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Abstract Previous phylogenetic studies based on mito-
chondrial DNA markers have suggested that the zoanthid
genus Palythoa may consist of both Palythoa species
(Palythoa tuberculosa) and species formerly assigned to
the genus Protopalythoa (Palythoa mutuki, Palythoa helio-
discus). In the present study various Palythoa spp. samples
collected primarily from southern Japan with additional
samples from the Indo-PaciWc and Caribbean Sea were
examined. The nuclear internal transcribed spacer of ribo-
somal DNA (ITS-rDNA) was sequenced and aligned for
phylogenetic analyses to further investigate the relationship
between P. tuberculosa, P. mutuki, and P. heliodiscus. ITS-
rDNA analyses showed species groups forming monophy-
lies with similar topology but with much higher resolution
than seen for mitochondrial phylogenetic analyses. The
results also conWrmed the very close relationship of
P. tuberculosa and P. mutuki. Some specimens appeared to
be a potentially undescribed Palythoa species (designated
Palythoa sp. sakurajimensis). Additionally, ITS-rDNA

sequences of P. mutuki and P. tuberculosa showed additive
polymorphic site, demonstrating for the Wrst time a poten-
tial history of reticulate evolution in Palythoa.

Keywords Anthozoa · Reticulate evolution · 
ITS-rDNA · Zoanthid · Palythoa

Introduction

The zoanthid genus Palythoa (Cnidaria: Hexacorallia)
is common in shallow subtropical and tropical waters
throughout the world. Although there are 193 species men-
tioned in the literature (Fautin 2006) it is likely that many
of these nominal species have been re-described and that
the true diversity of species in Palythoa is lower than this
number (see Reimer et al. 2006c).

Traditional classiWcation of Palythoa spp. has been
largely based on morphological characteristics such as
polyp shape, oral disk size and diameter, and tentacle num-
ber (see Ryland and Lancaster 2003). Additionally, Palyt-
hoa spp. were deWned as having embedded “immersae”
polyps and the related proposed genus Protopalythoa
consisted of similar but “liberae”-polyped (non-embedded
polyps) species (Pax 1910). However, using molecular
markers (mitochondrial cytochrome oxidase subunit I
[COI] and mitochondrial 16S ribosomal DNA sequences
[mtDNA 16S rDNA]), it has recently been shown that
Palythoa and Protopalythoa have a very close relationship
up to the level of congeners (Reimer et al. 2006c), and that
these two taxa should be combined into a single genus,
Palythoa. In addition, data from the closely related genus
Zoanthus have shown that polyp shape and other morpho-
logical characters are not necessarily good indicators of
relatedness (Reimer et al. 2006b).
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Up until now, molecular phylogenetic analyses of Palyt-
hoa have relied exclusively upon mitochondrial DNA
markers (Sinniger et al. 2005; Reimer et al. 2006c), which
have a slow rate of evolution in anthozoans compared to
other animals (Shearer et al. 2002). For example, Palythoa
tuberculosa and Palythoa mutuki only diVer by 1–2 sites
over 870 base pairs (bp) in mtDNA 16S rDNA (Reimer
et al. 2006c). On the other hand, nuclear internal tran-
scribed spacer of ribosomal DNA (ITS-rDNA) has been
successfully used in a variety of other hexacorallian taxa
to delineate boundaries between many species (e.g., see
Hunter et al. 1997). ITS-rDNA, despite the potential pres-
ence of multiple copies (Marquez et al. 2003), has been par-
ticularly useful in exploring evolutionary patterns in closely
related groups due to its extremely non-conservative nature
(e.g., Hunter et al. 1997; Odorico and Miller 1997; Medina
et al. 1999; van Oppen et al. 2000, 2002; Diekmann et al.
2001; Marquez et al. 2003; Fukami et al. 2004).

