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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.
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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 IndoPacific, 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 midpoint. 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
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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.
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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, wellmixed 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 coralSymbiodinium 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 noncoding 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
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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.
1

Region

N

Ncc

Na

Ho

He

Fis

NRS

Mean GPS
coordinates
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).

for each locus. None of the Fis values were significant.

as well as number of samples (N(/126)), allelic diversity (Na), observed heterozygosity (Ho), expected heterozygosity (He) and the inbreeding coefficient (Fis)

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,

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

Table 2. Summary of the final 8 H. magnifica microsatellite markers, obtained from samples across the Indo-Pacific. Djibouti and Lizard Island were excluded in
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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 Gstatistics, 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

26

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 Nucleasefree 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
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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.
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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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A

B

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.
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Figure 3. Scatterplot for the DAPC analysis of H. magnifica microsatellite DNA from across the IndoPacific, 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.
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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.

0.62
0.97

AB778582
HE578977

A1
A1.4
EU828689

0.97

C1/C3

HG515026
AB778603

0.95
0.9
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KP134402
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AY589734
JF683321
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AY239364
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C69a(2)
C69a
C1c
C68
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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.
NRS
CRS
SRS
FI
Djibouti
Maldives
PNG

Christmas Island
Lizard Island
Northwest Island
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.
CRS
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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 finerscale 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 IndoPacific 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 broadscale 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

54

associations of H. magnifica reported in this study, phenomena that are welldocumented 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.

55

REFERENCES
Alberto, F., Raimondi, P. T., Reed, D. C., Coelho, N. C., Leblois, R., Whitmer, A. & Serrão, E. A.
2010. Habitat continuity and geographic distance predict population genetic
differentiation in giant kelp. Ecology, 91, 49-56.
Allen, G. R. 2008. Conservation hotspots of biodiversity and endemism for Indo‐Pacific coral
reef fishes. Aquatic Conservation: Marine and Freshwater Ecosystems, 18, 541-556.
Andreakis, N., Kooistra, W. H. C. F. & Procaccini, G. 2009. High genetic diversity and
connectivity in the polyploid invasive seaweed Asparagopsis taxiformis
(Bonnemaisoniales) in the Mediterranean, explored with microsatellite alleles and
multilocus genotypes. Molecular Ecology, 18, 212-226.
Angers, B. & Bernatchez, L. 1998. Combined use of SMM and non-SMM methods to infer
fine structure and evolutionary history of closely related brook charr (Salvelinus
fontinalis, Salmonidae) populations from microsatellites. Molecular Biology and
Evolution, 15, 143-159.
Ayre, D. J. 1984. The effects of sexual and asexual reproduction on geographic variation in
the sea anemone Actinia tenebrosa. Oecologia, 62, 222-229.
Baker, A. C. 2001. Ecosystems: reef corals bleach to survive change. Nature, 411, 765-766.
Baker, A. C., Starger, C. J., McClanahan, T. R. & Glynn, P. W. 2004. Coral reefs: corals'
adaptive response to climate change. Nature, 430, 741-741.
Bandelt, H.-J., Forster, P. & Röhl, A. 1999. Median-joining networks for inferring intraspecific
phylogenies. Molecular biology and evolution, 16, 37-48.
Barbrook, A. C., Voolstra, C. R. & Howe, C. J. 2014. The chloroplast genome of a
Symbiodinium sp. clade C3 isolate. Protist, 165, 1-13.
Benzie, J. A. H. 2000. The detection of spatial variation in widespread marine species:
methods and bias in the analysis of population structure in the crown of thorns
starfish (Echinodermata: Asteroidea). Hydrobiologia, 420, 1-14.
Benzie, J. A. H. & Stoddart, J. A. 1992. Genetic structure of crown-of-thorns starfish
(Acanthaster planci) in Australia. Marine biology, 112, 631-639.
Berkelmans, R. & van Oppen, M. J. H. 2006. The role of zooxanthellae in the thermal
tolerance of corals: a ‘nugget of hope’ for coral reefs in an era of climate change.
Proceedings of the Royal Society of London B: Biological Sciences, 273, 2305-2312.
Bowen, B. W., Bass, A. L., Rocha, L. A., Grant, W. S. & Robertson, D. R. 2001. Phylogeography
of the trumpetfishes (Aulostomus): ring species complex on a global scale. Evolution,
55, 1029-1039.
Briggs, J. C. 1961. The East Pacific barrier and the distribution of marine shore fishes.
Evolution, 15, 545-554.
Briggs, J. C. 1974. Operation of zoogeographic barriers. Systematic Zoology, 248-256.
Chang, S.-J., Rodriguez-Lanetty, M., Yanagi, K., Nojima, S. & Song, J.-I. 2011. Two anthozoans,
Entacmaea quadricolor (order Actiniaria) and Alveopora japonica (order
Scleractinia), host consistent genotypes of Symbiodinium spp. across geographic
ranges in the north-western Pacific Ocean. Animal Cells and Systems, 15, 315-324.
Ciofi, C. & Bruford, M. W. 1999. Genetic structure and gene flow among Komodo dragon
populations inferred by microsatellite loci analysis. Molecular Ecology, 8, S17-S30.
Colbeck, G. J., Sillett, T. S. & Webster, M. S. 2010. Asymmetric discrimination of geographical
variation in song in a migratory passerine. Animal Behaviour, 80, 311-318.
Correa, A. M. S. & Baker, A. C. 2009. Understanding diversity in coral-algal symbiosis: a
cluster-based approach to interpreting fine-scale genetic variation in the genus
Symbiodinium. Coral Reefs, 28, 81-93.

