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Interspecific hybridization has been proposed as a possible explanation for the incredible diversity
seen in reef-dwelling corals, but until now little proof of such hybridization in other reef-dwelling
anthozoans has been reported. Without further observation of hybridization, the question of such
a phenomenon being widespread in Anthozoa remains. Here we have examined the mitochondrial
cytochrome oxidase | gene (COI) and the nuclear internal transcribed spacer of ribosomal DNA (ITS-
rDNA) from three species of the mass-spawning, encrusting anemone genus Zoanthus (Z. sansi-
baricus, Z. kuroshio, Z. gigantus) to investigate possible hybridization. The three species coexist
at two of three sampling locations in southern Japan. Zoanthus spp. ITS-rDNA region spacers (ITS-
1 and ITS-2) were shown to have very high rates of divergence. At locations where all three species
co-existed, several of our sampled Z. sansibaricus individuals (with identical “sansi” COIl sequ-
ences) possessed two very divergent (i.e., species-level difference) ITS-rDNA alleles, the expected
“sansi” allele and the divergent “B” allele. Additionally, two Z. sansibaricus individuals possessed
only “B” alleles despite having “sansi” COIl sequences. These results indicate that Z. sansibaricus
has possibly experienced interspecific hybridization at least once with a Zoanthus partner possess-
ing the “B” allele, and that these resulting hybrids may also sexually reproduce, demonstrating

potential hybridization occurring in the order Zoantharia (Hexacorallia).
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INTRODUCTION

It has been proposed that the bewildering variety and
apparently unclear species boundaries in many genera of
corals may be at least partially due to interspecific hybridiza-
tion and subsequent reticulate evolution (Veron, 1995). Sim-
ilarly to plants, cnidarians of the orders Octocorallia (soft
corals) and Hexacorallia (corals, zoanthids, and anemones)
often display a wide diversity of morphospecies over geo-
graphical (i.e., ocean current) gradients, and many different
morphospecies often inhabit the same marine environment
(Veron, 1995). Many different species and genera of Hexa-
corallia 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). Such
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conditions appear to be ideal for hybridization events bet-
ween species (Veron, 1995).

Genetic studies investigating potential hybridization
require the use of molecular markers with a high evolution-
ary rate, and the most widely used marker in cnidarians has
been the internal transcribed spacer region of ribosomal
DNA (ITS-rDNA). The ITS-rDNA region (used along with
mitochondrial DNA sequence data), despite the potential
presence of pseudogenes (Alvarez and Wendel, 2003;
Marquez et al., 2003), has been particularly useful in explor-
ing evolutionary patterns due to its extremely non-conserva-
tive nature (for example, see 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).

Several recent studies have strongly suggested the
occurrence of interspecific hybridization in clonal cnidarians.
Hatta et al. (1999) and Marquez et al. (2002) have shown
that several species in the genus Acropora can hybridize in
vitro, albeit with varying degrees of reproductive success.
McFadden and Hutchinson (2004) have shown that accord-
ing to ITS-rDNA data, the soft coral species Alcyonium
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hibernicum may be of hybrid origin. Utilizing the ITS-rDNA
region, other cnidarian genera shown to hybridize include
Madracis (Diekmann et al., 2001), Acropora (Odorico and
Miller, 1997, van Oppen et al., 2001), and Montipora (van
Oppen et al., 2004), suggesting that hybridization, reticulate
evolution, and/or introgression (hybrids backcrossing with
parents) may be widespread in Anthozoa.

Here, we investigated three species of Zoanthus (Hexa-
corallia: Zoanthidae) at three sites in southern Japan using
the nuclear DNA marker ITS-rDNA to explore the possibili-
ties of hybridization between species, and utilized the
mitochondrial DNA marker cytochrome oxidase | gene (COI)
to confirm species-level relationships. Previous research
has shown that that Zoanthus sansibaricus investigated
here reproduces in synchrony with the moon phase as a
hermaphroditic mass spawner (Ono et al., 2005). While
nothing is known of the sexual reproduction of the other two
Zoanthus species investigated here, previous research has
shown gamete maturation to occur in summer months for
both Pacific (Z. aff. pacificus; Cooke, 1976) and Atlantic
(Zoanthus spp.; Karlson, 1981) Zoanthus species. Similarly,
Palythoa (Protopalythoa) on the Great Barrier Reef has
been also shown to spawn in synchrony with moon phase
as a hermaphroditic mass spawner (Babcock and Ryland,
1990; Ryland and Babcock, 1991). At all three sites, large
numbers of Zoanthus coexist within very small areas in the
infra- and sub-littoral zones, increasing the potential of
hybridization events occurring in situ. Based on our genetic
results, we discuss hybridization and possible evolutionary
patterns in Zoanthus spp.

MATERIALS AND METHODS

Sampling

Samples of Zoanthus spp. were collected from three field sites
(Sakurajima, Yakushima, Amami) in Kagoshima Prefecture, Japan,
in June-August 2003, June-September 2004, and December 2005,
and stored in 80-100% ethanol at —20°C. Samples were collected
of all Zoanthus morphotypes observed at each site across the full
range of depths and environments and are preserved in collections
at the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC, Yokosuka, Japan) and museums worldwide (see
Reimer et al., 2006a for details). As samples were collected in situ,
photographs were taken to assist in identification and for the collec-
tion of morphological data (oral disk/polyp diameter, color, tentacle
count, polyp form). A sample of Parazoanthus gracilis was collected
from Jogasaki, Shizuoka Prefecture, Japan in November 2004 to

Table 1. Summary of Zoanthus species sampled.

use as an outgroup for phylogenetic analyses.

