1 to 9 based on the number of regions sampled (3 runs for each value 

of K), were completed first. The resulting data files were zipped and uploaded into the 

online resource, Structure Harvester (Earl, 2012), which calculates the most likely 

number of population clusters (K) using Evanno’s delta K method (Evanno et al., 

2005) or based on the highest mean maximum likelihood value for each K. The model 

parameters in Structure were then changed; the burnin period was set to 50,000 

iterations and 100,000 MCMC repetitions, for each run. K values were based on the 

results from the preliminary tests. The resulting data files were again uploaded to 

Structure Harvester (Earl, 2012). A DAPC was also computed and plotted in R, 
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setting the number of principal components to include at least 60% of variance, with 

number of clusters, K, set to 9 based on the number of sample regions and number of 

discriminant factors to include most of the data. An analysis of molecular variance 

(AMOVA) was also run in GenAlEx (Peakall and Smouse, 2012), as well as G-

statistics, giving Fst (Wright, 1965), Gst, and Dest (Jost, 2008) values. Significance 

values were adjusted in R (R Core Team, 2014) using the fdr method (with a cut-off 

at 0.1).  

 

2.2.3 Geographic Analysis 

   Pairwise geographic distance between sampling regions, based on GPS coordinates, 

was calculated using GenAlEx (Peakall and Smouse, 2012), resulting in a pairwise 

matrix of Euclidian distances in km. A Mantel test with 9,999 permutations was also 

performed in GenAlEx (Peakall and Smouse, 2012) to compare geographic distance 

with genetic distance, represented in a pairwise matrix of linearized Fst (Fst/(1-Fst)), 

to identify potential effects of isolation by distance. A second test was run using 

standardised matrices of geographic and genetic distance (minus the mean and divide 

by the standard deviation). Pearson’s correlation coefficient was also calculated, both 

for original matrices and the standardised matrices. 

 

2.3 Genetic analysis of photosynthetic symbiont 

2.3.1 Extraction and PCR amplification of photosynthetic symbiont 

   DNA extraction was performed using Qiagen’s DNeasy Blood and Tissue Kit 

(Qiagen, Germany), as described previously. Two genetic markers, specific to 
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photosynthetic dinoflagellate symbionts of the genus Symbiodinium, were amplified 

using PCR techniques; the internal transcribed spacer region 2, using the primer pair 

zITSf and ITS4 (Hunter et al., 1997, Hunter et al., 2007) and the non-coding region of 

the plastid psbA minicircle, using the primer pair 7.4-Forw and 7.8-Rev (Moore et al., 

2003), which preferentially amplify clade C, and the more universal primer pair, 

psbAFor_1 and psbARev_1 (LaJeunesse and Thornhill, 2011), both of ribosomal 

DNA and hereafter referred to as ITS and psbA respectively. A total of 20µl was used 

for each individual reaction mix for the PCR amplifications, including 7µl Nuclease-

free water, 2µl of primers (to include the Forward and Reverse primer at a 

concentration of 10µM), 10µl of Multiplex PCR MasterMix (Qiagen, Germany) and 

1µl DNA (Reimer et al., In review). The thermocycler conditions for PCR 

amplifications were: 95ºC for 15 min, then 35 cycles of 94ºC for 30s, 51ºC for 45s 

and 72ºC for 2min and a final extension step at 72ºC for 10min for ITS2 and 95ºC for 

15 min, then 40 cycles of 94ºC for 10s, 55ºC for 30s and 72ºC for 2min and a final 

extension step at 72ºC for 10min for psbA (Reimer et al., In review). All amplification 

products were checked using gel electrophoresis on 1% agarose gel containing 

SYBRGREEN dye. In some cases where double bands were visible for psbA 

products, the PCR amplification step was repeated but with an annealing temperature 

of 62.9ºC instead of 55ºC to increase the specificity of primer binding. All products 

were cleaned using EXOsap PCR clean-up (GE Healthcare) and sent for direct Sanger 

sequencing in the Bioscience CORE laboratory at KAUST, Saudi Arabia. 
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2.3.2 Sequence alignment and phylogenetic analysis of photosynthetic symbiont 

   The ITS sequences were assembled into contigs using Codon Code Aligner 

(CodonCode Corporation www.codoncode.com). 24 contigs could not assemble. In 

the cases where one of the sequences (forward or reverse) was of good quality, it was 

included in the analysis by itself. The psbA sequences could not be assembled due to 

their long length, meaning that the forward and reverse sequences did not overlap, and 

so only the reverse sequences were used (after amending them using the Reverse 

Complement feature in Codon Code Aligner (CodonCode Corporation 

www.codoncode.com)). All sequences were checked for quality and trimmed to a 

similar length whilst making sure that any variable regions were maintained. Short 

sequences (>10bp shorter than the trimmed length) were not included in the 

alignment. Most PCRs amplified a single Symbiodinium type, hence direct sequencing 

was sufficient, as in Loh et al. (2001). Any samples in which more than one type had 

been amplified and sequenced were removed from the analysis as it was not possible 

to distinguish the electropherogram trace of one type from the other. The ITS1 region 

was highly conserved and so was removed, leaving just the variable ITS2 region. 

Apparent mutations were checked via the spectrogram in BioEdit (Hall, 1999) and 

amended in the case of a double peak. All sequences were aligned and sorted 

according to similarity using mafft (Katoh and Standley, 2013). ITS2 sequences were 

aligned using the automatic strategy but the highly variable nature of psbA sequences 

required the E-INS-i strategy which has a longer run time but results in a more 

accurate alignment. One sequence from each group of similar ITS2 sequences 

considered to be potential sub-clades was put into NCBI BLAST (Basic Local 

Alignment Search Tool) and the resulting most similar sequences from NCBI 

GenBank were added to the alignment file for reference, as well as several 



28 
 

Symbiodinium sequences obtained from a host anemone, before the alignment was 

repeated.  