56
Crispo, E., Bentzen, P., Reznick, D. N., Kinnison, M. T. & Hendry, A. P. 2006. The relative
influence of natural selection and geography on gene flow in guppies. Molecular
Ecology, 15, 49-62.
Dietz, R. S. & Holden, J. C. 1970. Reconstruction of Pangaea: breakup and dispersion of
continents, Permian to present. Journal of Geophysical Research, 75, 4939-4956.
Drew, J. & Barber, P. H. 2009. Sequential cladogenesis of the reef fish Pomacentrus
moluccensis (Pomacentridae) supports the peripheral origin of marine biodiversity in
the Indo-Australian archipelago. Molecular Phylogenetics and Evolution, 53, 335339.
Earl, D. A. 2012. STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE
output and implementing the Evanno method. Conservation genetics resources, 4,
359-361.
Evanno, G., Regnaut, S. & Goudet, J. 2005. Detecting the number of clusters of individuals
using the software STRUCTURE: a simulation study. Molecular ecology, 14, 26112620.
Falush, D., Stephens, M. & Pritchard, J. K. 2003. Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies. Genetics,
164, 1567-1587.
Fautin, D. G. 1991. The anemonefish symbiosis: what is known and what is not. Symbiosis,
10, 23-46.
Fautin, D. G. 2013. Hexacorallians of the world [Online].
http://geoportal.kgs.ku.edu/hexacoral/anemone2/index.cfm. [Accessed 2
November 2015].
Fautin, D. G. & Allen, G. R. 1992. Field guide to anemonefishes and their host sea anemones.
Perth, Australia: Western Australian Museum.
Fay, S. A., Weber, M. X. & Lipps, J. H. 2009. The distribution of Symbiodinium diversity within
individual host foraminifera. Coral Reefs, 28, 717-726.
Froukh, T. & Kochzius, M. 2007. Genetic population structure of the endemic fourline wrasse
(Larabicus quadrilineatus) suggests limited larval dispersal distances in the Red Sea.
Molecular Ecology, 16, 1359-1367.
Gatins, R. A. 2014. Fine-scale population structure of two anemones (Stichodactyla gigantea
and Heteractis magnifica) in Kimbe Bay, Papua New Guinea. pp. 1-57.
Giles, E. C., Saenz‐Agudelo, P., Hussey, N. E., Ravasi, T. & Berumen, M. L. 2015. Exploring
seascape genetics and kinship in the reef sponge Stylissa carteri in the Red Sea.
Ecology and evolution, 5, 2487-2502.
Gohar, H. A. F. 1934. Partnership between fish and anemone. Nature, 134, 291.
Grigg, R. W. & Hey, R. 1992. Paleoceanography of the tropical eastern Pacific Ocean. Science,
255, 172.
Guichoux, E., Lagache, L., Wagner, S., Chaumeil, P., Léger, P., Lepais, O., Lepoittevin, C.,
Malausa, T., Revardel, E., Salin, F. & Petit, R. J. 2011. Current trends in microsatellite
genotyping. Molecular Ecology Resources, 11, 591-611.
Haber, M., Schüngel, M., Putz, A., Müller, S., Hasert, B. & Schulenburg, H. 2005. Evolutionary
history of Caenorhabditis elegans inferred from microsatellites: evidence for spatial
and temporal genetic differentiation and the occurrence of outbreeding. Molecular
biology and evolution, 22, 160-173.
Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic acids symposium series, 1999, 95-98.
Hill, R., Fernance, C., Wilkinson, S. P., Davy, S. K. & Scott, A. 2014. Symbiont shuffling during
thermal bleaching and recovery in the sea anemone Entacmaea quadricolor. Marine
Biology, 161, 2931-2937.