It has been proposed that the apparently unclear species
boundaries in many genera of corals may at least partially
be due to interspeciWc hybridization and subsequent reticu-
late evolution (Veron 1995). Many diVerent species and
genera of Hexacorallia have also been shown to reproduce
in synchronous phase with the moon in mass spawning
events (see Levitan et al. 2004; Penland et al. 2004; Ono
et al. 2005), suggesting that hybridization, reticulate evolu-
tion and/or introgression (hybrids backcrossing with par-
ents) in Anthozoa may be more widespread than it is
currently known.

In this study, a nuclear marker (ITS-rDNA) was applied
to: (1) obtain a phylogeny of this genus with improved res-
olution to conWrm or refute the previous hypothesis that
Palythoa and Protopalythoa are congeneric and (2) to
examine the possibility of reticulate evolution in Palythoa
spp.

Materials and methods

Sampling

Samples of Palythoa spp. were collected from several sites
in Japan (Fig. 1) as well as from the Indian and Atlantic
oceans between January 2004 and May 2006 (Table 1), and
stored in 80–100% ethanol at ¡20°C. Samples (Fig. 2)
included specimens both of the immersae ‘Palythoa’ mor-
phology (nominal P. tuberculosa, as well as a sample of
Palythoa cf. caribaeorum) and the liberae ‘Protopalythoa’
morphology (nominal P. mutuki, Palythoa heliodiscus, and
unidentiWed specimens) (see Reimer et al. 2006c for spe-
cies’ details). As samples were collected, in situ photo-
graphs were taken to assist in identiWcation and for
collection of morphological data (oral disk/polyp diameter,
color, tentacle count, polyp form). Sample nomenclature is
explained in the notes in Table 1.

DNA extraction, PCR ampliWcation, cloning, 
and sequencing

DNA was extracted from samples weighing 5–20 mg using
a spin-column DNeasy Animal Extraction protocol
(Qiagen, Santa Clarita, CA, USA). PCR ampliWcation using
the genomic DNA as a template was performed using Hot-
StarTaq DNA polymerase (Qiagen, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. Mitochondrial 16S
rDNA was ampliWed following procedures outlined in
Sinniger et al. (2005). The ITS-rDNA region (the 3� end of
18S rDNA, ITS-1, 5.8S rDNA, ITS-2, and the 5� end of
28S rDNA) was ampliWed following procedures outlined in
Reimer et al. (2007). The ampliWed products were visual-
ized by 1.5% agarose gel electrophoresis. Some PCR-
ampliWed DNA fragments were cloned and analyzed

Fig. 1 Map showing sampling 
locations of Palythoa spp. in this 
study JAPAN
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following procedures outlined in Reimer et al. (2007).
Between 2 (sample PtIsO1) and 14 (sample PtIrHo1) clones
were sequenced (see Table 1).

Phylogenetic analyses

New sequences obtained in the present study were depos-
ited in DDBJ and GenBank (accession numbers
DQ997839–DQ997946). By using CLUSTAL X version
1.8 (Thompson et al. 1997), the nucleotide sequences of mt
16S rDNA from samples were aligned with previously pub-
lished mtDNA 16S rDNA sequences (Table 1) from Palyt-
hoa (AB219218-AB219225), and Zoanthus spp. sequences
(AB219187, AB219191, AB219192) were used as the out-
group. Zoanthus ITS-rDNA sequences (particularly ITS-1
and ITS-2 spacers) were highly divergent from Palythoa
sequences (see Reimer et al. 2007) and thus an ITS-rDNA
alignment consisting only of Palythoa sequences was
generated, using Palythoa heliodiscus sequences as the
outgroup for the subsequent phylogenetic analyses. The
alignments were inspected by eye and manually edited. All
ambiguous sites were removed from the dataset before phy-
logenetic analyses. Consequently, two alignment datasets
were generated: (1) 759 alignment positions of 52

sequences (mtDNA 16S rDNA); and (2) 686 alignment
positions of 67 sequences (ITS-rDNA). The alignment data
are available on request from the corresponding author and
also from the European Molecular Biology Lab (EMBL)
(alignment numbers: mtDNA 16S rDNA = ALIGN_001072,
ITS-rDNA = ALIGN_001073).