Sample nomenclature

Samples were assigned names based on species, sampling
site, and sampling number (Table 2). For example, sample ZAT1 is
sample Zoanthus sansibaricus from Amami, Tomori Beach, sample
number 1 at this site. Sample names with hyphens and terminal let-
ters or numbers represent ITS-rDNA sequence clones (i.e., ZAT1-
1). Samples and sequences from Reimer et al. (2004) follow the
nomenclature used in that article, with an explanation attached in
Table 2.

DNA extraction, PCR Amplification, cloning, and sequencing
DNA was extracted from samples weighing 5-20 mg using the
spin-column DNeasy Animal Extraction protocol (Qiagen, Santa
Clarita, CA, USA) (Ladeunesse and Trench, 2000). PCR amplifica-
tion using genomic DNA as a template was performed using Hot-
StarTag DNA polymerase (QIAGEN, Tokyo, Japan) according to
the manufacturer’s instructions. The COIl gene was amplified using
primer set LCO1490 (5-GGT CAA CAA ATC ATA AAG ATA TTG
G-3’) and HCO2198 (5-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3’) (Folmer et al., 1994), with the following thermal-cycle condi-
tions: 35 cycles of 1 min at 94°C, 1 min at 40°C, and 90 sec at
72°C, with a final elongation step of 7 min at 72°C. The ITS-rDNA
region was amplified with newly designed Zoanthidae-specific
primer set Zoan-f (5-CTT GAT CAT TTA GAG GGA GT-3’) and
Zoan-r (5-CGG AGA TTT CAA ATT TGA GCT-3), except for Z
kuroshio samples, which were amplified with Zoan-f and a general
primer (pITS-r; 5-TCC TCC GCT TAT TGA TAT GC-3’) (Sugita et
al., 1999). All ITS-rDNA samples were amplified under the following
thermal-cycle conditions: 35 cycles of 1 min at 94°C, 1 min at 50°C,
and 2 min at 72°C, with a final elongation step of 10 min at 72°C.
The amplified products were checked by 1.5% agarose gel electro-
phoresis. Some PCR-amplified DNA fragments were cloned into the
pCR2.1 vector from a TOPO TA Cloning Kit (Invitrogen, Berkeley,
CA, USA) and sequenced with an ABlI PRISMTM 3700 DNA Ana-
lyzer (PE Biosystems, Foster City, CA, USA) using a BigDye™ Ter-
minator Cycle Sequencing Ready Reaction Kit (PE Biosystems).
The sequences were analyzed using GENETYX-MAC version 8.0
(Software Development, Tokyo, Japan) and DNASIS Mac v3.6
(Hitachi Software Engineering Company, Ltd., Tokyo, Japan).

Phylogenetic analyses

New sequences obtained in the present study were deposited
in DDBJ and GenBank (accession numbers AB214123—-AB214178,
AB252665-AB252676, and DQ442406-DQ442493). By using
CLUSTAL X version 1.8 (Thompson et al., 1997), the nucleotide
sequences of the COI gene and 5.8S rDNA from Zoanthus species
were separately aligned with COIl and 5.8S rDNA sequences from

Name Habitat/depth Oral disk Colony/polyp form Oral disk color Polyp color
diameter (mm)
Z. sansibaricus Exposed or shaded 3~12 Connected growth of polyps, Wide variety (green, Dark purple
rocks & coral, polyps extending purple, red, blue, yellow,
+1.5t0-10.0m from coenenchyme brown, orange)
Z. kuroshio® Exposed or shaded 6~10 Connected growth of polyps, Little variety, (usually Pale purple
rocks & coral, polyps embedded pale pink)
+0.5 to -3.0m in coenenchyme
Z. gigantus’ Shaded cracks in  6~24 Small colonies, polyps Some variety (green, Dark purple with white

rocks, +1.0 to -2.0m

connected to less-developed
coenenchyme

blue, brown) markings or stripes

near oral disk

"New species described in Reimer et al. (2006a).
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Table 2. List of samples

J. D. Reimer et al.

Species Sample name? Depth (m) Oral disk diameter Oral disk COl ITS clade Designation
(mm) color(s) clade® (# clones)?

Z. sansibaricus SakZpaci —2 6~10 bright green sansi’ sansi (4) pure sansi
SakZpac2 -2 6~10 bright green sansi’ sansi pure sansi
SakZ1 -3 6~10 green-brown sansi' sansi pure sansi
Sakz2 -3 6~10 green-brown sansi' sansi pure sansi
SakZery1 -3 6~10 red, blue, white sansi’ sansi pure sansi
SakZery2 -3 6~10 red, blue, white sansi' sansi pure sansi
SakZ3 -3 6~10 yellow sansi' sansi pure sansi
Sakz4 -3 6~10 yellow sansi’ sansi pure sansi
Sakz5 -3 6~10 red, white sansi’ sansi pure sansi
SakZgnop -3 6~10 green, blue sansi’ sansi pure sansi
Sakz6 -3 6~10 yellow sansi’ sansi pure sansi
Sakz7 -3 6~10 white sansi’ sansi pure sansi
SakZsansi -3 6~10 purple sansi' sansi pure sansi
SakZ8 -3 6~10 white sansi’ sansi pure sansi
SakZ9 -3 6~10 green sansi' sansi pure sansi
ZSH1 -5 6~8 light green sansi sansi pure sansi
ZSH2 -5 6~8 light green sansi sansi pure sansi
ZSH17 -1 6~8 light green sansi sansi pure sansi
ZSH23 -9 6~8 white sansi sansi pure sansi
YakZpaci 1 6~10 bright green sansi’ mixed sansi/B F4
YakZpac2 1 6~10 bright green sansi' sansi pure sansi
YakZ1 1.5 6~8 green sansi' sansi pure sansi
Yakz2 -1 8~12 white, green sansi’ B (16) sansi/B Fa.
YakZ5 -1 8~12 purple, white sansi' mixed sansi/B F4
AmamiZpac1 0.5 6~10 bright green sansi' mixed sansi/B F1
AmamiZpac2 0.5 6~10 bright green sansi’ mixed sansi/B F4
AmamiZ1 0 4~6 green sansi' mixed sansi/B F4
AmamiZ2 0.5 4~8 purple sansi' sansi pure sansi
AmamizZ5 2 4~8 purple sansi’ mixed sansi/B F4
ZAT1 0 6~8 bright green sansi sansi pure sansi
ZAT2 0 6~8 white sansi sansi/B (9/4) sansi/B F1
ZAT3 0 3~6 light purple sansi sansi pure sansi
ZAT4 0 3~6 light yellow sansi sansi pure sansi
ZAT5 0.5 3~6 white sansi sansi/B (5/3) sansi/B F4
ZAT6 -1 6~8 bright green sansi mixed sansi/B F4
ZAT7 -1 6~8 purple sansi sansi pure sansi
ZAT11 1.5 3~6 white, purple sansi B sansi/B Fa.

