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Evolution / Evolution
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Abstract

Six variable sequence markers are developed and analyzed to find out species boundaries in Hawaiian corals of the genus
Pocillopora: the putative mitochondrial control region; a recently discovered, hypervariable mitochondrial open reading frame;
the internal transcribed spacer 2 (ITS2), located in the nuclear ribosomal DNA; three nuclear introns of calmodulin, elongation
factor-1« and the ATP synthase (3 subunit. Using the first two markers, we identify five distinct mitochondrial lineages and these
lineages are compatible with morphology. The situation is more complex with nuclear markers since more than two haplotypes
are observed in some individuals. To detect clusters of individuals, haplotype networks are constructed with additional connections
drawn between co-occurring haplotypes to delineate potential fields for recombination: few clusters of nuclear haplotypes are
found to correspond to clusters of individuals, but those that are detected (mostly in the ITS2 dataset) are also compatible with
morphology.

Résumé

La structuration génétique des coraux du genre Pocillopora a Hawaii délimite des groupes d’individus compatibles avec
la morphologie. Six marqueurs de séquence variables sont développés et analysés pour déterminer les frontieres interspécifiques
chez les coraux du genre Pocillopora a Hawaii : la région de contrdle putative, une région codante mitochondriale hypervariable,
le deuxieme espaceur ribosomique (ITS2) et trois introns nucléaires des génes de la calmoduline, du facteur d’élongation-1«x et
de la sous-unité 3 de I’ATP synthétase. Les deux premiers marqueurs nous permettent d’identifier cinq lignées mitochondriales
distinctes et compatibles avec la morphologie. La situation est plus complexe pour les marqueurs nucléaires, puisque plus de
deux haplotypes sont observés chez certains individus. Afin de détecter les groupes d’individus, nous construisons des réseaux
d’haplotypes sur lesquels nous délimitons des champs de recombinaison potentiels en reliant par des connections supplémentaires
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les haplotypes trouvés en cooccurrence : peu de groupes d’haplotypes nucléaires correspondent a des groupes d’individus, mais les
groupes d’individus détectés (pour la plupart dans le jeu de données ITS2) sont aussi compatibles avec la morphologie.

1. Introduction

Delimitation and identification of coral species is
rendered difficult by intra- and interpopulational mor-
phological variations that are often similar in range
to, or even greater than, differences between cur-
rently recognized species [1]. Indeed, coral colonies are
known to display phenotypic plasticity in response to
“light, sedimentation, current and water agitation, tem-
perature, depth, salinity, emersion, physical damage,
predation, intra- and interspecific competition, associ-
ation with other organisms, disease, substrate topog-
raphy” [2], and even gravity [3]. Moreover, crossings
between morphologically different corals currently con-
sidered as distinct species have been demonstrated to
bring out intermediate morphologies that add to the gen-
eral confusion [4].

Since it is not subject to ecophenotypic variation,
the DNA of an organism is commonly used as a source
of information to tell intraspecific genetic diversity
and phenotypic plasticity from interspecific differences.
DNA sequence markers are well suited for this purpose
as they generally cross-amplify over a wide range of
species, genera and families: the mitochondrial coxl/
gene, in particular, can be amplified consistently from
most living creatures by using universal primers [5]
and has been proposed as a reference marker for the
‘barcoding of life’ [6]. The nuclear, ribosomal internal
transcribed spacers (ITS) are also widely used [7]: their
presence in several hundred copies per genome makes
them easy to amplify, whereas concerted evolution [8,9]
usually results in the presence of a single dominant
ITS type per individual, with little intraspecific varia-
tion [10]. More recently, exon-primed, intron-crossing
(EPIC) PCR amplification of gene introns [11-13] was
proposed as a way to assess variation at several inde-
pendent nuclear loci.

Coral biodiversity, however, has proved difficult to
study using molecular sequence markers. Cnidarian mi-
tochondrial DNA seems to evolve very slowly [14,15],
and coxI sequences typically display little to no vari-
ability among congeneric corals [16,17], whereas in
Acropora the presence of silenced, mutation-prone ITS

pseudogenes [18] as well as of ancestrally shared lin-
eages [19] has cast doubt on the utility of ribosomal
DNA for coral species delimitation. As for EPIC-PCR,
its application to corals has been limited until now to
Acropora [4,20,21] and Montipora [22] and has yet to
provide the basis for a taxonomic revision of these gen-
era.