   The final ITS2 alignment consisted of 97 sequences of 278bp and the final psbA 

alignment, of 44 sequences of 351bp. Phylogenetic trees were produced for both 

alignments based on Bayesian analysis. MrModeltest (Nylander, 2004) and PAUP 

(Swofford, 1998) were used to select the best fitting model, based on AIC results. 

MrBayes (Ronquist et al., 2012) was then run with 1.6 million MCMC generations, 

sampling (creating a tree) every 1000 generations. The resulting files were imported 

into Tracer (Rambaut and Drummond, 2005) to check that the analysis had reached 

stability (ie. if the tree had reached a stable structure regardless of whether more 

generations were run). Burnin was set to discard 25% of samples, or 400 trees. The 

resulting tree was opened in FigTree (http://tree.bio.ed.ac.uk/software/figtree/).  

   Both alignments were also opened in DNAsp (Librado and Rozas, 2009) in order to 

produce a Haplotype file in the Roehl Data File format required for phylogenetic 

analysis using NETWORK software (Bandelt et al., 1999). Invariable sites were 

removed and sites with gaps or missing data values were not considered in the 

haplotype analysis. A Median-Joining network analysis was performed, and a network 

map produced, in NETWORK (Bandelt et al., 1999), both for the ITS2 alignment and 

for the psbA alignment. The haplotype nodes were edited as pie charts to display the 

regional origin of the relevant samples within each. 

 

 

 

http://tree.bio.ed.ac.uk/software/figtree/
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3. RESULTS 

3.1 Population genetics of host anemones 

3.1.1 Genetic analysis of host anemones 

   A total of 286 samples were successfully genotyped at 12 of the 14 original loci. Of 

the two that were removed, Hetera F79 failed to amplify with any of the samples and 

Stycho F48 showed very intense peaks and stutters and so was not suitable for reliable 

scoring. The remaining loci were screened for missing data and 4 further loci with 

more than 30% missing samples were removed, Het New F33, Het New F65, Hetera 

F67 and Het New F21, leaving a total of 8 loci. Individuals were then screened for 

missing data and any that did not amplify at more than 3 loci were also removed, 

leaving a final data set of 209 individuals, 9 populations and 8 loci. 

   Using the ‘poppr’ package v.2.02 (Kamvar et al., 2014) in R (R Core Team, 2014), 

it was determined that there were only 128 unique multi-locus genotypes within the 

209 individuals, providing evidence for clones. These clones were located in CRS, FI, 

Djibouti, and Moorea; all on the periphery of the sampled Indo-Pacific region. 

Interestingly, there were no clones within the 53 samples from PNG, located in the 

central Indo-Pacific region. In order to analyse population structure without bias, any 

copies of a single multi-locus genotype had to be removed. Clone correction was 

carried out using R (R Core Team, 2014), leaving 128 individuals, 9 regions and 8 

loci, which was the dataset used in all subsequent analysis unless otherwise stated. 

   Due to the small sample size from several regions (1 from Lizard Island and 3 from 

Djibouti, for example), tests for null alleles and deviation from HWE and LD were 

sometimes unable to be computed, or, if they could, it would be difficult to make 
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inferences from the results. Therefore, these tests were completed only with regions in 

which there remained more than 20 samples; CRS, FI and PNG.  

   Microchecker reported the possibility of null alleles at 1 of the 8 loci, Het New F5, 

but this was not reported for all 3 regions (Confidence Interval of 99%). This same 

loci was also found to deviate significantly from HWE (following p value fdr 

correction in R) in 2 of the 3 tested regions. Het New F5 deviated from HWE in the 

CRS and FI regions. The fact that this loci was in HWE in the PNG region implies 

that the cause of the deviation is unlikely to be due to the occurrence of null alleles. 

The remaining 7 loci were in HWE across all 3 regions. Pairwise comparisons of all 

loci for linkage disequilibrium (following p value fdr correction in R) revealed 1 pair 

of potentially linked loci - Het New F5 : Het New F6 in the CRS region. They were 

not linked across all 3 regions, so it can be assumed that they are in fact not linked. 

Thus, this dataset with 8 loci was deemed suitable for population structure analysis 

(Table 2). 

   Djibouti and Lizard Island were excluded from the following summary statistics due 

to their sample size of 1, which would have biased heterozygosity and fixation. 

Allelic richness ranged from 1 to 22 alleles per locus for any single region. Some 

regions showed low heterozygote excess and some showed low heterozygote 

deficiency (Ho – He within ± 0.093), resulting in a mean observed heterozygosity of 

0.394, very similar to the mean expected heterozygosity of 0.408; levels of 

heterozygosity were as expected from a population in HWE (Table 1). This was 

matched with a low inbreeding coefficient of 0.038. Fis ranged from -0.220 to 0.228 

for all regions (averaged over 8 loci), none of which were significant (Table 1). 
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3.1.2 Broad-scale population structure 

   The preliminary results from Structure, using the final dataset of 8 loci and with 

number of clusters (K) set from 1 to 9, suggested the largest likely value of K could 

be 7. Thus, K was set from 1 to 8 prior to the second analysis. Based on these results, 