Z. kuroshio ZKYS1 -1.5 6~8 white, light pink kuro kuro pure kuro
ZKAT9 -1 6~8 white, light pink kuro kuro (6) pure kuro
ZkAT12 -3 6~8 white, light pink kuro kuro (11) pure kuro
ZkYS21 -0.5 8~12 white, pink kuro kuro (6) pure kuro
ZkYS22 -0.5 8~12 white, pink kuro kuro (8) pure kuro
ZkYS23 -0.5 8~12 white, pink kuro kuro (11) pure kuro

Z. gigantus AmamiZg4 1 6~10 fl. green giga' giga () pure giga
ZgYS8 0 8~20 mint green, white giga giga (11) pure giga
ZgYS9 0 8~20 mint green, white giga giga (12) pure giga
ZgYS10 0 8~20 mint green, white giga giga (9) pure giga
ZgYSi1 -0.5 10~20 blue, dark green giga giga (11) pure giga
ZgYS12 -0.5 10~20 blue, dark green giga giga (12) pure giga
ZgYS13 -0.5 14~20 NA giga giga (12) pure giga
ZgYS15 0 12~20 blue, dark green giga giga (12) pure giga
ZgYS16 0 12~20 blue, dark green giga giga (12) pure giga

Parazoanthus gracilis  PglJ1 -18 1~3 bright yellow para para pure para

2Sample name abbreviations: Z=Zoanthus (sansibaricus species), Zg=Z. gigantus, Zk=Z. kuroshio, Pg=Parazoanthus gracilis, SH=Sakurajima
(site), Hakamagoshi (locale), YS=Yakushima, Sangohama, AT=Amami ,Tomori, IJ=lzu Penninsula, Jogasaki. All sample names from this
study followed by a sample number. Other sample names (i.e. SakZpac1) follow nomenclature used in Reimer et al. (2004), with the following
abbreviations: Sak=Sakurajima, Yak=Yakushima, Zpac=Z. aff. pacificus morphotype, Zery=Z. aff. erythrochloros morphotype, Zgnop=Z. aff.
gnophodes morphotype, Zsansi=Z. aff. sansibaricus morphotype, Z=unknown Zoanthus sp., and Zg=Z. gigantus. °Sequence abbreviations:
sansi=sansibaricus, B=allele B, kuro=kuroshio, gigan=gigantus, mixed=direct PCR resulted in “mixed” signals, para=parazoanthus.
'Sequences previously obtained from Reimer et al. (2004); Genbank Accession #s AB128893~AB128898 and AB194014~AB194036 (sup-

plemental data).

Numbers in parentheses represent number of clones (no numbers indicate data collected by direct sequencing). Novel sequences obtained
in this study are AB214123~AB214178, AB252665~AB252676 and DQ442406~DQ442493.




Hybridization in Zoanthids 349

Parazoanthus gracilis as outgroups (ITS-1 and ITS-2 rDNA regions
were unalignable; see Table 3 for ITS-1 and ITS-2 lengths acquired
from the samples). The alignments were inspected by eye and man-
ually edited. All ambiguous sites of the alignments were removed
from the data set for phylogenetic analyses. In this manner, we gen-
erated two aligned datasets: 1) 592 sites of 50 sequences (the COI
gene); and 2) 157 sites of 92 sequences (5.8S rDNA). The align-
ment data are available on request from the corresponding author.

For phylogenetic analyses of the COl gene and 5.8S rDNA
sequences, the same methods were independently applied. Maxi-
mume-likelihood (ML) analyses were performed using PhyML
(Guindon and Gascuel, 2003). PhyML was performed using an
input tree generated by BIONJ with the general time-reversible
model (Rodriguez et al., 1990) of nucleotide substitution incorporat-
ing invariable sites and a discrete gamma distribution (eight catego-
ries) (GTR+I+I). The proportion of invariable sites, a discrete
gamma distribution, and base frequencies of the model were esti-
mated from the data sets. PhyML bootstrap trees (500 replicates)
were constructed using the same parameters as the individual ML
trees.

The neighbour-joining (NJ) method (Saitou and Nei, 1987) was
performed using PAUP* Version 4.0 (Swofford, 1998) with the
Kimura-2 parameter model (Kimura, 1980). NJ bootstrap trees

(1,000 replicates) were constructed using the same model.

Bayesian trees were also reconstructed by using the program
MrBayes 3.0 (Ronquist and Huelsenbeck, 2003) under GTR+I+T.
One cold and three heated Markov-chain Monte-Carlo (MCMC)
analyses with default-chain temperatures were run for 1,000,000
generations, with log-likelihoods (InLs) and trees sampled at 100-
generation intervals (10,000 InLs and trees were saved during
MCMC). The likelihood plots for the COI and 5.8S rDNA data sets
suggested that MCMC reached the stationary phase after the first
40,000 and 50,000 generations, respectively. Thus, the remaining
960,000 and 950,000 trees of COIl and 5.8S rDNA, respectively,
were used to obtain clade probabilities and branch-length esti-
mates.

