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Abstract. Since the 1980s, population densities of Acroporidae have dramatically declined in the Caribbean Sea.
Quantitative censuses ofAcroporidae provide information on the number of colonies (i.e. ramets), but not on the number of

genetically distinct individuals (i.e. genets). In this context, the aim of our study was to provide an overview of the genetic
status of Acropora populations in Guadeloupe by examining the genotypic richness of Acropora palmata and Acropora

cervicornis. Using 14microsatellite loci, we found extremely lowgenotypic richness for both species fromCaye-à-Dupont
reef (i.e. 0.125 for A. palmata and nearly zero for A. cervicornis). Because genetic diversity contributes to the ability of

organisms to evolve and adapt to new environmental conditions, our results are alarming in the context of ongoing global
warming as long periods of clonal growth without sexual recruitment may lead to the extinction of these populations.
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Introduction

Stony corals of the Acroporidae (Class Anthozoa, Order Scler-
actinia) belong to the most important reef-builders, providing
complex shelter for fish and numerous other species (Gladfelter

1982; Bruckner 2002). In the Caribbean Sea, the Acroporidae is
represented by two species, Acropora palmata (Lamarck, 1816)
(elkhorn coral) and Acropora cervicornis (Lamarck, 1816)

(staghorn coral). Acropora prolifera (Lamarck, 1816) is a first-
generation hybrid of the two species (Van Oppen et al. 2000;
Vollmer and Palumbi 2002). Since the 1980s, populations of
A. palmata and A. cervicornis have declined dramatically in

Guadeloupe andmore generally in the Caribbean Sea (over 80%
of population reduction during the past 30 years), likely due to
the combined effects of hurricanes, diseases, climate change and

human-related factors (Precht et al. 2002; Williams and Miller
2005; Miller et al. 2009). Caribbean acroporid species have
been classified as ‘critically endangered’ since 2008 by the

International Union for Conservation of Nature, regulated by
the US Endangered Species Act and listed on the Washington
Convention (CITES, Appendix II).

Acroporid species have two reproductive modes: a sexual

one with gamete production, which increases the genetic vari-
ability of the populations, and an asexual mode, called fragmen-
tation or clonal reproduction, which produces genetically

identical colonies or clones. Therefore, whereas quantitative

censuses of acroporid densities report on the number of ramets

(i.e. coral colonies), the number of genets (i.e. genetically
distinct individuals) usually remains unknown despite its impor-
tance. Indeed, clonal reproduction reduces genotypic diversity

which may, as a result, lead to increased susceptibility to
environmental instability (Booth and Grime 2003; Reusch
et al. 2005). Furthermore, remnant populations may become

sexually extinct after prolonged clonal growth and the absence
of immigration from other populations (ecologically driven
sexual extinction) (Honnay and Bossuyt 2005). Therefore,
knowledge of genetic and genotypic diversity patterns is thus

critical in declining populations in which recruitment by sexual
reproduction is thought to be limited (Baums et al. 2006). In this
context, the aim of our study was to provide an overview of the

genetic status of A. palmata and A. cervicornis populations in
Guadeloupe by examining the proportion of genets versus the
proportion of ramets in these two species.

Materials and methods

Location

In order to avoid confounding environmental factors that may
hamper direct comparison of genetic diversity among species,
surveys were conducted in early 2011 on various promising

and easily accessible reefs of Guadeloupe, French Antilles, to
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select possible study sites that offered dense populations of both
species. Although sparse Acropora palmata colonies were

found on almost all coral reefs surveyed around the island, dense
populations were rarely observed. Moreover, very few colonies
of A. cervicornis were encountered on Guadeloupean reefs. We

found a unique reef with dense populations of both A. palmata

and A. cervicornis, Caye-à-Dupont (Fig. 1), which was then
selected for our study. This site is located on an isolated reef of

the ‘Petit Cul-de-Sac Marin’ lagoon in front of the city of
Goyave, Guadeloupe. The colonies of A. cervicornis

(16809027.0700N, 61832042.3600W) are located on the reef flat,
between 2 and 3 m deep, whereas the colonies of A. palmata

(16809025.6000N, 61832033.1800W) are located on the fore reef
zone at ,2 m deep.