In the discussion surrounding scleractinian coral
species delimitation, corals of the genus Pocillopora
are of special interest due to their spectacular, sup-
posedly intraspecific morphological variations [23].
Species boundaries in this group are poorly understood,
and the resulting taxonomic uncertainties undermine
the numerous physiological and ecological studies con-
ducted on these keystone organisms. Previous attempts
to develop variable molecular sequence markers in this
group have been largely unsuccessful [16,24,25], ex-
cept for the second internal transcribed spacer (ITS2)
[26,27]. The present article reports the development of
five other variable sequence markers in Pocillopora: two
regions identified as the most variable in the mitochon-
drial genome of Pocillopora (the putative D-loop and
an open reading frame of unknown function) [28], and
three nuclear EPIC markers (an intron of calmodulin, an
intron of elongation factor-1o and an intron of the nu-
clear gene encoding the 3 subunit of the mitochondrial
ATP synthase). All six markers (including ITS2) were
then tested on a set of Hawaiian coral samples attributed
to five different morphospecies in order to assess their
utilities and draw guidelines for future studies.

2. Materials and methods

Thirty-seven small coral fragments were sampled at
Kaneohe Bay, Kahe Point, and Moku Manu in Oahu
from colonies identified as Pocillopora damicornis Lin-
naeus 1758, Pocillopora eydouxi Milne Edwards and
Haime 1860, Pocillopora ligulata Dana 1846, Pocillo-
pora meandrina Dana 1846 and Pocillopora molokensis
Vaughan 1907 by the first author based on their mor-
phology (Table 1). In Hawaii, unlike other Indo-Pacific
localities, visual identification of Pocillopora morpho-
species poses little difficulty, and individuals of dubious



Table 1
List of samples showing morphology, sampling location and number
of haplotypes for each marker

Sample Morphotype Location Number of haplotypes
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Numbers of haplotypes higher than 2 are shown in bold letters. Loca-
tion codes: KB, Kaneohe Bay (21°26'N 157°47'W); KP, Kahe Point
(21°19’N 158°07’"W); MM, Moku Manu (21°28'N 157°43'W).

or intermediary morphologies are rarely observed. To
avoid mistaking small P. eydouxi colonies for P. me-
andrina, only large colonies of P. eydouxi were sam-
pled. Genomic DNA was purified directly from fresh
samples using the Wizard Genomic DNA Extraction kit
(Promega).

As these coral DNA extracts also contained DNA
from zooxanthellae and possibly bacteria, coral-specific
primers (Table 2) were defined with the help of Primer3
[29] based on alignments of coral, human, bacterial and
dinoflagellate sequences (whenever available) obtained
from GenBank. Each marker was amplified in 25-ul

Table 2
List of primers used for PCR amplification

Marker Primer name Primer sequence

ORF  FATP6.1 5'-TTTGGGSATTCGTTTAGCAG-3’
RORF 5'-SCCAATATGTTAAACASCATGTCA-3’

CR FNADS5.2deg 5-GCCYAGRGGTGTTGTTCAAT-3'
RCOI3 5'-CGCAGAAAGCTCCAATCGTA-3’

ITS2  ITSc2-5 5'-AGCCAGCTGCGATAAGTAGTG-3'
R28S1 5'-GCTGCAATCCCAAACAACCC-3

Calm FCalmPoc  5-TGAGGTTGATGCTGATGGTATG-3'

RCalmlInt 5'-GAAATCAATTGTTCCATTACCTG-3'
EF-1x Feflntr2 5'-TTACCGGTACTTCACAGTTAAGAC-3'

RefPocl 5'-TCACCAGTACCAGCAGCAAC-3
ATPS(3 ATPS(3f2 5'- TGAAAGACAAGAGCTCCAAGGTA-3/

ATPSpr2 5'- GGTTCGTTCATCTGACCATACAC-3

ORF: mitochondrial open-reading frame; CR: putative mitochondrial
control region; ITS2: internal transcribed spacer 2; Calm: calmodulin;
EF-1«: elongation factor-1cc; ATPS[3: ATP synthase 3 subunit.

reaction mixes containing 20 ul HO, 2.5 pl Red Taq
buffer (Sigma), 1 pl NTP mix (6.6 mmoll~! total),
1.3 ul DMSO, 0.3 ul primers (25 pmol171), 0.3 ul Red
Taq (Sigma) and 0.5 pl undiluted DNA extract (con-
taining about 15 ng of total DNA). PCR conditions
comprised an initial denaturation step of 60 s at 94 °C,
followed by 40 cycles (30 s denaturation at 94 °C, 30 s
annealing at 53 °C, 75 s elongation at 72 °C) and a fi-
nal 5-min elongation step at 72 °C. PCR products were
cleaned using a mix of exonuclease I and shrimp al-
kaline phosphatase and sequenced in both directions
with the same primers as for amplification. Sequences
were assembled and cleaned using Sequencher 4 (Gene
Codes).