57
Hoffmann, R. J. 1986. Variation in contributions of asexual reproduction to the genetic
structure of populations of the sea anemone Metridium senile. Evolution, 40, 357365.
Holbrook, S. J. & Schmitt, R. J. 2005. Growth, reproduction and survival of a tropical sea
anemone (Actiniaria): benefits of hosting anemonefish. Coral Reefs, 24, 67-73.
Howells, E. J., Beltran, V. H., Larsen, N. W., Bay, L. K., Willis, B. L. & van Oppen, M. J. H. 2012.
Coral thermal tolerance shaped by local adaptation of photosymbionts. Nature
Climate Change, 2, 116-120.
Hubisz, M. J., Falush, D., Stephens, M. & Pritchard, J. K. 2009. Inferring weak population
structure with the assistance of sample group information. Molecular ecology
resources, 9, 1322-1332.
Hunter, C., Morden, C. & Smith, C. The utility of ITS sequences in assessing relationships
among zooxanthellae and corals. Proc 8th Int Coral Reef Symp, 1997. 1599-1602.
Hunter, R. L., LaJeunesse, T. C. & Santos, S. R. 2007. Structure and evolution of the rDNA
internal transcribed space (ITS) region 2 in the symbiotic dinoflagellates
(Symbiodinium, Dinophyta). Journal of Phycology, 43, 120-128.
Johns, W. E., Jacobs, G. A., Kindle, J. C., Murray, S. P. & Carron, M. 1999. Arabian marginal
seas and gulfs. No. NRL/PP/7330--00-0024. NAVAL RESEARCH LAB STENNIS SPACE
CENTER MS OCEANOGRAPHY DIV.
Jones, G. P., Milicich, M. J., Emslie, M. J. & Lunow, C. 1999. Self-recruitment in a coral reef
fish population. Nature, 402, 802-804.
Jost, L. 2008. GST and its relatives do not measure differentiation. Molecular Ecology, 17,
4015-4026.
Kamvar, Z. N., Tabima, J. F. & Grünwald, N. J. 2014. Poppr: an R package for genetic analysis
of populations with clonal, partially clonal, and/or sexual reproduction. PeerJ, 2,
e281.
Katoh, K. & Standley, D. M. 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Molecular biology and evolution, 30,
772-780.
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S. & Duran, C. 2012. Geneious Basic: an integrated and
extendable desktop software platform for the organization and analysis of sequence
data. Bioinformatics, 28, 1647-1649.
Kimura, M. & Weiss, G. H. 1964. The stepping stone model of population structure and the
decrease of genetic correlation with distance. Genetics, 49, 561-576.
LaJeunesse, T. C. 2005. “Species” radiations of symbiotic dinoflagellates in the Atlantic and
Indo-Pacific since the Miocene-Pliocene transition. Molecular Biology and Evolution,
22, 570-581.
LaJeunesse, T. C., Bhagooli, R., Hidaka, M., deVantier, L., Done, T., Schmidt, G. W., Fitt, W. K.
& Hoegh-Guldberg, O. 2004. Closely related Symbiodinium spp. differ in relative
dominance in coral reef host communities across environmental, latitudinal and
biogeographic gradients. Marine Ecology Progress Series, 284, 147-161.
LaJeunesse, T. C., Loh, W. K. W., van Woesik, R., Hoegh‐Guldberg, O., Schmidt, G. W. & Fitt,
W. K. 2003. Low symbiont diversity in southern Great Barrier Reef corals, relative to
those of the Caribbean. Limnology and Oceanography, 48, 2046-2054.
LaJeunesse, T. C. & Thornhill, D. J. 2011. Improved resolution of reef-coral endosymbiont
(Symbiodinium) species diversity, ecology, and evolution through psbA non-coding
region genotyping. PLoS ONE, 6, e29013.
Librado, P. & Rozas, J. 2009. DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics, 25, 1451-1452.

