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H. Magalon Æ E. Baudry Æ A. Husté

M. Adjeroud Æ M. Veuille

High genetic diversity of the symbiotic dinoflagellates in the coral
Pocillopora meandrina from the South Pacific

Abstract Symbioses between dinoflagellates in the genus
Symbiodinium (commonly referred to as zooxanthellae)
and scleractinian corals are an essential feature for the
maintenance of coral reefs. The fine-scale diversity and
population structure of the zooxanthellae inhabiting the
coral Pocillopora meandrina, a major reef building spe-
cies in Polynesia, was examined. We used two poly-
morphic microsatellites to study seven populations from
the South Pacific, whose host structuring has been pre-
viously investigated. The symbionts of P. meandrina
showed high levels of diversity, with more than one
zooxanthella genotype being identified in most of the
host individuals. Genetic differentiation between sym-

biont populations was detected at a large scale
(2,000 km) between the Tonga and the Society Archi-
pelagos. Within the Society Archipelago, the two most
remote populations (Tahiti and Bora-Bora; 200 km
apart) were only weakly differentiated from each other.
Statistical tests demonstrated that the symbiont genetic
structure was not correlated with that of its host, sug-
gesting that dispersal of the symbionts, whether they are
transported within a host larva or free in the water,
depends mainly on distance and water currents. In
addition, the data suggests that hosts may acquire new
symbionts after maternal transmission, possibly follow-
ing a disturbance event. Lastly, the weak differentiation
between symbiont populations of P. verrucosa and P.
meandrina, both from Moorea, indicated that there was
some host-symbiont fine-scale specificity detectable at
the genetic resolution offered by microsatellites.

Introduction

Coral reefs are characterized by animal-algal endosym-
biosis, which plays a key role in a reef’s productivity and
growth. All reef-building corals, along with many other
cnidarians, molluscs and protists, live in symbiosis with
photosynthetic algae, commonly known as zooxanthel-
lae (reviewed in Trench 1993). These symbiotic dinofla-
gellates provide the host with nutrients, thereby
promoting animal growth and reproduction as well as
enhancing calcification in scleractinian corals (Gattuso
et al. 1999). In return, the host provides its symbionts
with inorganic nutrients and habitat structure, protect-
ing them against grazing and UV. Many authors have
focused on this association when attempting to under-
stand how corals will react when faced with stressful
conditions conducive to bleaching, i.e., the loss of
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pigments of the zooxanthellae or the expulsion of the
symbionts from the host (Glynn 1993; Brown 1997). A
number of factors can trigger coral bleaching: e.g., ex-
tremes of temperature, high irradiance, darkness, heavy
metals, and pathogenic micro-organisms (reviewed in
Brown et al. 2000). But it is often due to the synergistic
action of light (Banaszak and Trench 1995) and tem-
perature (Perez et al. 2001) that damages the zooxan-
thella photosystem. The loss of zooxanthellae during
bleaching can lead to widespread coral mortality and
degradation of reef ecosystems. Thus, many researchers
focus on this partner of the association and attempt to
explore its diversity.