PCR amplification products obtained from nuclear
markers frequently contained more than a single se-
quence type (Table 1). Mixed sequences were disen-
tangled by direct phase extraction [30] with the help of
Champuru v1.0 [31], (available online at http://134.157.
186.185/champuru) when they differed in length, by in-
terindividual comparison [32] when they had identical
lengths, and by resequencing using haplotype-specific
internal primers [33,34] whenever the two previous
methods yielded ambiguous or uncertain results.

All sequences obtained in this study were deposit-
ed in GenBank (accession numbers EU374225-
EU374581). For each marker, sequences were imported
into MEGA3 [35] and aligned by eye without diffi-
culty. Sequences alignments were converted into the
Roehl format using DnaSP [36], and haplotype net-
works were constructed using the median-joining al-
gorithm [37] implemented in Network 4.1 (available
online at http://www.fluxus-engineering.com/).

For mitochondrial DNA, clusters of haplotypes were
delimited somewhat arbitrarily by grouping together
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haplotypes separated by a single mutation step. A differ-
ent method was used for the nuclear markers: in order to
detect clusters of haplotypes corresponding to clusters
of individuals, connections between haplotypes found
co-occurring in a coral colony were added as curves on
the median-joining networks. This is analogous to the
proposal by Doyle [38] to consider a group of individu-
als sharing a common pool of alleles as a ‘field for re-
combination’ [39] (FFR), i.e., a species-level population
unit; with the difference that, in the present case, not
all co-occurring haplotypes of a given marker may have
the potential to recombine, since it is unclear whether
they are orthologous or paralogous sequences (which
is also the reason why we call them haplotypes, and
not alleles). In the graphical representation introduced
here, clusters of haplotypes that correspond to clusters
of individuals stand out as having a single connection to
the rest of the network: each such cluster of individuals
comprises one or several FFRs, but FFRs can be found
that are not part of any cluster (see figures).

3. Results and discussion

3.1. Mitochondrial markers yield clusters of
individuals that are compatible with morphology

As expected for mitochondrial markers in the ab-
sence of recombination, haplotype networks obtained
for the open reading frame and for the putative con-
trol region are congruent and only the network result-
ing from the concatenation of both markers is presented
here (Fig. 1). A total of seven haplotypes are detected:
a single haplotype specific of P. molokensis, two closely
related haplotypes (separated by a single mutation) spe-
cific of P. ligulata, two closely related haplotypes (sep-
arated by a single mutation) for corals of the P. eydouxi
and P. meandrina morphotypes and two not-so-closely
related haplotypes (separated by 8 mutations) for corals
of the P. damicornis morphotype.

P. molokensis and P. ligulata corals fall in two dis-
tinct clusters, whereas a single cluster comprises all
individuals of the P. meandrina and P. eydouxi morpho-
types. Small colonies of P. meandrina and P. eydouxi
can be difficult to distinguish in the field: our mitochon-
drial data suggest that these two morphotypes are either
a single species or two closely related ones. Regarding
P. damicornis, two morphological variants have been
described in Hawaii with slight differences in growth
form, pigmentation and reproductive timing, suggesting
that they may be sympatric cryptic species [40], which
could explain our observation of two divergent mito-
chondrial lineages; in the present study, unfortunately,

Fig. 1. Median-joining network of mitochondrial haplotypes.
Coloured circles represent haplotypes and their area is proportional to
the number of times a given haplotype was sampled. Colours within
the circles indicate the morphotypes of the individuals in which each
haplotype was detected (dark blue: P. damicornis; pink: P. meandrina;
green: P, ligulata; pale blue: P. eydouxi; red: P. molokensis). Muta-
tions are shown in red on the branches (numbers refer to positions in
the alignments), and haplotype clusters are enclosed in dashed circles.

morphological details of the corals sampled were not
recorded, so this hypothesis cannot be tested here.

3.2. For all nuclear markers, more than two
haplotypes are detected in some individuals

Up to three haplotypes per coral colony are detected
for ITS2 and the ATP synthase (3 subunit, up to four
for calmodulin, and up to five for elongation factor-1«x
(Table 1). As haplotypes have variable lengths, the num-
ber of end peaks of a chromatogram can be used as a
minimal estimate of the number of haplotypes (Fig. 2);
obtaining the sequence of each haplotype, however, is
the only way to determine this number, since haplo-
types of identical lengths have their end peaks super-
imposed [30].