The alignments of mtDNA 16S rDNA and ITS-rDNA
were tested for optimal Wt of various nucleotide substitution
models using MODELTEST version 3.06 (Posada and
Crandall 1998). The base frequencies, proportion of invari-
able sites (and a gamma distribution) were estimated from
the datasets. For the mtDNA 16S rDNA and ITS-rDNA
datasets, the TN model (Tamura and Nei 1993) incorporat-
ing invariable sites (TN + I) and the Hasegawa, Kishino
and Yano (HKY) model (Hasegawa et al. 1985) incorporat-
ing invariable sites and a discrete gamma distribution (four
categories) (HKY + I + �) were selected by MODEL-
TEST, respectively. The maximum-likelihood (ML) analy-
ses with PhyML (Guindon and Gascuel 2003) of these
datasets were independently performed using an input tree
generated by BIONJ (Gascuel 1997) with the models
selected by MODELTEST. PhyML bootstrap trees (500
replicates) were constructed using the same parameters as
the individual ML trees.

Fig. 2 a Palythoa tuberculosa 
at Hoshizuna, Iriomote, 
Okinawa, depth 0.5 m. Note 
the two colonies with diVerent 
coloration. b Palythoa mutuki 
2 at Haemida, Iriomote, 
Okinawa, depth 0.0 m, 
c P. mutuki 1 at Izushita, 
Miyakejima, Tokyo, depth 
0.0 m. Note the diVerences in 
oral disk coloration and the 
slight diVerence in polyp 
thickness between P. mutuki 
1 and P. mutuki 2. d  Palythoa 
sp. sakurajimensis at 
Hakamagoshi, Sakurajima, 
Kagoshima, depth 4.0 m, and 
e Palythoa heliodiscus at 
Sumiyoshi, Erabu, 
Kagoshima, depth 5.0 m. 
Scale bars 1 cm
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ML distances of the two datasets were calculated under
the optimal models described above with PAUP* Version
4.0 (SwoVord 1998). Distance trees were constructed using
the neighbor-joining (NJ) method (Saitou and Nei 1987).
The ML distance bootstrap analyses with 1,000 replicates
were also performed.

Bayesian trees were reconstructed by using the program
MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) under the
general time reversible (GTR) model (Rodriguez et al. 1990)
of nucleotide substitution incorporating invariable sites
(GTR + I) for the mtDNA 16S rDNA dataset, and under
HKY + I + � for the ITS-rDNA dataset [both models
selected by MrModeltest (Nylander 2004. MrModeltest v2.
Program distributed by the author. Evolutionary Biology
Centre, Uppsala University)]. One cold and three heated
Markov chain Monte Carlo (MCMC) chains with default-
chain temperatures were run for 1,000,000 generations, sam-
pling log-likelihoods (InLs), and trees at 100-generation
intervals (10,000 InLs and trees were saved during MCMC).
The likelihood plot for mtDNA 16S rDNA and ITS-rDNA
datasets suggested that MCMC reached the stationary phase
after the Wrst 30,000 and 300,000 generations, respectively.
Thus, the remaining 9,700 and 7,000 trees of mtDNA 16S
rDNA and ITS-rDNA were used to obtain posterior proba-
bilities and branch-length estimates, respectively.

To examine the levels of sequence variation within each
ITS-rDNA species group, all obtained sequences of the
entire ITS-rDNA region (ITS-1 + 5.8S rDNA + ITS-2, 18S
rDNA and 28S rDNA portions not included) for each spe-
cies group were aligned and edited, and the total number of
variable sites was estimated.