Zooxanthellae typically belong to the genus Symbi-
odinium and 11 species have now been identified by
morphological, physiological and molecular criteria
(reviewed in Baker 2003). Diversity of zooxanthellae
from a wide range of hosts has been explored using
molecular techniques and DNA sequence with different
levels of resolution (reviewed in Baker 2003; Coffroth
and Santos 2005). Zooxanthellae are typically classified
as belonging to one of several different clades (reviewed
in Baker 2003; Coffroth and Santos 2005). The ribo-
somal DNA internal transcribed spacer (ITS) is often
used to identify zooxanthellae clades and to explore in-
tra-cladal diversity (Hunter et al. 1997; Baillie et al.
2000; Brown et al. 2000; LaJeunesse and Trench 2000;
LaJeunesse 2001; Pochon et al. 2001; Santos et al. 2001;
van Oppen et al. 2001b; Brown et al. 2002; LaJeunesse
2002; Savage et al. 2002a). Indeed, sequence variation in
this molecule has led to the definition of ‘‘sub-clades’’
(based on ITS1, for e.g., van Oppen et al. 2001b; Fab-
ricius et al. 2004) or ‘‘types’’ (based on ITS2 DGGE
profiles, LaJeunesse and Trench 2000; LaJeunesse 2001,
2002; LaJeunesse et al. 2003, 2004a, 2004b) within
Symbiodinium. This algal diversity is probably a major
reason for the spatial variability of coral bleaching
events. Clades were first thought to correspond to eco-
logical types with different photoacclimation abilities,
but this idea is now controversial as differential sensi-
tivity to thermal stress among various Symbiodinium
seems to be distributed across all clades (Tchernov et al.
2004), as is sensitivity to irradiance (Savage et al. 2002b).
DNA genotyping of zooxanthellae using ribosomal loci
is therefore not a straightforward way to diagnose
thermal and light sensitivities in these symbiotic associ-
ations. Until now, very few studies have explored zoo-
xanthellae genetic diversity within the same sub-clade or
the same type (Santos et al. 2003; Santos et al. 2004).
These studies employed microsatellites and their flank-
ing regions to investigate fine-scale diversity and popu-
lation structure of Symbiodinium type B1/B184 in
symbiosis with Caribbean gorgonians. Santos et al.
(2003) documented significant population differentiation
among Symbiodinium sp. clade B inhabiting the gorgo-
nian Pseudopterogorgia elisabethae from different Ba-
hamian reefs. Moreover, Santos et al. (2004) compared
the genetic diversity of Symbiodinium belonging to the
same lineage inhabiting different sympatric gorgonian

hosts and demonstrated the existence of fine-scale
specificity between Caribbean octocorals and their
symbionts. Thus, microsatellites are useful tools in
exploring the genetic complexity of Symbiodinium.

Two distinct modes of zooxanthellae acquisition exist
in corals. Transmission can either be vertical, i.e., direct
transmission from the mother colony to the eggs, or
horizontal, i.e., acquisition from the environment by the
host larva or juvenile. It is frequently thought that
maternal transmission should result in a lower symbiont
diversity than horizontal transmission, which allows
each host generation to acquire new zooxanthellae. In
the case of horizontal transmission, the initial uptake of
zooxanthellae by juvenile corals during natural infection
may be specific or non-specific, depending on the par-
ticular host (Coffroth et al. 2001; Weis et al. 2001;
Schwarz et al. 2002; Little et al. 2004; Rodriguez-La-
netty et al. 2004). Thus, the association between the two
partners may be considered flexible and characterized by
changes in the zooxanthella types over time with the
changing physiological needs of the host, in response to
life history stage requirements or ambient environmental
conditions (Little et al. 2004). For these reasons, even
though host-symbiont specificity can occur, a lack of
correlation between host and symbiont genotypes is
expected in horizontal transmission, whereas coevolu-
tion between host and symbiont might be a predicted
outcome in vertical transmission.

In this study, we investigated the fine-scale genetic
diversity and genetic structuring of the Symbiodinium
inhabiting seven populations of the coral Pocillopora
meandrina from French Polynesia and Tonga, using two
polymorphic microsatellites (Magalon et al. 2004). The
symbionts of P. meandrina from these two remote re-
gions belong to the same sub-clade C1 defined by van
Oppen et al. (2001b) and are branched with the ITS2
type C1d defined by LaJeunesse (2001) (Magalon et al.
unpublished data). Currently, microsatellites have been
utilized in only a few studies to explore zooxanthellae
genetic diversity and population structure within the
same type (Santos et al. 2003; Santos et al. 2004). We
also compared symbiont genetic structure to that of its
hosts, which has been previously studied (Magalon et al.
2005). This comparison is interesting since few studies
have focused on the diversity of both partners simulta-
neously at the population level.