K=2 based on Evanno’s method (Evanno et al., 2005) and K=7 based on the highest 

mean maximum likelihood (Fig. 2). Looking at both estimates of likely clusters, K=2 

and K=7 (Fig. 2), it seems that H. magnifica in the Indo-Pacific form at least two 

main geographic clusters, divided at the Maldives. NRS, CRS, SRS, FI and Djibouti 

are clustered together in the west, while Lizard Island, PNG and Moorea make up the 

second cluster. Individuals in-between, in the Maldives, are mixing with both; unable 

to be assigned to one cluster or the other. Within this distribution however, it appears 

that Moorea represents a subpopulation that is distinct from all other regions, that the 

cluster in the west is made up of an admixture of several clusters, that individuals in 

PNG are experiencing admixture of a couple of clusters and that there is a further 

genetic break between Lizard Island and PNG, with individuals at Lizard Island 

sharing more genetic material with those in the Maldives than in PNG, with 1 cluster 

occurring only between Lizard Island and the Maldives. The DAPC scatter plot of all 

9 sampling regions shows the genotypes from each region in relative space, 

confirming the unique nature of the samples from Moorea, and the variable genotypes 

from the Maldives, spread between the western and eastern regions. (Fig. 3). Number 

of principal components was set to 10 which maintained more than 60% of variance, 

and number of discriminant functions was set to 2. 
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Figure 2. Structure output for the Bayesian analysis of H. magnifica microsatellite DNA from across 

the Indo-Pacific, with sampling regions given as prior. There are most likely 2 population clusters 

(K=2) based on Evanno’s method (A) and K=7 based on highest mean maximum likelihood (B). 

Populations 1 – 9 are arranged roughly from west to east: NRS, CRS, SRS, FI, Djibouti, Maldives, 

Lizard Island, PNG and Moorea, respectively.  

 

A 

B 
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Figure 3. Scatterplot for the DAPC analysis of H. magnifica microsatellite DNA from across the Indo-

Pacific, with sampling regions given as prior. Principal components = 10, maintaining >60% of 

variance and discriminant factors = 2. Populations 1 – 9 are numbered roughly from west to east: NRS, 

CRS, SRS, FI, Djibouti, Maldives, Lizard Island, PNG and Moorea, respectively.  

 

   Due to the strong divergence of the Moorea samples, structure analysis was repeated 

excluding Moorea. The estimate of population clusters using the mean maximum 

likelihood method only decreased from K=7 to K=6, suggesting similar structure even 

without Moorea. The resulting structure plot was very similar to the K=7 structure 

plot (Fig. 2), the differences between regions only slightly more exaggerated, thus it is 

not shown here. This supports the initial estimate of K=7 and provides evidence that 

the unique Moorea samples are not masking variation between other regions. 

   2 of the 9 populations, Lizard Island and Djibouti, had a sample size of 1 which was 

not sufficient to run the AMOVA and G-statistics in GenAlEx, and so this was done 

with a slightly edited data set of 126 individuals, 7 populations and 7 loci, with 999 

permutations. Matched with levels of heterozygosity expected from a population in 

HWE, mean inbreeding coefficients were also low (Fis values ranged from -0.220 to 

0.256 excluding Djibouti and Lizard Island. None were significant). The AMOVA 

revealed variation in the population at 21% (p=0.001) when looking at differences 

among populations compared to the total, and the pairwise Fst values (Table 3) 

showed significant differences in all pairwise comparisons involving NRS, Maldives, 

Lizard Island, PNG and Moorea (Fst ranged from 0.056 to 0.304). SRS and FI were 

significantly different from each other (Fst = 0.08) but neither showed significant 

differences from CRS (Fst = 0.052 and 0.008 respectively). Pairwise Gst and Dest 



34 
 

values depicted the same pattern. These results support the structure revealed in the 

higher estimate of K=7, based on the mean maximum likelihood. 

   Due to the linearized Fst component of the Mantel tests to determine isolation by 

distance, they were also run using the slightly edited data set of 7 populations. They 

revealed a significant, strong, positive relationship (R2 = 0.79, p = 0.004 for the 

original matrices and R2 = 0.79, p = 0.001 for the standardised matrices) between 

geographic (km) and linearized genetic distance (Fst/(1-Fst)) (Fig. 4). This suggests 

that geographic distance is likely an explanatory factor in the observed genetic 

pattern.  

 

Table 3. Pairwise Fst matrix for each region with a sample size > 1. Fst values are shown below the 

diagonal and significance values, above, following fdr correction. The four values highlighted in bold 

are the only non-significant values. All other pairwise comparisons are significant. Gst and Dest values 

depicted the same pattern. 

 NRS CRS SRS FI Maldives PNG Moorea 

NRS - 0.046 0.002 0.011 0.001 0.001 0.001 

CRS 0.062 - 0.232 0.688 0.005 0.001 0.001 

SRS 0.135 0.047 - 0.027 0.003 0.001 0.001 

FI 0.069 0.010 0.074 - 0.002 0.001 0.001 

Maldives 0.162 0.097 0.123 0.102 - 0.001 0.001 

PNG 0.165 0.125 0.131 0.154 0.089 - 0.001 

Moorea 0.270 0.259 0.296 0.270 0.252 0.139 - 
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Figure 4. A) Scatterplot from a Mantel test comparing pairwise matrices of linearized genetic distance 

(Fst/(1-Fst)) and geographic distance (km) between H. magnifica from 7 sampling regions across the 

Indo-Pacific: NRS, CRS, SRS, FI, Maldives, PNG and Moorea. B) Comparing the standardised 

matrices. Zero represents the mean values. Both scatterplots show a significant, strong, positive 

relationship.  