The occurrence of several dominant ITS types per in-
dividual is well documented in various organisms, such
as oaks [41] and corals [19], and can be explained by a
failure or delay in homogenization among the several
hundred copies of ribosomal DNA present in a typ-
ical genome [8,9,42]. In the case of nuclear introns,
however, the finding of more than two sequences per
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Fig. 2. Examples of traces showing variation in the number of end
peaks due to different numbers of haplotypes per individual. From
top to bottom: ATP synthase, sample 9; ATP synthase, sample 2; ATP
synthase, sample 4; calmodulin, sample 37. All ATP synthase haplo-
types end with a C (a A overhang is added by the polymerase during
the PCR process), whereas calmodulin haplotypes end with a A that
appears artefactually larger than the actual end peak.

individual comes unexpected, even though similar ob-
servations have been previously reported in periwinkles
for calmodulin [43] and in Penaeus shrimps for elon-
gation factor-1«x [44]. Presence of more than two gene
copies in some individuals could result from gene du-
plication, but this explanation seems unlikely for the
ATP synthase (3 subunit marker, since it was short-
listed as “likely not to be member of a multigene fam-
ily” by Jarman et al. [13] based on examination of
the complete genomes of Homo, Caenorhabditis, and
Drosophila. Moreover, our primers were designed over-
lapping the exon-intron boundaries for enhanced speci-
ficity and should have discriminated between paralo-
gous gene copies, except if duplication happened re-
cently or if concerted evolution limits divergence [45].
Other mechanisms may be responsible for the in-
creased numbers of haplotypes observed in our study:
there is no karyotypic information available for Pocillo-
pora, but variations in chromosome numbers have been
reported for corals of the genus Acropora [46,47], and
a study of microsatellite inheritance using controlled
crosses in Acropora palmata yielded triploid larvae
possessing one paternal and two maternal alleles [48].
Chimeric colonies resulting from the fusion of two or
more genetically distinct organisms have also been re-
ported in corals of the genus Pocillopora [49,50], which
may explain the high numbers of haplotypes per colony
observed here. Finally, intraspecific variations in gene
copy numbers have recently been discovered in humans

[51,52] and other mammals (reviewed in [53]), but it
is not yet known whether such phenomenon occurs in
non-mammalian organisms. In any case, our observa-
tion of more than two sequences per individual for each
nuclear sequence marker investigated contrasts strongly
with the results of previous studies using microsatellites
in Pocillopora [54-56] that never reported the occur-
rence of more than two alleles in any single individual:
further studies will be required to determine the reason
for this discrepancy.

3.3. Nuclear sequence markers yield clusters of
individuals that are also compatible with morphology

For ITS2 (Fig. 3), two clusters are detected that com-
prise more than a single individual: one includes all in-
dividuals of the P. ligulata morphotype, and the other all
individuals of the P. eydouxi morphotype. In addition,
two clusters of a single individual are detected, each
of them of the P. damicornis morphotype. For calmod-
ulin (Fig. 4), a single cluster of individuals is detected
that comprises three samples of the P. meandrina mor-
photype. For elongation factor-1« (Fig. 5), two clusters
stand out, each of them made of a single P. eydouxi indi-
vidual, whereas for the ATP synthase (3 subunit (Fig. 6),
only one cluster of one P. damicornis coral sample is de-
tected.

None of these clusters comprises colonies of differ-
ent morphotypes; hence, our nuclear datasets do not
contradict previous morphological hypotheses, but do
not support many of them either. Despite their higher
variability in terms of haplotype numbers and of differ-
ences between haplotypes, nuclear markers turn out to
be less informative than mitochondrial ones for delimit-
ing clusters of individuals. The same apparent paradox
is observed when comparing ITS2 and the other nuclear
markers: haplotypes are fewer and less divergent for
ITS2 than for calmodulin, elongation factor-1x and the
ATP synthase 3 subunit, but nevertheless ITS2 seems to
yield more clusters of individuals.