Minimum-spanning networks were constructed with the pro-
gram TCS version 1.2.1 (Clement et al., 2000) for the COIl and 5.8S
rDNA data sets using the variable sites of each data set.

ITS-rDNA utility assessment and intragenomic polymorphism
In order for the ITS-rDNA region to be an accurate species-
specific marker, the amount of intra-genomic polymorphism (IGP)
must be screened and corroborated with data from other loci
(Vollmer and Palumbi, 2004; Worheide et al., 2004). Based on our
cloning results, the ITS-rDNA region appeared to be an accurate
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Map of sampling locations in southern Japan and the Zoanthus species found at each location. Abbreviations: sansi, Z.sansibaricus;
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marker for investigating Zoanthus species. Preliminary experiments
showed IGP in samples of Z. gigantus and Z. sansibaricus to be at
acceptable levels (6/911bp=0.7% and 1/782bp=0.1%, 5 clones
each), while interspecific ITS-rDNA variation between these two

Fig. 2. In situ photographs of (a) Zoanthus sansibaricus (sample
ZSH1, Sakurajima, depth -5 m), (b) Z. kuroshio (sample ZkYS1,
Yakushima, depth -1 m), and (¢) Z. gigantus (sample ZgYS1,
Yakushima, depth -1.5 m). All depths relative to extreme low tide
line. In (c), note Z. sansibaricus colony (white and green) in lower
left corner for size comparison. White/black scales=1 cm.

species was very high (see alignment in Fig. 5), particularly in the
ITS-1 and ITS-2 regions, which were highly divergent in length
(Table 3). Based on these results, we chose the ITS-rDNA region
as the nuclear marker we utilized along with COl mtDNA.

RESULTS

Zoanthus sampling

Based on morphology, our Zoanthus samples grouped
into three species groups; a) Zoanthus sansibaricus, corre-
sponding to a variety of morphotypes previously shown to
be conspecific (including Z. aff. pacificus, Z. aff. erythrochlo-
ros, and Z. aff. gnophodes; see Reimer et al., 2004, 2006a),
b) Zoanthus kuroshio, generally light pink in oral-disc color
and polyps much more embedded in the coenenchyme than
Z. sansibaricus, and c) Zoanthus gigantus, much larger
(>2X) both in oral-disc diameter and polyp size than either
Z. sansibaricus or Z. kuroshio, with white or pale pink strip-
ing patterns on the upper external surface of the polyp
(Tables 1 and 2). Detailed species descriptions of the new
species Z. kuroshio and Z. gigantus have appeared else-
where (Reimer et al., 2006a). Only Z. sansibaricus morpho-
types were observed at Sakurajima, while all three species
were seen at Yakushima and Amami (Figs. 1 and 2). Zoan-
thus sansibaricus was abundant at all three sites investi-
gated, while Z. kuroshio was abundant at Yakushima and
Amami but not present at Sakurajima. Zoanthus gigantus
(also found at Yakushima and Amami) colonies were com-
paratively much less abundant than the other two species.
For additional data on the distribution and morphological
characteristics of the Zoanthus spp. used in this study, refer
to Fig. 2 and Table 2.

Sequences and phylogeny of the COIl gene

The ML tree based on the COI sequences is shown in
Fig. 3. All assumed Z. sansibaricus samples formed a mono-
phyletic group, with strong ML bootstrap support (98%). All
presumed Z. kuroshio formed a separate monophyletic
group sister to Z. sansibaricus, with lower ML bootstrap sup-
port (81%). Zoanthus gigantus samples also formed a
monophyletic group, with high ML bootstrap support (88%).
Bayesian posterior probability values for the monophyletic
groups of Z. kuroshio and Z. gigantus were not so high (less
than 80%), but as our alignment showed clear species-spe-
cific substitutions, we are confident in the phylogenetic
topology reconstructed here. Overall, Z. kuroshio COI sequ-
ences differed from Z. sansibaricus by 0.7% (4/592 bp), and
Z. gigantus COI sequences differed from Z. sansibaricus by
1.3% (8/592 bp). There were no differences in COIl sequ-
ences within each of the three species groups. Based on our
present results regarding the COI phylogeny and past exam-

Table 3. Varying base pair lengths and GC% for obtained ITS-
rDNA sequences for different alleles in Zoanthus spp.