58
Loh, W. K. W., Loi, T., Carter, D. & Hoegh-Guldberg, O. 2001. Genetic variability of the
symbiotic dinoflagellates from the wide ranging coral species Seriatopora hystrix and
Acropora longicyathus in the Indo-West Pacific. Marine Ecology Progress Series, 222,
97-107.
Lowe, W. H. & Allendorf, F. W. 2010. What can genetics tell us about population
connectivity? Molecular Ecology, 19, 3038-3051.
Mariscal, R. N. 1966a. A field and experimental study of the symbiotic association of fishes
and sea anemones. Doctoral Diss., University of California, Berkeley. Ann Arbor:
University Microfilms.
Mariscal, R. N. 1966b. The symbiosis between tropical sea anemones and fishes: a review. In:
The Galápagos, 157-171. Ed. by R. I. Bowman. Berkeley: University of California
Press.
Mariscal, R. N. 1970. The nature of the symbiosis between Indo-Pacific anemone fishes and
sea anemones. Marine Biology, 6, 58-65.
McCommas, S. A. 1982. Biochemical genetics of the sea anemone Bunodosoma cavernata
and the zoogeography of the Gulf of Mexico. Marine Biology, 68, 169-173.
Moore, R. B., Ferguson, K. M., Loh, W. K., Hoegh-Guldberg, O. & Carter, D. A. 2003. Highly
organized structure in the non-coding region of the psbA minicircle from clade C
Symbiodinium. International Journal of Systematic and Evolutionary Microbiology,
53, 1725-1734.
Nanninga, G. B., Saenz‐Agudelo, P., Manica, A. & Berumen, M. L. 2014. Environmental
gradients predict the genetic population structure of a coral reef fish in the Red Sea.
Molecular ecology, 23, 591-602.
NASA Goddard Space Flight Center, O. E. L., Ocean Biology Processing Group. 2014. MODISAqua Ocean Color Data; NASA Goddard Space Flight Center, Ocean Ecology
Laboratory, Ocean Biology Processing Group [Online].
http://dx.doi.org/10.5067/AQUA/MODIS_OC.2014.0. [Accessed 30 November
2015].
Nylander, J. A. A. 2004. MrModeltest v2. Program distributed by the author. Evolutionary
Biology Centre, Uppsala University.
Padilla-Gamiño, J. L., Pochon, X., Bird, C., Concepcion, G. T. & Gates, R. D. 2012. From parent
to gamete: vertical transmission of Symbiodinium (Dinophyceae) ITS2 sequence
assemblages in the reef building coral Montipora capitata.
Palumbi, S. R. 2003. Population genetics, demographic connectivity, and the design of
marine reserves. Ecological Applications, 13, S146-S158.
Peakall, R. & Smouse, P. E. 2012. GenAlEx 6.5: genetic analysis in Excel. Population genetic
software for teaching and research—an update. Bioinformatics, 28, 2537-2539.
Pontasch, S., Scott, A., Hill, R., Bridge, T., Fisher, P. L. & Davy, S. K. 2014. Symbiodinium
diversity in the sea anemone Entacmaea quadricolor on the east Australian coast.
Coral reefs, 33, 537-542.
Prada, C. & Hellberg, M. E. 2014. Strong natural selection on juveniles maintains a narrow
adult hybrid zone in a broadcast spawner. The American Naturalist, 184, 702-713.
Pritchard, J. K., Stephens, M. & Donnelly, P. 2000. Inference of population structure using
multilocus genotype data. Genetics, 155, 945-959.
Putnam, H. M., Stat, M., Pochon, X. & Gates, R. D. 2012. Endosymbiotic flexibility associates
with environmental sensitivity in scleractinian corals. Proceedings of the Royal
Society of London B: Biological Sciences, doi:10.1098/rspb.2012.1454.
R Core Team 2014. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria, 2012. ISBN 3-900051-07-0.
Rabelo, E. F., Rocha, L. L., Colares, G. B., Bomfim, T. A., Nogueira, V. L. R., Katzenberger, M.,
Matthews-Cascon, H. & Melo, V. M. M. 2014. Symbiodinium diversity associated