Results

The mtDNA 16S rDNA tree (Fig. 3) showed P. heliodiscus
forming one highly supported clade (ML bootstrap
support = 99%, NJ bootstrap support = 96%, but posterior
probability of Bayesian inference [PP] = 0.69), and the
P. mutuki species group derived from P. tuberculosa.
P. mutuki was divided into two separate clades (P. mutuki
1 and 2), with P. mutuki 1 diVering from P. tuberculosa by
1 bp, and P. mutuki 2 only by 2 bp. Both P. mutuki groups
showed generally low bootstrap support values, although
the P. mutuki 2 clade has a posterior probability of 0.95 in
the Bayesian analysis. Included in the P. tuberculosa
species group were distant samples (from Japan) from the
PaciWc and Indian Ocean (PMadagascar289, PtIsrael1,
PtIsrael2), as well as P. cf. caribaeorum from Honduras
(PcHond1 = sample PcH1 in Reimer et al. 2006c). While
bootstrap probability was relatively low for the mono-
phyly of P. tuberculosa (ML = 72%, NJ = 61%), posterior
probability was moderately high (0.90). Additionally,

three unidentiWed Palythoa samples (PErabuWanjoN1,
PSakuraHakama1, PWakayamaShira1) formed a separate
clade with relatively low support (ML = 82%, NJ = 78%,
PP = 0.80), designated Palythoa sp. sakurajimensis in this
study. Variation between mtDNA 16S rDNA sequences
within species groups was very low, i.e., <0.5% (Table 2).

The ITS-rDNA tree (Fig. 4) had four main Palythoa
groups, three of which corresponded to known species
(P. tuberculosa, P. mutuki, and P. heliodiscus) and the
P. sp. sakurajimensis clade comprising two of the
‘unknown Palythoa sp.’ samples (PSakuraHakama1 and
PWakayamaShira1). P. heliodiscus formed a well-sup-
ported clade (ML, NJ = 100%, PP = 1.00), as did P. sp. sak-
urajimensis with moderate to high support (ML = 99%,
NJ = 74%, PP = 0.97). A large clade containing both the
separate P. tuberculosa and P. mutuki clades was also mod-
erately to highly supported (ML = 98%, NJ = 61%,
PP = 0.96), as were both the P. mutuki (ML = 96%,
NJ = 71%, PP = 0.95) and the P. tuberculosa groups
(ML = 96%, NJ = 92%, PP = 0.99) within this larger clade.
ITS-rDNA sequences from samples distant from Japan
(PMadagascar289, PtIsrael1, PtIsrael2, PcHond1) were
clearly within the P. tuberculosa clade.

However, ITS-rDNA showed larger diVerences between
sequences within each species group. P. mutuki formed four
separate subclades (two each of P. mutuki 1 and P. mutuki 2)
with moderate to very high support, but the two subclades
each of P. mutuki 1 and P. mutuki 2 mtDNA 16S rDNA did
not separately form a monphyly with the other subclade of
their putative species group in the ITS-rDNA tree (Fig. 4).
However, putative (based on mtDNA 16S rDNA) P. mutuki
1 and 2 sequences were not found within the same subclade
(Fig. 4). P. tuberculosa also showed intraspeciWc variation,
with samples PtYoronShin1 and PtYoronChabana2 forming
a highly supported basal group (ML = 98%, NJ = 99%, but
PP = 0.54). In some cases, clones from the same P. tuber-
culosa specimens clustered together within the same subc-
lade (PtYakuSango4 and PcHond1). In other cases cloned
sequences from individual specimens grouped in more than
one subclade (PtIriomoteHoshi1, PtOtsukiFutabae1) (Fig. 4).
The P. mutuki and P. tuberculosa species groups seemed to
be very closely related in comparison to the other Palythoa
species groups.