Materials and methods

Sample collections

The sampling scheme employed in this study has been
previously described (Magalon et al. 2005). Briefly, P.
meandrina was sampled between March 2001 and
December 2003 from seven sites on four Pacific islands,
with three belonging to the Society Archipelago (Tahiti,
Moorea, Bora-Bora) and one belonging to Tongatapu, an
island in the Tonga Archipelago (Fig. 1). From the



easternmost island (Tahiti), the distances to the other is-
lands are 20 km (toMoorea), 200 km (to Bora-Bora) and
2,000 km (to Tonga). The Tahiti population (hereafter
referred to as Ta) and the Bora-Bora population (Bo)
were sampled in December 2003. The three populations
fromMoorea, situated at 5-km intervals, were sampled in
March 2001 from Haapiti (Mo1), Tiahura (Mo2), and
Vaipahu (Mo3). All samples from French Polynesia were
collected from the outer reef slope. Two populations from
Tonga were sampled inAugust 2002: one from the lagoon
(To1), and the other from the outer reef slope (To2). In
order to compare the zooxanthellae populations of a
different host species, an eighth population, composed of
P. verrucosa individuals, was also sampled at the site
Mo3. This population is named Mo3-Pv.

Both P. meandrina and P. verrucosa are branching
corals. Branch tips of colonies were collected along a
linear transect at 13 m depth at all sites, except To1 (2–
6 m depth). In order to avoid collecting clones propa-
gated by asexual reproduction through the fragmenta-
tion of branch tips, colonies were collected every 5 m
along the transect. All individuals were identified as P.
meandrina or P. verrucosa using morphoanatomical
criteria. Samples were preserved in 70 % ethanol until
use. Total DNA (i.e., zooxanthella DNA and coral
DNA) was extracted using the DNEasy Tissue kit
(Qiagen), following the manufacturer’s instructions,
from 300 mg of coral powder obtained by grinding the
branch tips.

Microsatellite typing

We used two zooxanthella-specific microsatellite loci
(PV1 and PV4) that have been developed from P.
verrucosa symbionts and are also polymorphic for P.
meandrina symbionts (Magalon et al. 2004). Amplifica-
tion and genotyping assays were performed using stan-
dard conditions, as previously described (Magalon et al.
2004). We detected a frequent null allele at locus PV1,
leading us to design a novel pair of primers that were
external to the former primers (PV1bis-for: 5’-GGA
CCA AGC TGA ATA ATT TG-3’-FAM and PV1bis-
rev: 5’-ACC AAG GTA CTG TAG TTG TTA TG-3’).

The annealing temperature, Tm, and PCR conditions
were identical to those for the PV1 locus reported pre-
viously (AY 397776, detailed in Magalon et al. 2004).

Data analysis

Since several alleles were often detected in one coral host
individual and as Symbiodinium are haploid (Santos and
Coffroth 2003), each allele detected in a coral individual
was treated as a single genotype representing a unique
zooxanthella type. Descriptive statistics are presented in
Table 1. As we faced with the difficulty of reconstructing
specific two-locus genotypes, we conducted two types of
statistical analyses on our non-classical data set. First,
for each locus and each population, allele frequencies
were calculated by considering the total number of de-
tected peaks as the total number of zooxanthellae types
present in a coral population. This representation of the
zooxanthella community is biased because the more
frequent alleles, as well as the number of genotypes, are
underestimated. However, it has the advantage of giving
a qualitative picture of the community. We then calcu-
lated for each population and each locus the estimated
number (n) of zooxanthellae types, the number of host
individuals presenting 1-allele, 2-alleles, 3-alleles and 4-
alleles genotypes and the gene diversity H (Nei 1978)
using Arlequin version 2.00 (Schneider et al. 2000).

Second, to combine the information of the two loci
simultaneously, we coded the presence or absence of an
allele in a coral individual as would be done in restriction
fragment length polymorphism analyses. To estimate the
independence between all zooxanthellae types, we con-
ducted linkage disequilibrium tests between all pairs of
alleles at both loci for each population using Arlequin
version 2.00 (Schneider et al. 2000). Bonferroni correc-
tions were used to correct for multiple testing (Rice
1989). FST statistics (Weir and Cockerham 1984) from all
pairwise population comparisons were calculated using
Arlequin version 2.00 (Schneider et al. 2000). This sta-
tistic assumes that alleles are evolving under an Infinite
Allele Model (IAM) and estimates the probabilities of
identity between alleles. Similar measures have also been
calculated for the host populations data set previously

Fig. 1 Localities from which
P. meandrina and P. verrucosa
were collected (population
names are in bold)