 

3.2 Phylogenetic analyses of photosynthetic symbiont 

   The majority of ITS2 Symbiodinium sequences were within clade C based on results 

from NCBI BLAST. Within the clade C group, there were several subtypes with 

strong phylogenetic support ranging from 0.62 to 0.98 (Fig. 5). Most symbionts were 

of, or at least were most closely related to, type C1/C3, but the alignment also 

included Symbiodinium of types C1c, C68 and C69a. These groups included reference 

sequences from GenBank. Type C1/C3 Symbiodinium were obtained from the 

anemone Entacmaea quadricolor (Pontasch et al., 2014), the foraminifer Amphisorus 

hemprichii (Fay et al., 2009), the coral genera Agaricia (Barbrook et al., 2014), 

Montastraea (LaJeunesse, 2005) and Montipora (Padilla-Gamiño et al., 2012), the 
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zoanthid Palythoa caribaerium (Rabelo et al., 2014) and the sea slug Pteraeolidia 

ianthina (Yorifuji et al., 2015). Type C1c was obtained from the coral genus 

Pocillopora (LaJeunesse et al., 2003), type C68 from the anemone H. magnifica, and 

two variants of type C69a from the anemones Stichodactyla gigantea and 

Stichodactyla spp. (LaJeunesse et al., 2004). 5 sequences derived from H. magnifica 

were most likely within clade A, all of which were from Moorea. 3 of these were most 

likely of type A1.4, previously isolated from coral from Moorea (Putnam et al., 2012), 

while the other 2 were likely of type A1, previously isolated from Pteraeolidia 

ianthina (Yorifuji et al., 2015), the basal member of clade A types known as 

Symbiodinium microadriaticum.  
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Figure 5. Bayesian phylogenetic tree of a Symbiodinium ITS2 alignment, isolated from H. magnifica 

from across the Indo-Pacific, including reference sequences from GenBank and rooted at the mid-point. 

Phylogenetic support in the form of bootstrap percentages can be seen at each node (>0.5). Relevant 

reference sequence types are shown alongside the tree.  

 

   Samples from all sites were included together in the alignment and some 

geographical links could be seen in a median-joining phylogenetic network analysis 

of the ITS2 sequences (Fig. 6). Invariable sites were removed and sites with gaps or 

missing data were not considered. The most abundant ITS2 Symbiodinium haplotype, 

haplotype 1 (type C1/C3), was found to occur in all of the 11 sampling regions from 

which clean sequences were obtained. On the other hand, haplotype 2 (a variant of 

type C1/C3) was found at Northwest Island and Christmas Island, haplotype 3 (type 

C1c) was found at Northwest Island and Lizard Island, haplotype 4 (type C68) was 

found only at Northwest Island, haplotypes 5 and 6 (both of type C69a) were found 

only at Lizard Island and haplotypes 7 and 8 (types A1 and A1.4 respectively) were 

found only in Moorea. 
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Figure 6. Median-Joining phylogenetic network analysis of the aligned ITS2 region of Symbiodinium 

rDNA obtained from H. magnifica sampled throughout the Indo-Pacific. Invariable sites were removed 

and sites with gaps or missing data were not considered. It shows an enlarged view of the dominant 

clade C cluster and also the divergent cluster of clade A sequences to the left; the genetic link to which 

has been shortened for visual purposes. Colours represent the sampled regions across the Indo-Pacific. 

Black cross-hatching represents reference sequences from GenBank. 

 

   All operational psbA sequences from H. magnifica samples, despite being highly 

variable, also appeared to be in clade C when checked with NCBI BLAST. No 

sequences from the H. magnifica samples which contained symbionts within clade A 

according to the ITS2 marker, were successfully included in the final psbA alignment. 

However, of the sequences that were included in both alignments, all were reported 

clade C, and groups of psbA haplotypes matched almost exactly with individual ITS2 

haplotypes, demonstrating synchrony between the two markers (Fig. 7). Only 2 

groups of sequences initially clustered as C1/C3 appeared divergent in the psbA 

phylogenetic tree. One seemed to be a basal group and the other actually represented a 

second haplotype among the C1/C3 cluster in the ITS2 phylogenetic network analysis 

(Haplotype 2, Fig. 6), indicating variation. The psbA marker gives a higher resolution 

(LaJeunesse and Thornhill, 2011) and showed several subtypes within the ITS2 types 

with strong phylogenetic support ranging from 0.58 to 1 (these are often unique by 

only very few sequence differences). Although, interestingly, there was one case 

where a single psbA haplotype (16) was represented by two variants of an ITS2 type 

(C69a and C69a(2)). No suitable reference sequences could be found in GenBank.  
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Figure 7. Bayesian phylogenetic tree of the Symbiodinium psbA alignment, isolated from H. magnifica 

from across the Indo-Pacific, rooted at the mid-point. Phylogenetic support in the form of bootstrap 

percentages can be seen at each node (>0.5). Respective ITS2 types obtained from are shown alongside 

the tree.  

 

   The regional pattern seen in the ITS2 sequences was seen again in a median-joining 

phylogenetic network analysis of the psbA sequences (Fig. 8). Invariable sites were 

removed and sites with gaps or missing data were not considered. 14 of the 16 psbA 

haplotypes were found only in single regions in the Indo-Pacific. Haplotype 2 

(obtained from samples that contained ITS2 type C1/C3) was found in the CRS, SRS, 

FI and Djibouti and similarly, haplotype 1 (ITS2 type C1/C3) was found in CRS, FI 

and Djibouti. On the other hand, haplotype 3 was found only in FI, 4 – 5 in Moorea, 6 
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in the Maldives, 7 at Christmas Island, 8 at Lizard Island and 9 – 12 in PNG (all of 

ITS2 type C1/C3). Further, haplotypes 13 (ITS2 type C1c) and 14 – 15 (ITS2 type 

C1/C3 (C1)) were found only at Northwest Island and haplotype 16 (two variants of 

ITS2 type C69a) only at Lizard Island. These results demonstrate a strong geographic 

link, and based on the matching geographic distribution, a strong synchrony between 

the results from the two different markers.  