59
with zoanthids (Cnidaria: Hexacorallia) in north-eastern Brazil. Symbiosis, 64, 105113.
Raitsos, D. E., Pradhan, Y., Brewin, R. J. W., Stenchikov, G. & Hoteit, I. 2013. Remote sensing
the phytoplankton seasonal succession of the Red Sea. PLoS ONE, 8, e64909.
Rambaut, A. & Drummond, A. J. 2005. Tracer 1.3. A program for analyzing results from
Bayesian MCMC programs such as BEAST & MrBayes [Online]. Department of
Zoology, University of Oxford: Oxford, UK. http://evolve.zoo.ox.ac.uk/software.html.
[Accessed 20 October, 2015].
Randall, J. E. 1998. Zoogeography of shore fishes of the Indo-Pacific region. Zoological
Studies, 37, 227-268.
Raymond, M. & Rousset, F. 1995. GENEPOP (version 1.2): population genetics software for
exact tests and ecumenicism. Journal of heredity, 86, 248-249.
Reece, J. S., Bowen, B. W., Joshi, K., Goz, V. & Larson, A. 2010. Phylogeography of two moray
eels indicates high dispersal throughout the Indo-Pacific. Journal of Heredity, doi:
10.1093/jhered/esq036.
Reimer, J., Herrera, M., Gatins, R., Roberts, M. & Berumen, M. In review. Latitudinal
variation in the symbiotic dinoflagellate Symbiodinium of the common reef
zoantharian Palythoa tuberculosa on the Saudi Arabian coast of the Red Sea. Journal
of Biogeography, In review.
Rhyne, A. L., Tlusty, M. F., Schofield, P. J., Kaufman, L., Morris, J. A., Jr. & Bruckner, A. W.
2012. Revealing the appetite of the marine aquarium fish trade: the volume and
biodiversity of fish imported into the United States. PLoS ONE, 7, e35808.
Roberts, C. M., Shepherd, A. R. D. & Ormond, R. F. G. 1992. Large-scale variation in
assemblage structure of Red Sea butterflyfishes and angelfishes. Journal of
Biogeography, 19, 239-250.
Rodriguez-Lanetty, M., Chang, S.-J. & Song, J.-I. 2003. Specificity of two temperate
dinoflagellate–anthozoan associations from the north-western Pacific Ocean. Marine
Biology, 143, 1193-1199.
Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Höhna, S., Larget, B.,
Liu, L., Suchard, M. A. & Huelsenbeck, J. P. 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Systematic
biology, 61, 539-542.
Rousset, F. 2008. Genepop’007: a complete re‐implementation of the genepop software for
Windows and Linux. Molecular ecology resources, 8, 103-106.
Rowan, R. 2004. Coral bleaching: thermal adaptation in reef coral symbionts. Nature, 430,
742-742.
Ruiz-Frau, A., Possingham, H. P., Edwards-Jones, G., Klein, C. J., Segan, D. & Kaiser, M. J.
2015. A multidisciplinary approach in the design of marine protected areas:
integration of science and stakeholder based methods. Ocean & Coastal
Management, 103, 86-93.
Sawall, Y., Al-Sofyani, A., Banguera-Hinestroza, E. & Voolstra, C. R. 2014. Spatio-temporal
analyses of Symbiodinium physiology of the coral Pocillopora verrucosa along largescale nutrient and temperature gradients in the Red Sea. PLoS ONE, 9, e103179.
Scott, A. & Harrison, P. L. 2007. Embryonic and larval development of the host sea anemones
Entacmaea quadricolor and Heteractis crispa. The Biological Bulletin, 213, 110-121.
Selkoe, K. A. & Toonen, R. J. 2006. Microsatellites for ecologists: a practical guide to using
and evaluating microsatellite markers. Ecology letters, 9, 615-629.
Shuman, C. S., Hodgson, G. & Ambrose, R. F. 2005. Population impacts of collecting sea
anemones and anemonefish for the marine aquarium trade in the Philippines. Coral
Reefs, 24, 564-573.