allele ITS-1 5.8S ITS-2 GC content (%)
of entire ITS-rDNA

“sansi” 236~237 156 234~241 44.6

“B” 337~343 156 175 52.4

“giga” 346~348 156 246~250 51.6

“kuro” 295~297 156 190~192 58.8
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Fig. 3. Maximum-likelihood tree of obtained cytochrome oxidase | gene (COI) sequences. Values at branches represent NJ and ML bootstrap
probabilities, respectively (>50%). Bayesian posterior probabilities >95% are represented by thick branches. For sample name abbreviations,
see Table 2. Samples in boxes represent “B” only samples, samples with filled-in target symbols represent confirmed sansi/B hybrids, and
samples with empty target symbols represent putative sansi/B hybrids.
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inations of COIl data in Anthozoa (Medina et al., 1999; sequence variation of less than 5% to be “alleles” (see Wor-
Reimer et al., 2004, 2006a; van Oppen et al., 2004), as well heide et al., 2004). Zoanthus sansibaricus samples (n=19)
as mt 16S rDNA sequence data (Reimer et al., 2006a) and from Sakurajima all possessed almost identical ITS-rDNA
morphological characteristics, our divergence results (0.7— sequences we designated as the “sansi” allele (Table 2).
1.3%) are consistent with anthozoan species-level differ- Zoanthus kuroshio (n=6) and Z. gigantus (n=9) samples
ences, and we interpreted our three presumed Zoanthus possessed one ITS-rDNA allele each, designated “kuro” and
species to be true, separate species. “giga”, respectively (Table 2). Unexpectedly, some Z. sansi-
baricus from Yakushima and Amami possessed both the
ITS-rDNA sequences and phylogeny “sansi” ITS-rDNA allele as well as another highly divergent
We designated monophyletic groups of ITS-rDNA with allele we designated “B”. Individual Z. sansibaricus from
<+—188—» |[<«—I|TS-1—»
4L 11 21 31 51 61 71 81 91
| | | | | | | | \
B CTTGATCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTAACG-TATGTATGACATACAATGTGTCGTCACC
giga CTTGAGCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATCGATAACGAAAA-AAAARACGTGTCGTCACC
kuro CTTGAGCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTARCGCGTCTCGTCTTGT--~-~-~-~ TGCCGTCACC
sansi CTTGATCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTACCG- - -ATG-TAAAATCCAAG- -~ - - - - = - -~
101 111 121 131 141 151 161 171 181 191
| [ | \ | \ | \ |
B GCGAACTTGTTTGTTGT - CACCTTTCCGTCGACGACGG-~~~~~~ CGGGTAAGGGTAGGGTG - CAGTCCCTTTAAATGGAGTCGTTTCGGACCGGGCATC
giga GTGAACCGTAGCGTCGTCTTTTCTTCCGTCGACCTTG-~-~~~~~~ CGGCGCAGGGTAGGGTT - TCGACCCTTTAAATGGAGGTGTTTCGTTTTTCG-GCC
kuro GCGAACCGTCG-GTCCCACACTTTTCCGTCCGCGTCGGACGGGGTCGGGGTAGGGAAAAATCGTCGTCCCTTTARACGGAGGCGTTTCG- -~~~ -~~~ -~
F=E b T R e TTTAATTGGAGT------ GTACCGCGAACC
201 211 221 231 241 251 261 271 281 291
| | | | | | | | \
B TTCGCTTGCCGCTTCTTCCTCTTCTCATCAACGACGCACGCGCAAAAGACGGGTGCGATCGACCGTCTCTGTCGCGATC-~-~--~-~-~-~ GAGAGTCGAGACG
giga GCCGACGGCGCCTTTCTCAAGTTCTCTTCC-CGACGAGGGTCCG-GTCGTGCGGCCCACCGCGCGCAATGGGTCCGTCCGCTCCG- -TTCCGTCGTCGGG
kuro
sansi GTC-CTTGACGTTGGGGGTCGTCCTTGTGAGTGACG-~-~-~-~~ TTAAA----TAGCGT------------ TAGCCTGCTCGAGATCARA---~-------~ G
301 311 321 331 341 351 361 371 381 391
| | | | | | | | |
B GAGAGCGAGGC----- GA-GAAGCGCGTCTCTCGGGG-ATCGGCGT-CCGTCGCCTCCGGCCCTCCC-GTTTTCGTCG- - ~-ACGTTTTATTTTTTTT-CC
giga G----- AATGCGT------ GGAAAGCGTCGTTCGGGGCGTC- -CGT-GCGTCGCCTCCGGCCCTCCC-GTT - -CGTCG- - -ACGTTTGATTTTTTTT-CC
kuro [ AAAGAGA-GAGAT-CGGAGT----- ACATC--CCTACCGTCGCCTCCGGCCCTCCCCGT - - -CCGCGCCGACGGCGTCTTTTTTTTTCG
sansi G--ACG----- TTAGAGAAGAGATGTTATTCTCGG-ATATTT-CGT-CCGTTGGACAGGTGTCTCGC---~-AGCC-C-CC-ACATTT-ATTTTTTT---~
- — | -— —
401 411 421 431 441 ITS"1 461 588 481 491
| | | | | | | | | |
B  semmmeses AAACGGGAAAGACTGAG---TGAGAGA------ AGCAG--AA-AAGAAAGAGAGACAACTTTTAACGGTGGATCTCTTGGCTCGTGCATCG]
giga CCT--AC--AAACGTGTCGGACTGAGAAGTGAAAGA--~-~-~-~ GAAAAATATGAAAAAAGAGAJACAACTTTTAACGGTGGATCTCTTGGCTCGTGCATCG]
kuro = ----- ACCG---CGAACCTG-CAGAG-ACTGAAA--CAC---GCACGAAATGACCAAACGGAJACAACTTTCAACGGCGGATCTCTTGGCTCGTGCATCG
sansi --AAAACAC---AGTAAC--A-AAAAATCT-AAA--CAACCTGAAAAATACCTTATAAACAGTACAACTTTTAACGGTGGATCTCTTGGCTCGCGCATCG
501 511 521 531 541 551 561 571 581 591
| | | | | | | | |
B  ATGAAGAACGCAGCCAGCTGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAAATGGCGCTCTCGGGTTCTCTCGGGAG]
giga [ ATGAAGAACGCAGCCAGCTGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAAATGGCGCTCTCGGGTTCTCTCGGGAG
kuro [ ATGAAGAACGCAGCCAGCTGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAAATGGCGCTCTCGGGTCCTCTCGGGAG
sansi [ ATGAAGAACGCAGCCAGGTGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAAATGGCGCTCTTGGGTTTTCCCAGGAG
e — —
601 588 621 ITS'2 641 651 661 671 681 691
| | | | | | | | | |
B ICATGTCTGTCTGAGTGTCGG} - ---- AAACAACATATAC------ CGCTTC----GCGCG- - - -GGCCTTGAAGCGTCGCGGTC----~--~--~-------~
giga ICATGTCTGTCTGAGTGTCGG----- - AAACAGTTTACCCGCGCGTCGCCTC- - - -GCGCGACGCGGARATGAGGTGTCCCGGTTTTCCGCTTTTTTTTTT
kuro ICACGTCTGTCTGAGTGTCGG---- -~ AAACACCTGACC-------~ GCCGC- - - -TCGCGGCG-GGTCTTGAGGCGTCGCGETC--CCG-~-~~-~-~--~-~~
sansi ATCGTCTGTCTCAGTGTCGGITTCCAAAACTA - -GACCGTAGCATTTTTT-AATGGTGCGG - - - TGCATTGAGGAGTCGTGGAACTC- -ATGATTT- - - -
701 711 721 731 741 751 761 771 781 791
| \ | | | | | | |
B = ceoooomcoosmoeeemememese, A-GT----CCGCGTCCTTCGAAATGCAGT - - - -CGCCGCGGCGTTT-TCCA- - - -TCCGATTTTCCGG-AGGCTTCG-
giga TTTCGATAAAAAAAAAAAATCGA-GGTCAGCCGCGTCCTTCCGAAATGCAGT - - - - CGCCGCGACGTTT-TCAAAGAGTCCGATTTTCCGG-AGGCTTCG~
kuro = = = 0o sesescosssecssscanees GA------- CCGCGTCCCECGAAATGCAGT - - - -CGCCGCGECETTCGTCTTCCCGTCCGATT - - CCGG-AGGCCACGA
sansi =i QR =i i, AATT-AGGGT- -GCCGCGTCCCTTGAAATGGAGCAAAGGACCAGGACGTGCAGTATCT - - TGCGTCGTTCGGGAAGGCCAAAA
801 811 821 831 841 851 861 871 881 ITS‘2
| | | I | | | I \ |
B AGAG--TTTCTCCTCCTCTCGGGATCGAA------ COG = GCGCTCGCGACGAAAAAGGAGATAGCA--~-~-~--~---~---~ CGCGCAACCT----CTC
giga AGAG--TTTCTCCTCCTCTCGGGACGGATT - - - -CCTAGCG-AGCGCTCGCGACGAAATCGAAAACCGAAAAAGAGGTATC - -TGCGCAACCTA--CCTC
kuro AGAG------- CCAGCTCTCCCGACGCCCT- - - -CCGGTC- - TCCGCATCGGGAGACGGCCCGCGACGAGGAAGGAGAAGC-CGAACGAACG- -~~~ CGC
sansi CA--TAACGCTTGCCCTTTCCCGACGCGCAAGGTCCTTGTGGTCCGCGGTC-~-~-~~-~-~-~--~~~ CAATAACGGCAATTACATTTAAAATTTCAAATCTT
B 288 > 001 931 941 951 961 971
| | | | | |
B IGACCTCAGATCAGGCAAGACTACCCGCTGAATTTAAGCATATCAATAAGCGGAGGAAAAGAAACTAACAGGGATTC
giga (GACCTCAGATCAGGCAAGACTACCCGCTGAATTTAAGCATATCAATAAGCGGAGGAAAAGAAACTAACAAGGATTC
kuro (GACCTCAGATCAGGCGAGACCACCCGCCGAATTTAAGCATATCAATAAGCGGAGGAAAAGAAACTAACAAGGATTC
sansi (GACCTCAGATCAGGCAAGGCTACCCEGCTGTATTTAAGCATATTAATAAGCGGAGGAAAAGAAACTAACAAGGATTC