 

Figure 8. Median-Joining phylogenetic network analysis of the aligned psbA region of Symbiodinium 

rDNA obtained from H. magnifica sampled throughout the Indo-Pacific. Invariable sites were removed 

and sites with gaps or missing data were not considered. It shows the highly variable clade C 

monophyly. Colours represent the sampled regions across the Indo-Pacific. There is a strong 

geographical link.  

. 
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4. DISCUSSION 

   This project represents the first broad-scale study of the population genetics of a 

host sea anemone. Significant population structure is identified in H. magnifica across 

the Indo-Pacific, rejecting the null hypothesis. There are at least two clusters; one 

made up of the Red Sea regions including Djibouti, the other including Lizard Island, 

PNG, and Moorea. The Maldives appears to act as a transition zone, experiencing 

mixing with both clusters which are separated geographically, and which itself is 

unable to be assigned to one cluster or the other. Within this distribution, Moorea is 

likely to represent a third, distinct cluster and the genetic differentiation that was 

expected across the Indo-Pacific barrier and within the Red Sea is evident. Sample 

regions show high genetic isolation by distance, suggesting limited larval flow 

between more distant regions, but the genetic patterns also show influence of 

environmental variables such as sea surface temperature, and of biogeography, such 

as the effects of connecting reefs and low sea levels creating temporary land barriers.  

   It also represents the first report of a host sea anemone association with 

Symbiodinium in clade A, although the predominant association is with clade C, as 

was expected. The clade A samples were obtained only from Moorea, further support 

that this region is isolated and distinct. Further geographic patterns of Symbiodinium 

haplotype associations suggest that Symbiodinium associations of H. magnifica are 

temperature regulated, which was also to be expected. Regions of higher sea surface 

temperatures associated only with the most common subtype, likely a thermally 

tolerant subtype. This study also provides further support for the psbA marker as a 

higher resolution marker, most useful when used in conjunction with the ITS2 marker 
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due to the current depauperate pool of psbA reference sequences in GenBank and 

their highly variable nature. 

 

4.1 Population genetics of host anemone 

 4.1.1 Genetic analysis of host anemone 

   Opposite from the expectation that no clones would be found in the H. magnifica 

samples, clones were present in just over half of the regions – NRS, CRS, FI, 

Djibouti, and Moorea, all of which are located on the periphery of the Indo-Pacific 

region, indicating occurrence of asexual reproduction. Further, the region with the 

most samples, PNG, located in the central Indo-Pacific, contained no clones and was 

also the only tested region to show no evidence of potential linkage disequilibrium 

between loci. Gatins (2014) also reported no asexual reproduction in H. magnifica in 

PNG. This shows how broad-scale studies can reveal aspects of species’ biology that 

may not be evident in particular locations. 

   This could be a simple matter of differences in exposure to the opportunity for 

sexual reproduction. 3 of the regions are within the narrow, sheltered Red Sea Gulf, 

and one is in the middle of the Pacific Ocean. Indo-Pacific shallow water fauna are 

separated from those of the neighbouring eastern Pacific by the “East Pacific Barrier”, 

thought by some to be the greatest marine barrier to dispersal that exists (Briggs, 

1961, Grigg and Hey, 1992), and thus all 4 peripheral study regions are likely 

experiencing barriers to gene flow from one side to some extent, whether from land or 

divergent neighbouring waters. SRS is also within the restricted Red Sea Gulf, but 

sample sizes were relatively low so it is possible that, by chance, no clones were 
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collected. PNG, and the Maldives, being in the central Indo-Pacific region, are in 

contact with local regional waters on all sides, thus increasing the chances of 

successful larval mixing and recruitment, increasing sexual reproduction and reducing 

the need for asexual reproduction which produces the clones.  

   Other possible explanations could be the conditions of the local environment, with 

the peripheral location of the clonal regions being purely coincidental. Hoffmann 

(1986) and Ayre (1984) reported lower genotypic diversity and higher occurrence of 

asexual reproduction in calmer areas, which could explain the presence of clones in 

the Red Sea regions. However, Moorea is situated in the middle of the Pacific Ocean, 

likely being exposed to rougher, more turbulent waters, which renders this suggestion 

unlikely.   

 4.1.2 Broad-scale population structure 

   The resulting Structure output from the Bayesian analysis seems to have a strong 

geographical link. Whether k=2 (Evanno’s method) or k=7 (highest mean maximum 

likelihood), the reported clusters seem to be composed of individuals from the west of 

the Maldives and from the east, with the Maldives representing a transition zone, 

unable to be assigned to either cluster. However, H. magnifica does also occur in 

locations between the Maldives and Lizard Island which were not sampled, thus we 

cannot be sure where exactly this transition zone lies between the two regions. K=7 

shows further differentiation, highlighting Moorea as a third cluster, genetically 

distinct from all other regions. These patterns were also observed in the DAPC 

scatterplot. The K=7 output also highlights differentiation within the Red Sea regions, 

and reveals differences between Lizard Island and PNG. Traces of the genotypic 
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signature of each of the clusters within the other clusters provide evidence against 

random error. 

  Geographic and genetic distance were compared to determine isolation by distance 

(Wright, 1943), IBD, which was found to be high, suggesting that the genetic 

differentiation observed can be explained, at least in part, by geographic distance. 