IntraspeciWc ITS-rDNA sequence variation ranged
between 0.4% (P. sp. sakurajimensis) and 23.7% (P. tuber-
culosa) (Table 2). P. heliodiscus (n = 5) and P. sp. sakura-
jimensis (n = 2) groups showed little variation in ITS-rDNA
sequences within their own species groups for both length
and sequence identity (Table 2), although sample sizes
were small. On the other hand, P. mutuki and P. tubercul-
osa groups showed much higher levels of ITS-rDNA length
and sequence variation within their respective species
groups (Table 2). P. tuberculosa ITS-rDNA sequences,
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while monophyletic and distinct from other Palythoa
species groups, not only showed variability in length and
sequences both between samples (Tables 2, 3) but also
between cloned sequences within individuals (maximum
variation 11.9% [74/621 bp] between clones [n = 14] from
sample PtIriomoteHoshi1). For all four species groups,
ITS-1 was found to be the most variable region, followed
by ITS-2 and then 5.8S rDNA, respectively (Table 2).

Discussion

The utility of ITS-rDNA in species delineation of the genus 
Palythoa

ITS-rDNA has diVerent levels of divergence within diVer-
ent genera of hard corals [i.e., only 2% variation in the
Montastraea annularis complex (Medina et al. 1999), 4.9%

in Madracis spp. (Diekmann et al. 2001), 11% in Porites
spp. (Hunter et al. 1997), and almost 60% reported in ITS-2
rDNA of Acropora spp. (Marquez et al. 2003)]. ITS-rDNA
in Palythoa spp., while suYcient for separating species
groups from one another, does not have the huge variability
seen previously between Zoanthus spp., where diVerences
between species groups of up to approximately 70% of base
pairs in the ITS-1 region made alignment impossible (see
Reimer et al. 2007). As ITS-rDNA variation levels widely
vary among hexacorallian genera, it is somewhat diYcult to
conWdently assign the level of taxonomic relationship(s)
seen between P. tuberculosa, P. mutuki, P. heliodiscus, and
P. sp. sakurajimensis based solely on ITS-rDNA sequences.
However, with an examination of both ITS-rDNA and
mitochondrial marker data (mtDNA 16S rDNA here and
COI—see Reimer et al. 2006c) from Palythoa, it would
appear that these four groups have a congeneric-level rela-
tionship. DiVerences in interspeciWc variation of ITS-rDNA

Fig. 3 Maximum likelihood 
tree of mitochondrial 16S 
ribosomal DNA (mtDNA 16S 
rDNA) sequences. Values at 
branches represent ML and NJ 
bootstrap probabilities, respec-
tively (>50%). Bayesian poster-
ior probabilities of >95% are 
represented by thick branches. 
For sample name abbreviations 
see Table 1 
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within a genus (relatively lower in Palythoa and higher in
Zoanthus) may be due to the examined Palythoa spp. being
more recently diverged than Zoanthus spp., or due to much
faster ITS-rDNA evolution in Zoanthus. How useful ITS-
rDNA is in examining congeners from other zoanthid gen-
era besides Palythoa and Zoanthus remains to be seen,
although preliminary data indicate it may be useful in dis-
tinguishing between Parazoanthus spp. and other genera in
the former suborder Brachycnemina (F. Sinniger, personal
communication).

5.8S rDNA sequences in the ITS-rDNA region, which
clearly resolved the Zoanthus congeners Z. sansibaricus,
Z. kuroshio, and Z. gigantus (Reimer et al. 2007), showed
no variation between P. tuberculosa and P. mutuki. Simi-
larly, mtDNA COI sequence diVerences between P. tuber-
culosa and P. mutuki were not observed, and while mtDNA
16S rDNA does distinguish between P. tuberculosa and P.
mutuki, this is only by 1–2 bp (Reimer et al. 2006c). For
these reasons it is concluded that the best means of speciWc
Palythoa identiWcation is the analyses of ITS-rDNA (in
particular ITS-1 and/or ITS-2) sequences with conWrmatory
mtDNA 16S rDNA sequences.