Table 1 Allele frequencies at loci PV1bis and PV4 for symbionts of P. meandrina populations

Allele
size (bp)

Site

Mo1 Mo2 Mo3 Ta Bo To1 To2 Mo3-Pv

Locus PV1bis
137 – 0.009 – – – – – –
142 0.383 0.425 0.434 0.392 0.429 0.556 0.481 0.411
147 0.055 0.062 0.047 0.054 0.043 0.022 – 0.014
148 – – – 0.014 – – – –
150 – – – – – – – 0.014
153 0.016 0.018 0.009 0.027 0.014 0.044 0.019 0.041
155 0.016 – 0.009 – 0.014 – – –
157 – 0.009 – – – – – –
159 0.016 – 0.009 – – – – –
161 – – 0.009 – – – – –
163 0.008 – 0.009 – 0.014 0.022 – 0.014
164 0.016 – – – – – – –
165 – 0.018 0.009 – – 0.022 – –
166 0.117 0.133 0.16 0.176 0.129 0.133 0.192 0.247
167 0.016 – – – – – – –
168 0.219 0.212 0.198 0.162 0.243 0.044 0.077 0.123
169 0.016 – 0.009 – – – 0.038 –
170 0.016 0.027 0.009 – – – – 0.014
171 0.016 – – 0.014 – – – 0.027
172 0.016 – – – – 0.022 – –
173 0.016 – – 0.014 – – – –
174 – 0.009 – – – – – –
175 – – – – 0.014 – – –
176 – 0.009 – 0.014 – 0.022 – –
177 – – – – 0.014 – – –
178 0.023 0.009 0.019 0.068 0.014 – 0.019 0.055
179 – 0.018 – – – – – 0.014
180 0.016 0.018 0.009 0.041 0.043 0.022 – –
181 – – 0.009 – – – – –
182 0.008 – – – – – 0.019 –
183 – – – – – – – 0.014
184 – – – 0.014 – 0.044 0.019 0.014
186 – 0.009 – 0.014 – – 0.038 –
187 – 0.009 – – 0.014 – – –
189 – – – – – 0.022 – –
191 – – – – – 0.022 0.019 –
193 – – – – – – 0.019 –
197 – – 0.009 – – – 0.019 –
198 – – 0.019 – – – – –
199 – 0.009 – – – – 0.019 –
201 0.008 – – – 0.014 – – –
206 0.008 – 0.009 – – – – –
209 – – – – – – 0.019 –
213 – – 0.009 – – – – –
n 128 113 106 74 70 45 52 73
H ± s.d. 0.788±0.027 0.757±0.031 0.750±0.033 0.789±0.035 0.746±0.039 0.679±0.074 0.734±0.056 0.759±0.036
Haplotype a

1-allele 3 9 7 1 1 13 7 1
2-allele 23 22 30 16 19 5 10 18
3-allele 17 16 9 11 9 6 7 8
4-allele 7 3 3 2 1 1 1 3
N 50 50 49 30 30 25 25 30
Locus PV4
89 0.014 0.031 – – – – – –
97 0.275 0.234 0.2 0.361 0.088 0.324 0.364 0.111
98 0.014 – 0.017 0.056 0.059 – – 0.056
99 – 0.016 – – 0.088 0.029 – 0.028
100 0.087 – 0.033 – 0.029 – – 0.25
101 – 0.016 – 0.028 0.029 – 0.045 –
102 0.029 0.016 – – – – – 0.028
103 – 0.016 – – – 0.059 – –
104 0.014 – – – – – – –
105 0.029 0.047 0.05 – 0.029 0.206 0.273 –
106 0.014 0.031 – – 0.059 – – –



studied (Magalon et al. 2005). The population Mo3-Pv
was examined with the same coral-specific microsatellites
as in Magalon et al. (2005) and was integrated into the
seven P. meandrina populations. Additionally, for both
host and symbiont populations, Slatkin’s linear genetic
distances (D = FST/(1-FST)) (Slatkin 1993) were calcu-
lated between all pairs of populations over all loci using
Arlequin version 2.00 (Schneider et al. 2000), and the
distances were graphically represented as a dendrogram
using the neighbor-joining algorithm in MEGA version
2.1 (Kumar et al. 2001).