Given that the adult form of H. magnifica is mostly sessile, IBD can tell us about 

larval dispersal, as this is the most likely form of mixing between populations. High 

levels of IBD, as seen here, indicate that larval dispersal may be limited, allowing 

gene flow between regions in relatively close proximity but preventing gene flow 

between regions that are further apart. IBD and limited larval flow are particularly 

evident in the distribution of the points to the right on the IBD scatterplots. Above 

roughly 14,000km geographic distance, genetic distance increases substantially. 

Based on the geographic distance matrix, Moorea is the only region that is more than 

14,000km away from any other. Based on the Structure plot for K=7 and significant 

pairwise Fst values, it is also genetically distinct from all of the other regions, 

demonstrating no population mixing. 

   The major genetic break appears to occur between Djibouti and Lizard Island. Low 

sample sizes prevented calculation of Fst values for these regions but with such high 

levels of IBD across the rest of the dataset, at approximately 11,700km apart, it would 

be expected that they would be genetically distinct. No larvae could travel this 

distance in its pelagic stage. However, the Maldives shows exchange of genetic 

material with Lizard Island despite also being distant at approximately 8,100km apart, 

and covering the same trajectory. The Djibouti population also experiences some 

mixing with the Maldives, and so could be exposed to genetic material from Lizard 
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Island, but there is no evidence of exchange between the two regions. Thus, there may 

still be other factors involved besides geographic distance, creating barriers to gene 

flow, resulting in the major genetic break. R2 was also only 0.85 in the IBD analysis, 

leaving 15% of the variation to be explained by other means.  

   Many studies in the Indo-Pacific have shown environmental characteristics to have 

some effect on observed genetic patters (Nanninga et al., 2014, Sawall et al., 2014, 

Giles et al., 2015, Reimer et al., In review), whether that be chlorophyll-a levels or sea 

surface temperature. Nanninga et al. (2014) and Giles et al. (2015) both reported 

combined models of geographic distance and environmental distance to best explain 

genetic variation. The inclusion of habitat discontinuity into an IBD model explaining 

variation in the giant kelp led to a 17% increase in the explained variation (Alberto et 

al., 2010). Geographic and environmental distance are not mutually exclusive; regions 

that are greater distances apart are likely to have greater environmental differences. 

Thus, environmental distance could explain some of the remaining variation in this 

study. Coral reefs off Djibouti experience vastly different sea surface temperatures 

(~31ºC) to those at Lizard Island (~24ºC) (NASA Goddard Space Flight Center, 

2014) (Fig. 9), despite both being located similar degrees of latitude away from the 

equator (Djibouti, -14.67; Lizard Island, 12.15). The Maldives also experience 

different sea surface temperatures (~29ºC) to those at Lizard Island, but not as 

extreme. It has been shown that local adaptation does occur in reef-dwelling, sessile 

invertebrates (Prada and Hellberg, 2014), thus sea surface temperatures at Djibouti 

and Lizard Island could have caused genetic differentiation through environmental 

adaptation. The intermediate sea surface temperatures of the Maldives, could enable 

either genotype to survive there, but thermally tolerant genotypes from Djibouti could 
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be unable to prosper in the cooler environment at Lizard Island and vice versa, 

creating a barrier to gene flow, hence the significant genetic break.  

 

 

Figure 9. A map of the world showing sea surface temperature averages from summer 2014, obtained 

from NASA’s OceanColor Web (NASA Goddard Space Flight Center, 2014). Measurements of 9km x 

9km areas are taken via the MODIS Aqua satellite. 

 

   In addition, based on results from Structure, the Red Sea regions also show some 

variation when assuming the higher estimate of K, which seems to reflect the finer-

scale structure seen in the Fst values. The pairwise Fst results show that, although the 

NRS is indeed most similar to the rest of the Red Sea regions, Djibouti and the 

Maldives, it is significantly different from them. Temperatures in the NRS range from 

21ºC to 27ºC , making it cooler and more variable than the rest of the Red Sea, at 

28ºC to 33ºC (Sawall et al., 2014). Thus, sea surface temperature could also be having 

some effect here. Further observations somewhat support what Nanninga et al. (2014) 
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and Giles et al. (2015) found, who proposed FI to be a unique area with different 

environmental conditions (Raitsos et al., 2013), and a significant genetic break around 

20ºN, also noted as the location of a large gyre (Johns et al., 1999). Within the Red 

Sea regions, pairwise Fst values also suggest a significant break between SRS and FI 

as each of them are more similar to the CRS than to each other, which can also be 

seen in the higher resolution structure plot. Nanninga et al. (2014) and Giles et al. 

(2015) found correlations between genetic distance and levels of chlorophyll-a, 

showing FI to be an area of greater productivity and turbidity than the rest of the Red 

Sea. However, chlorophyll-a was only used as a proxy for highlighting environmental 

differences, rather than as a factor itself. These same environmental differences within 

the FI could also be having some effect in this study.  

   The Fst results seem to show the same differentiation that is observed in the K=7 

structure plot, selected using the mean maximum likelihood method, supporting the 

suggestion that finer scale genetic breaks within the main clusters are being masked 

by the strength of the major genetic breaks in the K=2 structure plot, selected using 

Evanno’s delta K method. This is highly possible, as the methods used in Structure 

Harvester are not designed to determine the absolute number of clusters, but rather a 

likely estimate (Evanno et al., 2005); no model is capable describing real populations 

100% accurately. 