Palythoa phylogeny, and comparison with ecological data

Phylogenetic data based on mitochondrial markers (COI
and 16S rDNA) suggest Protopalythoa and Palythoa are
one genus [=Palythoa (Reimer et al. 2006c)], and the ITS-
rDNA analyses in this study further conWrm this hypothe-
sis. ITS-rDNA was observed to be more variable than
mtDNA 16S rDNA (Table 2). In the ITS-rDNA phyloge-
netic analyses, P. tuberculosa is sister to P. heliodiscus and
P. sp. sakurajimensis but more closely related to P. mutuki
(Fig. 4) than to P. heliodiscus or P. sp. sakurajimensis. In
the mtDNA 16S rDNA tree, P. tuberculosa is derived from
P. sp. sakurajimensis, and P. mutuki derived from P. tuber-
culosa (Fig. 3). Despite the ITS-rDNA tree having these
diVerences in topology from the mtDNA 16S rDNA tree,
ITS-rDNA sequences again clearly show the close relation-
ship between P. tuberculosa and P. mutuki (Fig. 4). From
both the mtDNA 16S rDNA and ITS-rDNA results it is
concluded that P. mutuki (liberae ‘Protopalythoa’ morphol-
ogy) is more closely related to P. tuberculosa (immersae
‘Palythoa’ morphology) than to other species with Protop-
alythoa morphology. These results also support the hypoth-
esis posed by Reimer et al. (2006b) that in zoanthids gross
morphology (i.e., polyp shape and colony features) often
does not reXect relatedness among congeners.

The close relationship inferred between P. tuberculosa
and P. mutuki based on DNA sequence data reXects their
similar ecological and distribution data, as they often occur
sympatrically in shallow areas of high sunlight, water Xow
and wave activity. P. heliodiscus appears to be somewhatT
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more distantly related to the other three Palythoa groups
and ecologically this species is also somewhat diVerent
from the others, as it is often found in deeper areas with
much lower sunlight, and thus appears to be more mixo-
trophic, obtaining energy from both its symbiotic zooxan-

thellae and perhaps directly from particles in the water
column.

Despite extensive sampling throughout the course of this
study, only three samples of P. sp. sakurajimensis were
found, suggesting that this species may be less common or
more cryptic than other Palythoa species in the sub-tropical
and tropical waters of Japan. More samples are needed
before the ecology of this potentially new species group can
be discussed, but it is noteworthy that all three samples
were found in habitats where other Palythoa species were
not found [e.g., at the relatively cold locations (winter
minimums approximately 15°C) of Sakurajima and Shira-
hama, and relatively high in the tidal zone at Wanjo North,
Okinoerabu Island]. This species may be more adapted to
“marginal” or variable conditions than other Palythoa spe-
cies, similar to Zoanthus sansibaricus (found at the colder
Sakurajima site) compared to other Zoanthus species in
Japan (Reimer et al. 2006a).

Fig. 4 Maximum likelihood 
tree of internal transcribed spac-
er ribosomal DNA (ITS-rDNA) 
sequences. Values at branches 
represent ML and NJ bootstrap 
probabilities, respectively 
(>50%). Bayesian posterior 
probabilities of >95% are repre-
sented by thick branches. For 
sample name abbreviations see 
Table 1. Sample names with 
Accession Numbers are from 
previous studies (see Table 1). 
Sample names with a hyphen-
ated number or letter ending rep-
resent clones. Samples with 
Wlled in target symbols are also 
shown in the alignment in Fig. 5 

PtIriomoteHoshi1-9
PtIriomoteHoshi1-14
PtIriomoteHoshi1-8
PtIriomoteHoshi1-1
PtIriomoteHoshi1-7
PtIriomoteHoshi1-4
PtIriomoteHoshi1-2

80/69

74/61

PtOtsukiNishidomari3
PtErabuWanjo3

PtAmamiTomori2
PtYakuSango4

PtIriomoteHoshi1-10
PtWakayamaKushi1

72/82

79/80 PtAmamiBasahyama2
PtHachijojimaBora282/92
PtOtsukiFutabae1-6
PtOtsukiFutabae1-8
PtOtsukiFutabae1-5