Sampling

For each species, a central colony of the respective population

was designated as the landmark and georeferenced. Each other
colony was thereafter geographically located from this first one,
by measuring the distance separating each colony from its
neighbour and recording the bearingwith a compass. All colonies

within a circle of 30 m radius from the central colony were then
identified, labelled and geolocated. A coral fragment was cut
from each colony and placed into a Falcon tube containing 70%

ethanol. In total, 80 A. palmata colonies and 80 of A. cervicornis
were sampled in December 2011.

Molecular analysis

Genomic DNA was isolated from 5–10 polyps per individual
colony using a DNA Purification Kit (formerly Gentra Pure-

gene, Qiagen, Germantown, MD, USA) following the manu-
facturer’s protocol. Forward primers of A. palmata specific
microsatellite loci (Baums et al. 2005, 2009) were labelled with

ABI fluorescent dyes and 14 loci were successfully amplified
into two multiplex PCRs as follows: Multiplex1: 0007/NED,
0166/PET, 0192/6-FAM, 0207/VIC, 1195/PET, 2637/VIC, and
5047/NED; Multiplex2: 0181/NED, 0182/PET, 0513/6-FAM,

0585/VIC, 1490/PET, 6212/NED and 9253/VICMultiplex PCR
reactions were conducted in a thermocycler (GeneAmp PCR
System 2700, Applied Biosystems, Foster City, CA, USA) in a

final volume of 10 mL using the Type-it Microsatellite PCR Kit
(Qiagen) according to the manufacturer’s protocol, and using an
annealing temperature of 57 and 558C for Multiplex 1 and 2

respectively. Amplified fragments were sent to Genoscreen
(Lille, France), where they were resolved on an ABI 3730XL
sequencer alongwith aGeneScan LIZ-500 internal size standard

(Applied Biosystems). GENEMAPPER 5.0 software (Applied
Biosystems) was used to genotype all screened individuals.
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Fig. 1. Location of the Caye-à-Dupont study site and sampled Acropora populations in Guadeloupe. (a) A. cervicornis;

(b) A. palmata.
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Data analysis

In order to identify the number of distinct multilocus geno-
types (referred to hereafter as ‘MLG’) among each colony

(referred hereafter as ‘ramets’), for each species dataset, we
used GENOTYPE (Meirmans and van Tienderen 2004), which
allows the inclusion of three-allele genotypes. Indeed, in both

species, several samples showed three fluorescent peaks of
comparable intensity and shape at some loci. These third allele
peaks were clearly distinguishable from potential stutter peaks

because (1) the three peaks were comparable, so that we could
not choose two alleles among the three peaks, and (2) stutter
peaks were not present in comparable two-allele chromato-
grams, likely because of the use of loci with trinucleotide-

repeat motifs (Baums et al. 2005, 2009). Additionally, we
found a gap in the distribution of pairwise allele differences
among MLGs (2–13 alleles difference). Therefore, MLGs

appearing 1 or 2 alleles different from each other, as well as
MLGs presenting a third additional allele peak at one or two
loci, were interpreted as somatic mutants of the same MLG

(Van Oppen et al. 2011) and were therefore coded as belonging
to the same multilocus lineage (referred to hereafter as ‘MLL’).
GMCONVERT (Faircloth 2006) was used to convert an

exported GENEMAPPER table of genotypes into a GENEPOP
(Raymond and Rousset 1995) input file. Genotypic linkage
disequilibria, number of alleles per locus, number of genotypes
per locus, expected and observed heterozygosity, null allele

frequencies and fixation index estimate (FIS) (Weir and
Cockerham 1984) were estimated using the online GENEPOP
4.2 (http://genepop.curtin.edu.au/, accessed 14 January 2015).

Significant departures from Hardy–Weinberg equilibrium were
tested using the exact test implemented in GENEPOP with
specified Markov Chain parameters as several 1000 for the

dememorisation, followed by 1000 batches of 1000 iterations
per batch.

Results and discussion

Somatic mutations were observed in both species, at equivalent
rates (14% of sampled ramets presented somatic mutations for
A. palmata and 15% for A. cervicornis) (Table 1).

Among the 80 A. palmata colonies sampled and analysed,
10 MLLs were found (Table 1; Fig. 2a). Each MLL was
represented by several ramets (ranging from 2 to 34).

For A. cervicornis, a single MLL was encountered among

the 80 sampled and analysed colonies (Table 1; Fig. 2b) so that
all sampled colonies were interpreted to be clones. This MLL
was then composed of 80 individual ramets over an area of

2826 m2.
Between these two Caye-à-Dupont populations of identical

sample size (n¼ 80 per species), the number of identifiedMLLs

was then different by a factor of ten. Estimates of genotypic
richness ranged from 0.0125 for A. cervicornis population to
0.125 for nearby A. palmata population (Table 1).