Fig. 5. Alignment of the ITS-rDNA region for four alleles: “sansi”, “kuro”, “B”, and “giga”. Areas in black boxes represent conservative regions
(18S, 5.8S, 28S-rDNA), and shaded gray areas represent identical regions of 9 or more bp in ITS-1 and ITS-2 shared by two or more alleles.
“giga”, AmamiZg4-1; “B”, ZAT2-F; “sansi”, ZAT5-4; “kuro”, ZKAT12-7.
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Yakushima and Amami were shown to possess “sansi” only
(seven samples, confirmed by direct sequencing), both “sansi”
and “B” (nine samples total; all samples directly sequenced
resulted in “mixed” ITS-rDNA sequences, and presence of
“sansi” and “B” was confirmed by cloning in two samples
[ZAT2, ZAT5], with 13 and 8 clones respectively), or “B” only
(two samples; YakZ2 confirmed by cloning [16 clones] and
ZAT11 confirmed by direct sequencing) (Table 2). All sam-
ples possessing single alleles confirmed by cloning could be
directly sequenced, while no samples possessing two alleles
(“sansi” and “B”) could be directly sequenced (i.e., double
peaks in the raw sequence data). In general, while the
sequences of 3'-terminal 18S and 5.8S and 5'-terminal 28S-
rDNA were easily alignable, the ITS-1 and ITS-2 regions
were highly variable in length and base-pair sequence
between alleles, and we did not have confidence in the
resulting alignments (Table 3). For this reason we did not
align the entire ITS-rDNA region for subsequent phyloge-
netic analyses, but instead aligned only the 5.8S rDNA
region. Note that even though we did not use the entire ITS-
rDNA region alignment for phylogenetic analyses, we have
presented an alignment in Fig. 5 to show both shared ITS-
rDNA regions and the high levels of sequence differences
between different alleles. Additionally, 5.8S rDNA sequence-
difference levels between species were higher than for COI
(Table 4).

To reconfirm the levels of IGP within each allele, all
sequences obtained of the entire ITS-rDNA region (not only
5.8S rDNA) for each species or allele group were aligned
and edited, and the total number of variable sites calculated
(Table 5). Additionally, we calculated intra-individual IGP
levels between the two most variable (most sequence differ-
ences) individuals of each allele (Table 5). Worheide et al.
(2004) have stated that the ITS-rDNA region is phylogenet-
ically informative when IGP levels do not obscure within- or
between-species differences. Our Zoanthus ITS-rDNA sequ-
ences, while having moderate IGP levels (all IGP below 5%;
see Table 5), show very clear between-allele differences,
making ITS-rDNA valid as a species marker.