100/66
66/97

PtIriomoteHoshi1-6100/99
PtIriomoteHoshi1-11
PtIriomoteHoshi1-5
PtIriomoteHoshi1-3
PtIriomoteHoshi1-13
PtIriomoteHoshi1-12

96/77
72/--

59/--

PtSaipanLauLau1
PtAmamiBashayama1
PtIshigakiKata1

93/96

86/--

95/97

PtYoronChabana2
PtYoronShin1

92/72

98/99

59/--

PmErabuSumiyoshi1
73/79

99/100
71/77

96/92

96/71

PWakayamaShira1

98/61

99/74

88/--
66/53
53/70

100/100

--/86

0.1 substitutions/site ML/NJ

PhSaipanLauLau1
PhIshigakiKata3

PhErabuKaito1
PhSaipanLauLau2
PhIshigakiKata11
PhIshigakiKata2

P. heliodiscus

PSakuraHakama1 P. sp. sakurajimensis
100/100

PmIriomoteHoshi1
PmIriomoteHaemida3

P. mutuki 2

PmMiyakeIzu1 P. mutuki 1

PmAmamiTomori1 P. mutuki 2
PmYakuSango1
PmYakuSango2 P. mutuki 1

PcHond1-3
PcHond1-8
PcHond1-4

PtIsrael1-5
PtIsrael1-2

PtIsrael1-3

PMadagascar289

PtIshigakiOnsen1-3
PtIshigakiOnsen1-1

PtYakuSango4-7
PtYakuSango4-4
PtYakuSango4-1
PtYakuSango4-8
PtYakuSango4-2

PtOtsukiFutabae1-4
PtOtsukiFutabae1-7

PtOtsukiFutabae1-1

PtChibishiNaga1-4
PtChibishiNaga1-5

PtChibishiNaga1-3
PtChibishiNaga1-1
PtChibishiNaga1-7

PtChibishiNaga1

P. tuberculosa group

Table 3 Length variation of diVerent regions of obtained ITS-rDNA
sequences for diVerent Palythoa spp

a Note that ITS-1 and ITS-2 rDNA sequence lengths are diVerent than
in Table 2; sequence lengths here are from unaligned sequences, while
Table 2 shows aligned sequence lengths

Species/group n ITS-1a 5.8S ITS-2a

P. tuberculosa 50 243–271 156 171–192

P. mutuki 7 283–312 156 168–174

P. sp. Sakurajimensis 2 389 156 170

P. heliodiscus 6 339 156 203
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Implications of ITS-rDNA variation within 
P. tuberculosa and P. mutuki

Veron (1995) described a theory of reticulate evolution in
hard corals. Under this scenario, species groups undergo

repeated sexual reproductive isolation, diVerentiation, and
secondary contact based on continuously changing patterns
of distribution, perhaps due to changing ocean currents and/
or ocean levels. Many hard corals and other Anthozoa
(including at least some zooxanthellate Zoantharia—see

Fig. 5 Alignment of the ITS-rDNA region for various Palythoa mutu-
ki and Palythoa tuberculosa species groups’ sequences. Areas in open
boxes represent shared common areas of sequence variation between
species groups, and shaded gray areas represent “minor” areas of se-
quence variation within a species group (diVerent from the majority of
sequences within a species group). Thus, other areas of variation in the
P. tuberculosa species group not marked with an open box or a gray

area represent diVerences between all P. mutuki and P. tuberculosa se-
quences shown. Sample names are abbreviated due to limited space in
the alignment: PmMiI1 PmMiyakeIzu1, PmES1 PmErabuSumiyoshi1,
PmIrHo1 PmIriomoteHoshi1, PmAT1 PmAmamiTomori1, PtYoS1
PtYoronShin1, PtYoC2 PtYoronChabana2, PtSaiLL1 PtSaipanLau-
Lau1, PtIrHo1-6 and 1–10 PtIriomoteHoshi1 clones 6 and 10, PtYS4
PtYakuSango4
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Ono et al. 2005) undergo mass spawning events (Levitan
et al. 2004; Penland et al. 2004), providing an opportunity
for hybridization and reticulate evolution. Many studies
have detailed molecular and/or reproductive evidence of
potential reticulate patterns in zooxanthellate hard corals
(e.g., Odorico and Miller 1997; Hatta et al. 1999; Medina
et al. 1999; van Oppen et al. 2000, 2002; Diekmann et al.
2001).