60
Silverstein, R. N., Correa, A. M. S., LaJeunesse, T. C. & Baker, A. C. 2011. Novel algal symbiont
(Symbiodinium spp.) diversity in reef corals of Western Australia. Marine Ecology
Progress Series, 422, 63-75.
Steeves, T. E., Anderson, D. J., McNally, H., Kim, M. H. & Friesen, V. L. 2003. Phylogeography
of Sula: the role of physical barriers to gene flow in the diversification of tropical
seabirds. Journal of Avian Biology, 34, 217-223.
Swofford, D. 1998. PAUP 4.0: phylogenetic analysis using parsimony. Smithsonian Institution.
Thornhill, D. J., Xiang, Y., Pettay, D. T., Zhong, M. & Santos, S. R. 2013. Population genetic
data of a model symbiotic cnidarian system reveal remarkable symbiotic specificity
and vectored introductions across ocean basins. Molecular ecology, 22, 4499-4515.
Timm, J. & Kochzius, M. 2008. Geological history and oceanography of the Indo‐Malay
archipelago shape the genetic population structure in the false clown anemonefish
(Amphiprion ocellaris). Molecular Ecology, 17, 3999-4014.
Tishkoff, S. A. & Verrelli, B. C. 2003. Patterns of human genetic diversity: implications for
human evolutionary history and disease. Annual review of genomics and human
genetics, 4, 293-340.
Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. & Shipley, P. 2004. MICRO‐CHECKER:
software for identifying and correcting genotyping errors in microsatellite data.
Molecular Ecology Notes, 4, 535-538.
Waples, R. S. & Gaggiotti, O. 2006. What is a population? An empirical evaluation of some
genetic methods for identifying the number of gene pools and their degree of
connectivity. Molecular ecology, 15, 1419-1439.
Wright, S. 1943. Isolation by distance. Genetics, 28, 114.
Wright, S. 1965. The interpretation of population structure by F-statistics with special regard
to systems of mating. Evolution, 19, 395-420.
Yorifuji, M., Takeshima, H., Mabuchi, K., Watanabe, T. & Nishida, M. 2015. Comparison of
Symbiodinium dinoflagellate flora in sea slug populations of the Pteraeolidia ianthina
complex. Marine Ecology Progress Series, 521, 91-104.