The associations between genetic structure of the host
populations, the genetic structure of symbiont popula-
tions and space were investigated with Mantel tests
(Legendre and Fortin 1989). Mantel analyses test cor-
relations between two matrices (simple Mantel test) or
between two matrices while controlling for the effect of a
third matrix (partial Mantel test) (Smouse et al. 1986;
Legendre and Fortin 1989). In order to perform these
analyses, two matrices (one for the host population and

one for the symbiont population) of genetic distances
(estimated by FST) were built. A matrix of Euclidian
distances between pairs of populations (estimated by the
logarithm of distance in kilometers) was also con-
structed. The Mantel’s and partial Mantel’s r-value was
tested for significance by 1,000 permutations using Ar-
lequin version 2.00 (Schneider et al. 2000).

Results

Population variation

Allele data per population and per locus are given in
Table 1. We identified a total of 44 and 23 alleles from
loci PV1bis and PV4, respectively. Allele sizes ranged
between 137 and 213 bp for locus PV1bis and between
89 and 125 bp for locus PV4. Among these alleles, three
and two alleles were most frequent at loci PV1bis and
PV4, respectively. At locus PV1bis, 97.6, 35.6 and 40.5

Table 2 Pairwise multilocus estimates of FST for zooxanthella populations (below diagonal) and for coral populations (above diagonal)

Mo1 Mo2 Mo3 Ta Bo To1 To2 Mo3-Pv

Mo1 – 0.025*** 0.026*** 0.023*** 0.039*** 0.074*** 0.067*** 0.074***
Mo2 –0.004 – –0.003 –0.006 –0.004 0.131*** 0.104*** 0.105***
Mo3 0.002 –0.010 – –0.002 –0.004 0.142*** 0.114*** 0.113***
Ta 0.003 0.006 0.010 – –0.004 0.121*** 0.099*** 0.101***
Bo 0.012 0.012 0.018 0.030* – 0.158*** 0.135*** 0.126***
To1 0.069*** 0.067*** 0.075*** 0.058** 0.085*** – 0.009 0.096***
To2 0.064*** 0.070*** 0.071** 0.040* 0.094*** –0.004 – 0.098***
Mo3-Pv 0.039** 0.051** 0.037** 0.037* 0.044*** 0.101*** 0.084*** –

Significance at the * P £ 0.05, ** P £ 0.01, *** P £ 0.001 level. Significant FST values after a sequential Bonferroni correction are in bold
for zooxanthellae populations

Table 1 (Contd.)

Allele
size (bp)

Site

Mo1 Mo2 Mo3 Ta Bo To1 To2 Mo3-Pv

107 0.348 0.453 0.5 0.389 0.294 0.206 0.227 0.389
108 0.014 0.016 0.017 – 0.029 – – –
109 0.087 0.094 0.117 0.028 0.118 0.176 – 0.083
111 0.029 – 0.033 0.028 – – 0.045 –
112 – – 0.017 – – – – –
113 0.029 0.031 – – 0.029 – – 0.028
114 0.014 – – – – – – –
115 – – – – 0.029 – – –
116 – – – – – – 0.045 –
117 – – – – 0.029 – – –
118 – – – 0.083 0.088 – – 0.028
125 – – 0.017 – – – – –
n 69 64 60 35 34 34 22 36
H ± sd 0.795±0.033 0.736±0.045 0.702±0.052 0.725±0.050 0.889±0.038 0.799±0.032 0.771±0.051 0.782±0.049

Haplotype a

1-allele 31 36 40 24 24 16 13 22
2-allele 19 14 10 4 5 9 3 7
3-allele 0 0 0 1 0 0 1 0
4-allele 0 0 0 0 0 0 0 0
N 50 50 50 29 29 25 17 29

n is the total number of zooxanthellae types genotyped for each population, H is the gene diversity; N is the total number of haplotype
(i.e., the total of P. meandrina individuals studied for each population). The occurrence of each zooxanthellae type is obtained by
multiplying n and the frequencyaNumber of colonies with 1,2,3 or 4 zooxanthellae types