In this study there were moderate amounts of intraspe-
ciWc variation in ITS-rDNA sequences (see Table 3) from
P. mutuki and both intraspeciWc and intragenomic variation
from P. tuberculosa. An examination of the ITS-rDNA
sequence alignment reveals potential “reticulate evolution”
patterns, such as additive polymorphic sites (APS).

Additive polymorphic sites can potentially indicate
hybridization and reticulate evolution, particularly in ITS-
rDNA (Sang et al. 1995; Campbell et al. 1997; Whittall
et al. 2000; Aguilar and Feliner 2003; Feliner et al. 2004).
One kind of APS that hints at hybridization is when some
sequences share portions of their sequences with sequences
normally found only within another clade (Aguilar and
Feliner 2003). In the case of P. tuberculosa, samples PtYo-
ronShin1 and PtYoronChabana2 show such a pattern. Both
ITS-rDNA sequences are clearly in the P. tuberculosa
clade, yet both have two regions that are found in
P. mutuki, and not in any other P. tuberculosa sequences
(Fig. 5, marked regions 2 and 6). Figure 5 shows 13 main
potential ITS-rDNA regions shared between P. mutuki and
P. tuberculosa that have this type of APS (numbered areas).
The question of whether PtYoronShin1 and PtYoronCha-
bana2 are P. tuberculosa–P. mutuki hybrids or not remains
to be investigated, as although PtYoronShin1 displayed
“intermediae” polyps more clear and free of the coenenc-
hyme than most P. tuberculosa specimens and reminiscent
of P. mutuki, PtYoronChabana2 had “immersae” polyps
common to P. tuberculosa.

Another kind of APS that hints at a reticulate history is
when observed intragenomic variation patterns (such as an
indel, etc.) are also found in other individuals (Sang et al.
1995; Campbell et al. 1997; Whittall et al. 2000; Aguilar
and Feliner 2003). This APS type can also be seen in the
ITS-rDNA alignment (Fig. 5, grey regions). For example,
P. tuberculosa PtIriomoteHoshi1 clones (PtIriomoteHo-
shi1-6, PtIriomoteHoshi1-10, i.e., distinct intragenomic
sequences) have many variable regions diVerent from each
other that are also found in P. tuberculosa sequences from
other samples (Fig. 5). It is possible that the results are due
to slow concerted evolution with the presence of multiple
ITS-rDNA copies (ancestral polymorphism). However,
variable ITS-rDNA regions of PtIriomoteHoshi1 match
with regions found in other individuals (not only with just
other P. tuberculosa specimens but even with P. mutuki
sequences—see region 4—Fig. 5), supporting the hybrid-

ization hypothesis. The data suggest that P. tuberculosa and
P. mutuki potentially have a history of reticulate evolution.

The data further show that morphology between even
closely related zoanthid congeners can vary drastically (as
between P. tuberculosa and P. mutuki) and highlight the
need for additional genetic investigation of zoanthid diver-
sity. To investigate more fully the possibility of a potential
reticulate evolutionary history in Palythoa, studies of sex-
ual reproduction timing and patterns (as conducted in Zoan-
thus, Ono et al. 2005) need to be conducted. The molecular
techniques used in this study to distinguish between cong-
eners and identify a potential reticulate evolutionary history
may provide a reliable method for analyses of other Zoan-
tharia groups.
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