We obtained the following number of ITS-rDNA sequ-
ences for each allele: “sansi”, n=43; “B”, n=24; “giga”, n=95;

and “kuro”, n=43. However, we did not include some sequ-
ences in our 5.85 rDNA phylogenetic tree due to redun-
dancy.

The ML tree based on 92 5.8S rDNA sequences is
shown in Fig. 4. As with the COI data, the “sansi”’ allele
formed a monophyletic group, with only 70% ML bootstrap
probability and 67% Bayesian posterior probability, although
these low probabilities are due to the inclusion of sequence
ZAT5-1 (see below). The ITS-rDNA ZAT5-1 sequence had
an ITS-1 “B” sequence and an ITS-2 “sansi” sequence, with
a 5.8S sequence intermediate between “sansi” and “B” (the
first 53 bp of 5.8S were identical to “B”, while the remaining
104 bp were identical to “sansi”). This sample is located
basally in the “sansi” clade with very high bootstrap support
(98% ML bootstrap probability and 100% Bayesian posterior
probability). Unlike in the COI alignment, the “kuro” allele
monophyletic group (99% ML bootstrap probability and
100% Bayesian posterior probability) was derived from a
basal “giga/B” monophyletic group (96% ML bootstrap prob-
ability and 98% Bayesian posterior probability). “Giga” and
“B” also shared ten identical regions 9 bp or greater in length
in their ITS-1 and ITS-2 sequences, while “kuro” and “B”
shared five such regions, and “kuro” and “giga” shared four
regions (Fig. 5). The “sansi” allele shared no regions in ITS-
1 and ITS-2 with “B” or “giga”, and two ITS-2 regions with
“kuro”. For ease of understanding, we have referred to all
morphotypic Z. sansibaricus in the text as Z. sansibaricus,
regardless of their ITS-rDNA allele makeup. In cases where
distinctions between ITS-rDNA allele types are necessary,
“sansi/sansi” have been referred to as “only “sansi”, hybrids
as “sansi/B”, and “B/B” as “only “B™".

Minimum-spanning networks

Minimum-spanning networks (MSN) were created for
both the COI and 5.8S rDNA data sets (Fig. 6). A MSN cre-
ated for the entire ITS-rDNA region resulted in most allele
and haplotype groups being unconnected, and is thus not
shown here. Both the COI and 5.8S rDNA MSNs are rela-
tively simple, as there were low numbers of haplotypes in
both data sets. The COlI MSN showed Z. sansibaricus and
Z. gigantus COIl sequences to be 8 steps apart, with Z.

Table 4. Comparison of cytochrome oxidase | (COIl) and 5.8S ribosomal DNA (5.8S rDNA) sequence difference levels in three species of

Zoanthus.

Comparison species

COlI sequence difference (% and number
of base-pair differences of total base pairs)

5.8S rDNA sequence difference (% and number
of base-pair differences of total base pairs)

Zoanthus sansibaricus — Zoanthus gigantus
Zoanthus sansibaricus — Zoanthus kuroshio
Zoanthus gigantus — Zoanthus kuroshio

1.3%, 8/592 4.4%, 7/158
0.7%, 4/592
0.8%, 5/592 2.5%, 4/158

7.0%, 11/158

Table 5. Intra-genomic polymorphism (IGP) levels for different alleles of the ITS-rDNA region in Zoanthus spp.

allele (base pair length used
in calculations’)

Intra-allele (IGP) (total sequences used)

Highest intra-individual IGP observed
(sample name, sequences used)

“sansi” (679)
“B” (540)
“giga” (840)
“kuro” (710)

4/679=0.59% (48 sequences)
23/540=4.26% (26 sequences)
31/840=3.69% (69 sequences)
11/710=1.55% (24 sequences)

0/670=0.00% (ZAT2, 9 sequences)
16/540=2.96% (YakZ2, 16 sequences)
19/840=2.26% (ZgYS13, 12 sequences)

4/710=0.56% (ZkYS23, 12 sequences)

" note allele base pair length differs from 1TS-1+5.8S+ITS-2 total length from Table 3 due to different alignments used to
maximize number of sequences investigated for IGP calculations.
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Fig. 6. Minimum-spanning networks for (a) Zoanthus spp. COI
sequences and (b) Zoanthus spp. 5.8S rDNA sequences. Species/
allele abbreviations: giga, Zoanthus gigantus; kuro, Zoanthus kuro-
shio; sansi, Zoanthus sansibaricus; B, B allele; Para, Parazoanthus
gracilis; ZAT5-1, sample ZAT5 subclone 1. Note that the P. gracilis
COIl sequence was unconnected to the network in (a). Zoanthus
haplotypes are displayed as ovals, Parazoanthus haplotypes as
squares. The size of the oval or square indicates haplotype fre-
quency.

kuroshio in the middle, 5 steps apart from both Z. sansibar-
icus and Z. gigantus (Fig. 6a). In the 5.8S rDNA MSN,
ZAT5-1 was 1 step apart from the sansi allele, while the
giga/B allele was 7 steps from sansi, and kuro an additional
4 steps removed from giga/B (for a total of 11 steps
removed from sansi) (Fig. 6b).

DISCUSSION

Utility of COI-mtDNA and ITS-rDNA in Zoanthus

Our results confirm previous speculation that COI is a
suitable species-level marker for the genus Zoanthus
(Reimer et al., 2004). All samples examined fell into one of
three monophyletic species groups, with the resulting phylo-
genetic trees having relatively high bootstrap support. The
three Zoanthus species examined here differed by four to
eight base pairs from each other.