% of the 289 colonies harbored genotypes with alleles
142, 166 and 168, respectively, while at locus PV4, 32
and 50.6% of all colonies harbored genotypes with al-
leles 97 and 107, respectively. Estimates of gene diversity
(H) within populations ranged from 0.679 (for popula-
tion To1) to 0.789 (for Ta) for locus PV1bis and from
0.702 (for Mo3) to 0.889 (for Bo) for locus PV4. At locus
PV1bis, 14.7, 49.4, 28.7 and 7.2% of all coral individuals
exhibited one, two, three and four alleles, respectively,
whereas at locus PV4, all coral individuals exhibited ei-
ther one (74.6%) or two alleles (25.4%). Among the
2,451 linkage disequilibrium tests between all polymor-
phic alleles for each population, 162 were significant at
the 5% level and only 72 (2.9%) remained significant
after the Bonferroni correction. Therefore no particular
association was detected between the different zooxan-
thellae types.

Population differentiation

With one exception, differentiations between populations
from the same archipelago were not significant, whereas
all differentiations between one population from the
Society Archipelago and one population from Tonga

were significant. Significant pairwise FST between popu-
lations (Table 2) ranged from 0.030 (Ta vs. Bo) to 0.101
(To1 vs. Mo3-Pv). However, since our analyses were
performed using only two microsatellites markers, our
results should be interpreted with caution. The Tonga
populations were differentiated from the Society popu-
lations while within the Society archipelago, population
Ta from Tahiti was slightly, but significantly, differenti-
ated from population Bo at Bora-Bora (these popula-
tions are located on the two most distant islands of the
archipelago). Interestingly, the symbionts of the P.
verrucosa population Mo3-Pv from Moorea were sig-
nificantly different from all the symbiont populations of
P. meandrina (mean significant FST=0.056). As for the
host populations, the population Mo3-Pv of P. verrucosa
is also significantly different from all other host popula-
tions (mean FST=0.102, Magalon et al. 2005). The
Neighbor-Joining trees using Slatkin-linearized FST dis-
tances illustrate these observations (Fig. 2a and b).

Regarding the host, the population of P. verrucosa
from Moorea Mo3-Pv was significantly differentiated
from the P. meandrina populations at the same site.
However, the P. meandrina populations from Tonga and
from the Society Islands are as differentiated from each
other (mean FST=0.114) as Mo3-Pv is to the P.

Fig. 2 Neighbor-Joining tree of
a all host populations and b all
symbiont populations using
Slatkin FST distances

Table 3 Mantel (above diagonal) and partial Mantel (below diagonal) correlations between matrices of P. meandrina population pairwise
FST, P. meandrina symbiont population pairwise FST and geographic distance (transformed by log)

P. meandrina population
pairwise FST

P. meandrina symbiont
population pairwise FST

Geographic distance

P. meandrina population pairwise FST – 0.896** 0.808*
P. meandrina symbiont population pairwise FST 0.658* – 0.919***
Geographic distance 0.075 0.732** –

The P. verrucosa population Mo3-Pv has been removed from this analysis. Significant at * P £ 0.05, ** P £ 0.01, *** P £ 0.001 level after
a sequential Bonferroni correction. Data in bold remained significant when Mantel tests were restricted to French Polynesia populations



meandrina populations (mean FST=0.102). This kind of
pattern is commonly observed between closely related
coral species and is usually explained by reticulate evo-
lution, i.e., the frequent occurrence of hybridization and
introgression (Van Oppen et al. 2000; van Oppen et al.
2001a; Vollmer and Palumbi 2002; Fukami et al. 2004;
Van Oppen et al. 2004). Alternatively, we could imagine
that the populations of Tonga do not belong to P.
meandrina but to a third species.

Comparisons of symbiont and host population
structures

Mantel tests permitted us to investigate any link between
host population structure and symbiont population
structure by testing whether differentiation between
symbiont populations were related to the differentiation
between the corresponding host populations or simply
to their geographic distance. At the scale of the South
Pacific, significant positive Mantel correlations were
found between the P. meandrina population FST matrix
and the distance matrix (r=0.808, P £ 0.05), between
the P. meandrina symbiont FST matrix and the distance
matrix (r=0.919, P £ 0.001), and between the host FST

and symbiont FST matrices (r=0.896, P £ 0.01; see
Table 3). The results of the partial Mantel test showed a
significant relationship between symbiont population
structure and host population structure when the effect
of distance separating populations was controlled for
(r=0.658, P £ 0.05). Similarly, a significant relationship
between symbiont population structure and distance
separating populations was observed when the effect of
host population structure was controlled for (r=0.732,
P £ 0.01; see Table 3). Thus, variation in symbiont
population structure among sites appeared partly related
to variation in host population structure, but also to the
geographic location of sites.