For A. palmata, only one representative of each MLL was
kept for the following analyses. The 14 analysed microsatellite

Table 1. Clonal diversity for each Acropora population

N, number of ramets; NMLG, number of multilocus genotypes; NMLL,

number of multilocus lineages; NMLL/N, genotypic richness; Somatic

mutants: percentage of sampled ramets that present somatic mutations;

Maximum distance: maximum distance (m) between clones

Acropora palmata Acropora cervicornis

N 80 80

NMLG 20 5

NMLL 10 1

NMLL/N 0.125 0.0125

Somatic mutants (%) 13.75 15

Maximum distance (m) $25 $60
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Fig. 2. Representative polar plot maps of genotypic lineage diversity within (a)Acropora palmata and (b) Acropora cervicornis

populations. Each symbol represents a sampled ramet, with common symbol and colour for genetically identical multilocus

lineages (MLL).
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loci were polymorphic and the number of alleles per locus
ranged from 3 (in Apal1490) to 11 (in Apal166) (Table 2). Tests
of genotypic linkage disequilibrium between loci within sam-
ples indicated no significant association of alleles (allP. 0.05),

confirming that all loci can be treated as independent markers.
Estimated null allele frequencies (r) per sample ranged from
,0.0001 (Apal5047 and Apal513) to 0.29 (Apal181) (Table 2).

Observed heterozygosities ranged between 0.40 (Apal181) and
0.90 (Apal166) and expected heterozygosities ranged between
0.49 (Apal181) and 0.91 (Apal166) (Table 2). The estimate of

multilocus observed heterozygosity was 0.66 and the estimate of
multilocus expected heterozygosity was 0.71 (Table 2). Loci did
not show significant deviations fromHardy–Weinberg expected
genotype frequencies in all samples (Table 2). All estimates of

FIS ranged from �0.08 (Apal5047) to 0.2241 (Apal1490) and
the multilocus estimate of FIS was 0.07 (Table 2).

Acropora populations of Caye-à-Dupont reef present an

analogy in terms of low observed genotypic richness
(i.e. 0.125 for A. palmata and nearly 0 for A. cervicornis). These
findings reveal that the maintenance of Acropora populations at

this site is mostly asexual, and that sexual recruitment on this
reef is limited for both species. Such estimates are weaker than
genotypic richness estimates of A. palmata populations reported

in the Caribbean by Baums et al. (2006) and Mège et al. (2014)
(mean per reef¼ 0.5 and 0.75 respectively). In particular,
Guadeloupean A. palmata populations studied by Mège et al.

(2014) show a much higher genotypic richness (0.96) than that

for Caye-à-Dupont reported here (0.125). However, Mège et al.
(2014) favoured a non-random, opportunistic sampling strategy
to avoid over-representation of clones for the benefit of genetic

structure analyses (Mège et al. 2014) whereas we sampled all
colonies in a circle of 30-m radius to better assess the contribu-
tion of clonal reproduction in the studied population. Therefore,

this large difference between estimates may be explained by the
different sampling strategies, although Baums et al. (2006) did

not observe such discrepancies while using randomised circle
plots against opportunistic sampling.

Variations of asexual reproduction among sites at the

province, the region or the reef scales are influenced by
fragmentation efficiency and relative geoclimatic conditions
(wave intensity, hurricane frequency and intensity, topogra-

phy) (Coffroth and Lasker 1998; Baums et al. 2006). For
example, swell is known to significantly affect the spatial
distribution of coral populations, in particular clonal colonies
derived from fragmentation. On the Caye-à-Dupont reef, the

high capacity of the Acropora populations to reproduce asexu-
ally is induced by an active hydrodynamic mode (prevailing
swell induced by trade winds from the east) and an efficient

capacity for fragmentation. During high swells, waves break on
the reef flat zone and the flat bottom prevents the dispersal of
coral fragments and advantages their fixation nearby. In con-

trast, the Anse-Bertrand reef is positioned against a small cliff,
and the A. palmata colonies studied were sampled at depths
where they were growing in an encrusting fashion, likely
limiting their ability to produce asexual recruits via fragmenta-

tion (Mège et al. 2014). Therefore, the choice of the sampling
sites may further explain some of the discrepancy observed
between our genotypic richness estimate for A. palmata from

Caye-à-Dupont and those found in the other Guadeloupean
localities studied by Mège et al. (2014).