   The physical nature of the locations may also be contributing to the genetic 

variation. Moorea is the only fully exposed sampling region, in the middle of the 

Pacific Ocean, likely with much overturn of seawater and experiencing large swells 

from both hemispheres. This subpopulation has likely experienced vicariance due to 

the large expanses of open ocean surrounding it, with no suitable habitat for 
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settlement, creating a barrier to dispersal to the nearest reefs. Strong oceanographic 

currents across thousands of km would make it impossible for the larvae to reach reef 

habitat during the pelagic stage. Moorea seems to represent a unique biogeographic 

province and, supported by the high pairwise Fst values, it is possible that this 

subpopulation could be undergoing speciation. In contrast, PNG and Lizard Island are 

both exposed to the Pacific Ocean on one side but experience sheltered, calmer waters 

on the other. All of the Red Sea regions are enclosed in the Red Sea Gulf, with little 

wave movement or overturn of water. The Maldives experiences local currents, but is 

relatively sheltered in the bay of the Indian Ocean (Ayre, 1984, Hoffmann, 1986). 

These differences could also be shaping the genotypes of the local organisms through 

environmental adaptation. 

   The exchange of genetic material between the Maldives and Lizard Island, despite 

the distance, can be explained by the network of coral reefs along the south-western 

coast of Indonesia. These act as stepping stones for gene flow (Kimura and Weiss, 

1964), through mixing of neighbouring populations. This phenomena explains how 

genotypes from Lizard Island can be seen in a population over 8000km away. The 

two populations are also both on the south and west sides of the coral triangle, 

consisting of eastern Indonesia, Malaysia, Philippines, Papua New Guinea, and the 

Soloman Islands (Allen, 2008), forming the Indo-Pacific barrier. This means that they 

have always been connected, even in periods of low sea levels in glacial periods when 

the coral triangle represented a land barrier to the Pacific Ocean on the east and the 

Indian Ocean on the west (Briggs, 1974), which has happened between 3 – 6 times in 

the last 700,000 years (Randall, 1998). This has formed a genetic break between the 

east and west sides of the coral triangle that has been identified in several species 

(Benzie, 2000, Timm and Kochzius, 2008). The area of water between PNG and the 
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north of Australia has never closed, as Australia broke off from Antarctica in the 

Cretaceous period, moving northward but never connecting with another land mass 

(Dietz and Holden, 1970). The only physical barrier that exists between Lizard Island 

and the Maldives is the area of Indian Ocean between the latter and the west coast of 

Indonesia, roughly 2,500km.  Despite the fact that many host sea anemone larvae in 

an experimental set-up started to metamorphose by 14 days, there were recordings of 

free-swimming host anemone larvae surviving up to 59 days (Scott and Harrison, 

2007). Under natural conditions, given the increased mortality risks in the ocean, it is 

likely that pelagic larval duration would be less than this, but it suggests that a few 

larvae may be able to survive long distances once in a while (Ayre, 1984), enough to 

maintain mixing between the populations. 

   Given the divide between the east and west sides of the Indo-Pacific barrier and the 

fact that Moorea is situated to the east, then it should be genetically similar to PNG, as 

the sampling site was in the north-east of PNG. Based on K=2, this was indeed the 

case. However, based on K=7, Moorea represented a distinct third population cluster. 

This supports the suggestion that geographic isolation may be driving this 

differentiation, rather than biogeography. As already established, the sampling site in 

PNG was located to the north-east and Lizard Island is located to the south-west of 

PNG. Based on the structure plot for K=2, these two populations are mixed and so are 

genetically similar, which contradicts the theory of a genetic break across the Indo-

Pacific barrier. However, further differentiation is revealed in the structure plot for 

K=7, which does reveal a genetic break between Lizard Island and PNG. It can be 

assumed that larger estimates of K were not identified as being the most likely when 

using the more conservative Evanno’s delta K method, due to the strength of the most 

significant break (between the Red Sea/Djibouti and the 3 regions to the east of the 
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Maldives) dwarfing any genetic breaks with a lower resolution. These are further 

supported by the pairwise Fst analysis. The current higher sea levels and opportunity 

for connectivity between Lizard Island and PNG is likely reducing the strength of the 

genetic break caused by the periods of geographic isolation. 

   These findings reveal vital information required for efficient design of management 

areas. Not only does the variation between regions highlight the need for local-scale 

management but it also provides knowledge to enable a systematic conservation 

approach, as discussed in Ruiz-Frau et al. (2015). The popularity of the associated 

fishes in the Amphiprion genus means that stake-holders would be interested in 

designing successful management areas, but at the lowest cost. Ruiz-Frau et al. (2015) 

found that stake-holder approaches to MPA design actually covered some 

conservation goals. Using an integrated approach, by expanding these proposed 

management areas slightly based on scientific knowledge, such as is reported here, 

efficient MPAs can be established which meet stake-holders’ needs but also achieve 

conservation goals, in an area only just larger than the scientific-based solution alone. 

    

4.2 Phylogenetic analyses of photosynthetic symbiont 

   This may well represent the first documented report of a host sea anemone 

associating with clade A Symbiodinium. There are very few studies on the phylogeny 

of the Symbiodinium within H. magnifica, but another of the 10 known host sea 

anemone species, E. quadricolor, is flexible in its associations within clade C, at least 

between regions (within region associations tend to be more specific), and has also 

been shown to be able to associate with symbionts in clade E (Pontasch et al., 2014), 

which may contribute to their wide distribution, not only geographically but also by 
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depth. Heteractis magnifica could be equally as flexible in its Symbiodinium 

associations. The ability to harbour different clades can only be a benefit to an 

organism as it enables them to survive as a species, if one clade is rendered 

disadvantageous. Examples include susceptibility to rising temperatures, rising 

seawater levels, and other environmental changes.  Also, only those samples which 

contained a single Symbiodinium type were included in the analysis, thus there could 

be further flexibility in the symbiont associations of H. magnifica that has not been 

identified here. 