At the scale of the Society Archipelago, significant
positive correlations were found between the P. meand-
rina symbiont FST and distance matrices (r=0.869,
P<0.05) whether or not the effect of host population
structure was controlled for (r=0.874, P<0.05). On the
other hand, correlations between the symbiont FST and
its host population FST matrices were not significant,
whether or not the effect of distance separating popu-
lations was controlled for (all P>0.05). The lack of
correlation between the symbiont and host matrices
demonstrates that host and symbiont population struc-
tures are independent at this scale (200 km).

Discussion

Structure of the zooxanthellae populations inhabiting
P. meandrina

At the scale of the Society Archipelago, none of the
symbiont populations examined were differentiated from

each other, except the two most distant populations Ta
and Bo, which are from Tahiti and Bora-Bora, respec-
tively. Separated by 200 km, they exhibited weak, but
significant, differentiation. At the scale of the South
Pacific, symbiont populations from Tonga and from the
Society Archipelago were significantly differentiated
from each other. However, the dispersal of zooxanthel-
lae seems quite widespread since the same common al-
leles were found in the two archipelagos. To determine
whether these shared alleles were identical by descent or
are due to size homoplasy (Viard et al. 1998; Adams
et al. 2004), we sequenced one shared allele per locus.
We found identical sequences, suggesting that the shared
alleles are truly identical by descent. Zooxanthellae may
disperse by at least two different modes. Cells may be
released into the water column by the host (Maruyama
and Heslinga 1997; Bhagooli and Hidaka 2004) and then
passively transported by currents and tides. In this case,
free-living symbionts are strongly subjected to environ-
mental constraints, such as limited access to nutrients,
and their lifespan may be consequently short. Alterna-
tively, they may reside in hospite in coral larvae, with
their dispersal dependent on the larvae’s dispersal ability
as well as on oceanic currents. Mantel tests restricted to
the French Polynesia populations showed that, at this
scale, the genetic structure of the symbiont populations
depends on geographic distances while being indepen-
dent of the host population genetic structure. These re-
sults suggest that zooxanthella population structure is
primarily governed by oceanic currents and the distance
separating populations. The global pattern of isolation
by distance can be explained by the oceanic currents that
bath the islands of Polynesia (Rougerie and Wauthy
1986) and the islands of the South Pacific (the Pacific
South Equatorial Current flowing from east to west).
These currents likely promote zooxanthellate larvae or
free zooxanthellae dispersal between neighboring pop-
ulations on successive reefs and islands. Distance-
dependent dispersal has also been documented for coral
populations in French Polynesia (Magalon et al. 2005;
when the population Mo1 fromMoorea is excluded) and
for Symbiodinium clade B zooxanthellae in the Bahamas
(Santos et al. 2003).

Zooxanthella acquisition

Our study demonstrates that a host individual can har-
bor several zooxanthellae types (here, from one to four)
simultaneously, as identified genetically by microsatellite
markers. We observed a higher number of alleles at lo-
cus PV1bis than at PV4, which could be due to a dif-
ference of mutation rate between the two microsatellite
loci. Indeed, mutation process is heterogeneous with
respect to loci, repeat types and organisms (reviewed in
Ellegren 2004). Given the presence of more than one
zooxanthella type per host and as we are not able to
determine whether a peak is the product of one or more
copies of an allele, it was not possible to elaborate a



posteriori all the symbiont genotypes present in a single
host individual. This is a frequent issue in studies of
polyploid organisms (see e.g., Korbecka et al. 2003). The
number of genetically different symbionts per P.
meandrina colony is quite different compared to other
cnidarian hosts. Goulet and Coffroth (2003) found only
one unique zooxanthella genotype in each of the studied
Plexaura kuna colonies using DNA fingerprints. Santos
et al. (2003) found only a single allele per microsatellite
locus for the majority of the individuals of Pseudo-
pterogorgia elisabethae and P. kuna examined, allowing
them to reconstruct haploid genotypes.