Two main hypotheses can be proposed to explain
why fewer clusters of individuals are detected by us-
ing nuclear markers than by looking at mitochondrial
DNA. First, it might be that individuals belonging to
different mitochondrial clusters are exchanging genes
through sexual reproduction; however, in that case, it
would be difficult to explain why clusters of mitochon-
drial and nuclear haplotypes are compatible with mor-
phology, unless some strong environmental selection is
acting concomitantly on both genomes. Such selection
may explain part of the molecular differences observed
between P. damicornis and P. eydouxi, two morphotypes



Fig. 3. Network of ITS2 haplotypes. Coloured curves connect haplotypes that co-occur in at least one individual, and their width is drawn propor-
tional to the number of individuals in which the two haplotypes co-occur. Mutations are shown in red on the branches (numbers refer to positions
in the alignments). The colour code for the curves is the same as for the haplotypes (dark blue: P. damicornis; pink: P. meandrina; green: P. ligu-
lata; pale blue: P. eydouxi; red: P. molokensis). Clusters of haplotypes that correspond to clusters of individuals are enclosed in dashed circle: for
instance, all P. ligulata haplotypes fall into one such cluster, and each of the two pools of co-occurring haplotypes observed within this cluster cor-
responds to a distinct potential field for recombination (FFR). The P. eydouxi cluster on the right side of the network comprises a single pool of
co-occurring haplotypes; hence, in our dataset all individuals of the P. eydouxi morphotype are part of a single FFR.

found in contrasting reef environments in Hawaii (calm
shallow waters for P. damicornis, deeper exposed lo-
cations for P. eydouxi) but not between P. ligulata and
P. meandrina that are usually found interspersed among
each other on shallow reef parts exposed to wave action.
Alternatively, second, the different mitochondrial
clusters may correspond to reproductively isolated sym-
patric populations (i.e., biological species), in which
case incomplete lineage sorting and retention of a
shared ancestral polymorphism could explain why these
species cannot be distinguished using nuclear intron
sequences. A prediction from this second hypothe-
sis would be that, among nuclear markers, those with
shorter coalescence time due to concerted evolution,
such as ITS2, should yield clearer patterns than other
genes; and this is precisely what is observed here.

4. Conclusions

Our results show that mitochondrial data obtained
by sequencing the putative control region and the re-
cently described open reading frame can be useful for
resolving interpopulational relationships among pocil-
loporid corals. On the other hand, nuclear markers in
Pocillopora are plagued with high numbers of haplo-
types in some individuals that make sequencing cum-
bersome and costly; moreover, these markers turn out

Fig. 4. Network of calmodulin haplotypes (dark blue: P. damicor-
nis; pink: P. meandrina; green: P. ligulata; pale blue: P. eydouxi; red:
P. molokensis).

not to be very informative in terms of clusters of individ-
uals. Among nuclear markers, ITS2 provides a slightly
clearer picture than nuclear gene introns, but apparently



Fig. 5. Network of elongation factor-1o haplotypes (dark blue: P. damicornis; pink: P. meandrina; green: P. ligulata; pale blue: P. eydouxi; red:

P. molokensis).

Fig. 6. Network of ATP synthase (3 subunit haplotypes (dark blue: P. damicornis; pink: P. meandrina; green: P. ligulata; pale blue: P. eydouxi; red:

P. molokensis).

does not resolve all potential interspecific relationships,
i.e. does not allow identification of the more restricted
clusters delineated by mitochondrial and morphological
data. Had our nuclear markers displayed only one or two
haplotypes per individual as expected, we could have
tried to sort individuals into clusters by using population
genetic models that are not hindered by shared ances-
tral haplotypes [57]. However, since orthology/paralogy
relationships among our sequences are unclear, the ac-
tual number of copies of each marker remains unknown,

and a population genetic analysis of our data is impos-
sible.

The data presented here bring partial support to
the morphological delimitation of species in Hawaiian
corals of the genus Pocillopora. ITS2 and mitochondr-
ial data concur with the delimitation of P. ligulata as
a distinct populational unit of possible species level,
whereas mitochondrial data also strongly support the
distinctiveness of P. molokensis: these results may have
significant implications regarding conservation, since



these two morphospecies are listed as putative Hawai-
ian endemics [58]. However, and with regard to the
high level of intra- and interpopulational variation, de-
termining whether these Hawaiian morphological and
genetic clusters may belong to more widespread genetic
clusters will require further investigation. It is also un-
clear whether the two mitochondrial lineages identified
among corals of the P. damicornis morphotype are two
cryptic species or just an instance of intraspecific varia-
tion similar to the one previously reported for corals of
the genus Montastrea [17]. Moreover, further research
will be needed to clarify the status of the P. meandrina
and P. eydouxi morphotypes that could only be distin-
guished using ITS2, not using mitochondrial markers:
given our small sample size for P. eydouxi, the hypoth-
esis that these two morphotypes may be growth forms
of a single species cannot be rejected. Hence, this re-
port is a first step toward a molecular reassessment of
species boundaries in the coral genus Pocillopora, but
examination of a larger number of specimens collected
over the whole area of distribution of this genus will
be required before more general conclusions can be
reached.
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