   Looking at both the ITS2 and psbA network analyses, it is clear that certain 

haplotypes are unique to some of the regions. This could provide evidence for 

geographic isolation which is likely given the large distances involved in a broad-

scale study such as this and the high levels of isolation by distance in the host, H. 

magnifica. The large distances could also mean different environmental pressures. As 

discussed previously, environmental temperature variation leads to associations with 

different subtypes of Symbiodinium or with heat tolerant variants of the same subtype, 

even variation of only 2ºC (Baker et al., 2004, Berkelmans and van Oppen, 2006, 

Howells et al., 2012). Associations with Symbiodinium of types other than clade 

C1/C3 was only found at islands around Australia and in Moorea. Based on summer 

sea surface temperature data obtained from NASA’s OceanColor Web (NASA 

Goddard Space Flight Center, 2014) (Fig. 9), it can be seen that Christmas Island, 

Lizard Island, Northwest Island, and Moorea are located in areas with cooler sea 

surface temperatures than the rest of the sample regions in this study, namely the Red 

Sea, Djibouti, Maldives, and PNG. Thus, of all the Symbiodinium types reported in 

this study, only C1/C3 seems to be thermally tolerant and associations with other 

types are restricted to areas with relatively lower sea surface temperatures. 
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   Comparing the results from the sequences obtained from the Red Sea with another 

recent study on Symbiodinium in a zoanthid, P. tuberculosa, in the Red Sea (Reimer 

et al., In review), reveals some differences. The ITS2 marker shows almost universal 

association with symbionts of type C1/C3, in both species. However, Reimer et al. (In 

review) reported from the north of the Red Sea associations with mostly one novel 

psbA type whereas, in this study, there were 3 different psbA haplotypes found from 

the CRS to Djibouti (although only 2 were widespread). It was not possible to observe 

if the same temperature-associated breaks seen at the Gulf of Aqaba in the northern 

Red Sea (Sawall et al., 2014, Reimer et al., In review) were replicated, as no psbA 

sequences were successfully obtained from H. magnifica samples collected from the 

NRS. The apparent broad-scale link with sea surface temperature in this case suggests 

it is plausible, though.     

   Interestingly, 1 of the 3 psbA haplotypes found from CRS to Djibouti was found 

only in the FI. This serves as further evidence for the unique nature and 

environmental conditions of this area that have been suggested previously, including 

increased productivity, turbidity, and patchiness of reef habitat (Roberts et al., 1992, 

Froukh and Kochzius, 2007, Raitsos et al., 2013, Nanninga et al., 2014, Giles et al., 

2015). 

   In addition to evidence of the ability to host clade A Symbiodinium, further 

differences in Symbiodinium associations of H. magnifica and another host anemone, 

E. quadricolor, are evident on the east coast of Australia. Many of the sampled E. 

quadricolor in the southern and central GBR were found to harbour an assemblage of 

ITS2 types C25 and C3.25, but other types down the coast included C1 found at 

Heron Island, C25.1, C42(type2).1, C42(type2).2, and E1 found in one individual 
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(Pontasch et al., 2014). The only overlaps observed between the two species are the 

probable associations with ITS2 type C1, found in H. magnifica samples from 

Northwest Island situated close to Heron Island (this provides further evidence that 

these sequences are more likely C1 than C1/C3, despite this clustering in the ITS2 

phylogenetic tree), and the unique associations at the northern islands, Jorgensen Reef 

and Lizard Island, compared to other, more southern islands (Pontasch et al., 2014). 

Several sampling locations were very close together, yet the associations mostly 

different, and so it seems that the Symbiodinium assemblages of H. magnifica and E. 

quadricolor are distinct, at least in this area.  

 

5. CONCLUSION 

   The presence of distinct subpopulations suggests local scale management is required 

in this species. However with a relatively small number of sampling locations over a 

large area, we still cannot determine the most appropriate size of management zones 

within these areas, just that they are separate. The Fst results, and the higher estimate 

of population clusters, do show finer-scale differentiation within these areas, for 

example along the Red Sea, which may be occurring in the other regions too. This 

suggests that microsatellite markers may not be sufficient to determine the true extent 

of genetic differentiation in H. magnifica, and thus the size or location of effective 

local management areas. Further study using higher resolution techniques may be 

required, such as molecular markers obtained from RAD-sequencing.  

   Most studies in the past have focussed on Symbiodinium in corals and there was 

little evidence as to whether characteristics of these associations are host-specific or 

Symbiodinium-specific. The temperature regulated and multi-clade Symbiodinium 
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associations of H. magnifica reported in this study, phenomena that are well-

documented in corals, provide further evidence that these may be over-arching 

characteristics of Symbiodinium, regardless of host type. If this is the case, we can 

increase the size of the genetic pool and study Symbiodinium from more sources when 

attempting to determine the basis for enhanced thermal tolerance, rather than 

focussing only on symbionts from coral hosts or model systems such as Aiptasia. This 

could accelerate the understanding of thermal tolerance in select Symbiodinium 

subtypes, which may enable treatment of corals in areas experiencing rising sea 

surface temperatures in the future. 

   I aim to run the same analyses on several other host anemone species found across 

the Indo-Pacific in order to determine if these findings, and their implications, are 

common to all host anemone species, or whether they are species-specific. This would 

also determine whether the conservation strategies discussed could, in fact, protect all 

host anemone species across the Indo-Pacific, or whether these would also have to be 

species-specific in their design. 
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