Thus, the association of P. meandrina with its sym-
bionts seems more flexible (i.e., association with several
different types of zooxanthellae simultaneously) than
that of the gorgonians. Moreover, there was no correla-
tion between the genetic distances of the symbionts and
genetic distances of their hosts, and no particular asso-
ciation between the different zooxanthellae types being
identified by the linkage disequilibrium tests. This sug-
gests that the acquisition of zooxanthellae from the
environment by P. meandrina might occur at the larval
stage or during post-larval settlement. However, many
studies have reported that P. damicornis, P. verrucosa
and P. eydouxi from different regions [Japan (Hirose
et al. 2000; Harii et al. 2002), Eastern Pacific (Glynn et al.
1991), Maldives (Sier and Olive 1994) and South Africa
(Kruger and Schleyer 1998)] contained zooxanthellae in
their oocytes, indicating maternal transmission. Even if
P. meandrina is not mentioned specifically in these
studies, it is probable that P. meandrina also harbors
zooxanthellae in its mature oocytes prior to spawning
since this species is closely related to the ones cited above.

Maternal transmission is usually thought to induce
low symbiont diversity and correlations between the
genetic structure of hosts and their symbionts. Our re-
sults therefore seem to contradict the likely maternal
transmission of symbionts in P. meandrina. Such a dis-
crepancy has also been observed by Van Oppen (2004)
for acroporid corals of the Montipora genus. One pos-
sible explanation is that corals that transmit their sym-
bionts maternally are also capable of acquiring
symbionts from the environment by horizontal trans-
mission, either during early development, or as adults,
such as following a disturbance. This last case could be a
frequent event in French Polynesian populations, as they
are often subjected to bleaching events (Hoegh-Guld-
berg and Salvat 1995; Mumby et al. 2001). The acqui-
sitions of symbionts could potentially be non-specific,
since Little et al. (2004) showed that the first acquisition
of zooxanthellae are not specific, followed by selection
of the types best adapted to their habitat conditions. The
acquisition of exogenous symbionts (Lewis and Coffroth
2004) or the presence of several symbionts in a single P.
meandrina provides a mechanism for response to chan-
ges in the environment. When colonies face stressful
conditions, they may cope with disturbances by regu-
lating the relative abundances of each zooxanthellae
type.

Host specificity

It is interesting to note that the symbiont populations
from the two populations at Tonga, To1 and To2 (col-
lected in the lagoon and on the outer slope, respectively),
are not differentiated even if they are located in two
environments with contrasting irradiance and tempera-
ture regimes. Thus, at this scale, we have not detected an
‘‘ecological type’’, similar to what has been reported for
the Symbiodinium B1/B184 genotypes of P. elisabethae
(Santos et al. 2003). However, we cannot generalize
beyond this, since only two populations have been in-
cluded in this comparison.

Furthermore, we found that the P. verrucosa symbi-
ont population was significantly differentiated from all
P. meandrina symbiont populations (mean FST=0.056),
even that of Mo3, which originated from the same site at
Moorea (significant FST=0.037). Therefore, we can
conclude that there is some evidence for host-symbiont
fine-scale specificity in the examined systems. However,
the differentiation between the two symbiont popula-
tions is relatively low, which could be due to a low
selectivity of P. meandrina and P. verrucosa. They would
therefore partly harbor the same symbionts because they
are very closely related and they inhabit the same geo-
graphic location (LaJeunesse et al. 2004a, 2004b).

In conclusion, we have found that (1) the symbionts
of P. meandrina are genetically very diverse, (2) their
structure is not congruent with that of their host, and (3)
there is a weak host-symbiont specificity within both P.
meandrina and P. verrucosa at the genetic resolution le-
vel of microsatellites. Furthermore, our data suggest
that (4) algal dispersal is mainly governed by oceanic
currents and (5) secondary acquisition of symbionts
probably occurs in these scleractinian corals.
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