The maximum distance between two identified clones of

A. cervicornis was at least 60 m (i.e. the maximum distance
between two sampled ramets), whereas it was 25 m for
A. palmata (Table 1). These two estimated distances are mini-

mum estimates, as they were calculated on the basis of sampled
ramets within a circle of 30-m radius from a central colony, and
not by considering all potential clones located outside this circle.
The skeletal structure of A. cervicornis, more fragile than that of

A. palmata, likely explains the better capacity for fragmentation
of A. cervicornis (Bottjer 1980; Tunnicliffe 1981; Garcia Reyes
and Schizas 2010). Thus, the clonal propagation of genets by

fragmentation is higher forA. cervicornis than forA. palmata, as
confirmed by the maximum distance among clones.

For A. palmata, the 10 MLLs found among the 80 ramets

analysed suggest that, in spite of this population being mostly
asexual, recruitment of coral larvae issued from sexual repro-
duction has occurred. On the contrary, the fact that the
A. cervicornis population was monoclonal (i.e. a single MLL

found) reveals a poor recruitment of new individuals from
sexual reproduction. Because genetic diversity contributes to
the ability of the organisms to evolve and adapt to new condi-

tions, this result has profound implications. Indeed, it is known
that some genets can be more resistant to environmental pertur-
bations and therefore coral bleaching (Edmunds and Gates

2003). Moreover, the association of an absence of sexual
recruitment and a strong clonal growth in a population over a
long period may lead to an extinction of the population (Honnay

and Bossuyt 2005). The results from this genetic characterisa-
tion of Acropora populations in Guadeloupe are therefore
alarming in the context of ongoing global warming, especially
for A. cervicornis. Even though Mège et al. (2014) found high

genetic diversities in A. palmata populations and no genetic

Table 2. Genetic diversity at 14 microsatellite loci for Acropora

palmata

NMLL, number of multilocus lineages; Ng, number of single-locus genotypes;

Na, number of alleles; HE, expected heterozygosity; HO, observed heterozy-

gosity; P, probability of deviation from Hardy–Weinberg expectations by

exact tests (n.s., non-significant);FIS,Weir and Cockerham’s (1984) estimate

fixation index; r, null allele frequency.Without clones and somaticmutations,

NMLL¼ 10

Locus Ng Na HE HO P FIS r

0007 9 7 0.88 0.80 n.s. 0.10 0.12

1195 5 5 0.62 0.50 n.s. 0.20 0.08

0166 9 11 0.91 0.90 n.s. 0.01 0.04

0192 8 8 0.79 0.70 n.s. 0.12 0.13

0207 9 9 0.87 0.80 n.s. 0.08 0.07

2637 9 7 0.82 0.80 n.s. 0.02 0.01

5047 5 5 0.56 0.60 n.s. �0.08 0.00

1490 5 3 0.64 0.50 n.s. 0.22 0.24

0181 4 4 0.49 0.40 n.s. 0.19 0.29

0182 8 9 0.83 0.70 n.s. 0.16 0.09

0513 5 5 0.51 0.50 n.s. 0.01 0.00

0585 7 5 0.67 0.70 n.s. �0.04 0.07

6212 5 4 0.64 0.60 n.s. 0.07 0.20

9253 6 5 0.72 0.80 n.s. �0.13 0.00

Mean – 6.2 0.71 0.66 – 0.07 –
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differentiation among A. palmata populations of the eastern
Caribbean region (including Guadeloupe), genetic characterisa-

tion of additional Guadeloupean Acropora populations is now
needed to estimate the general status of these species on the
island and hopefully reveal the unique status of Caye-à-Dupont

populations.

Conclusion

These Guadeloupean populations of Acropora palmata and
Acropora cervicornis on Caye-à-Dupont reef both present
extremely low genotypic richness levels, particularly the

A. cervicornis population, which was found to be monoclonal
(i.e. a single MLL was encountered among the 80 analysed
colonies). These results suggest that the maintenance of these

Acropora populations mostly relies on an asexual reproduction
and that sexual recruitment on this reef is likely limited for both
species. Because long periods of clonal growth without sexual

recruitment may lead to the extinction of these populations,
these preliminary results are alarming in the context of ongoing
global warming for Guadeloupean Acropora populations,
especially for A. cervicornis.
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