Additionally, 5.8S rDNA proved to be useful in examin-
ing phylogenetic relationships, with a divergence rate slightly
higher than seen in COI (Table 4). However, it should be
noted that the 5.8S rDNA region utilized here for phyloge-
netic analyses failed to distinguish between the ITS-rDNA
alleles “giga” and “B”. Furthermore, the ITS-1 and ITS-2
regions obtained between species proved to be virtually
unalignable, negating the potential use of these regions in
phylogenetic analyses. Furthermore, while our 5.8S rDNA
data confirms monophylies seen with the COIl data, the
topologies of the two resulting trees are different. Possible
reasons for this will be discussed later in this paper.

The highly variable ITS-1- and ITS-2-region sequences
for Zoanthus obtained here were highly useful for a) inferring
the presence of hybrids, and b) acting as species-level
markers based on the length of each ITS region (similarly to
Takabayashi et al., 1998; Hung et al., 2004). Our results
also show that Zoanthus spp. have a rate of ITS-1 and ITS-
2 divergence that is very high compared to mitochondrial
DNA divergence and much higher than that reported for ITS-
1 and ITS-2 between species in most other genera of
Hexacorallia (i.e., only 2% variation in the Montastrea annu-
laris complex [Medina et al., 1999], 4.9% in Madracis spp.
[Diekmann et al., 2001], and 11% in Porites spp. [Hunter et
al.,, 1997]). We estimate the ITS-rDNA region variation
(despite difficulty in alignment) in the genus Zoanthus
(between “sansi” and “B”; Fig. 5) at approximately 45% (and
up to 70% for ITS-1), even higher than the extreme diversity
(approximately 20%) reported between Acropora spp.
(Marquez et al., 2003).

We recommend that any future study utilizing the ITS-
rDNA region first investigate intragenomic polymorphism
levels through cloning (as suggested by Worheide et al.,
2004) and compare the sequences obtained with data from
at least one other, single copy locus (as suggested by
Vollmer and Palumbi, 2004). The ITS-rDNA region alone
does not appear to be accurate nor informative enough to
draw informed phylogenetic conclusions on the evolution of
Zoanthus species, but when used along with a mitochondrial
(as seen here) or another nuclear marker, ITS-rDNA data
can be a powerful tool in investigating potential hybridiza-
tion, as well as concerted evolution.

“B” most closely related to Z. gigantus
While the “B” ITS-rDNA sequences are definitely of
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Zoanthus origin based on the 5.8S rDNA phylogeny, their
source remains undetermined. As shown in Figs. 4 and 5,
the “giga” ITS-rDNA sequence shares a completely identical
5.8S rDNA region with the “B” allele, with 7 bp differences
(substitutions) from the “sansi” 5.8S rDNA sequence. Addi-
tionally, “giga” and “B” share ten other identical regions in
the highly non-conservative ITS-1 and ITS-2 regions, much
more than shared between any other two alleles (Fig. 5).
Sibling species with varying ITS-1 rDNA length yet sharing
some conservative ITS-1 regions have been reported in the
ladybug subfamily Coccinellinae (von der Schulenberg et al.,
2001). It is expected, based on “B” and “giga” ITS-rDNA
similarities, that the species possessing “B” ITS-rDNA would
be a sibling species to Z. gigantus, and possibly Z. kuroshio.
There are, however, several possible scenarios that may
explain the “sansi/B” and “only B” samples.

Explanations for the presence of “B” ITS-rDNA
I. Pseudogenes and polymorphism

All Z. sansibaricus COIl sequences were identical, as
were ITS-rDNA sequences (designated “sansi”’) from the
majority of Z. sansibaricus colonies. However, at least two
Z. sansibaricus at Yakushima and Amami possessed both
“sansi” and “B” cloned ITS-rDNA sequences in approximately
equal numbers (Table 2). Additionally, two colonies (YakZ2
and ZAT11) had only “B” ITS-rDNA sequences despite hav-
ing “sansi” COI (Table 2) and mt 16S rDNA (data not shown).
The presence of both “sansi” only and “B” only Z. sansibaricus
colonies and the fact that “B” had an identical 5.8S-rDNA
sequence as “giga” strongly suggests that both alleles are
functional, eliminating the possibility of a retained, ancestral
pseudogene. Similarly, ITS-rDNA polymorphism appears to
be an unlikely explanation for our observed results, as Z.
sansibaricus samples from Sakurajima had no ITS-rDNA
allele besides “sansi” despite this being the most extensively
sampled site (n=19). If ancestral polymorphism were truly
present in Z. sansibaricus, we would expect at least some
Sakurajima samples to also possess the “B” allele.

Furthermore, Feliner et al. (2004) state that ancestral
polymorphism is unlikely to be the ultimate cause of intrage-
nomic variation in ITS-rDNA due to the presence of concerted
evolution, and that the merging of different ITS-rDNA copies
(i.e., from hybridization) is the more likely explanation. It is
interesting to note that one of our acquired sequences
(ZAT5-1) is a combination of the “sansi” and “B” alleles,
although this may be not due to homogenization/concerted
evolution but a chimera.

1. Are “B”-only samples the cryptic species or subspecies
parental source of “B” ITS rDNA?

One possible explanation for samples possessing “only
B” ITS-rDNA is that these samples represent a cryptic Zoan-
thus species (which we designate as Z. sp. B) and are the
other parent in the “sansi/B” equation. In other words, sam-
ples possessing “sansi/B” ITS-rDNA would be Fy or further
generation hybrid offspring of Z. sansibaricus and Z. sp. B.

It has been noted that COI appears to have a very slow
evolutionary rate in Anthozoa (Shearer et al., 2002), both in
Hexacorallia (Romano and Palumbi, 1997; Knowlton, 2000)
and Octocorallia (France and Hoover, 2002). Indeed, spe-
cies-level differences between Z. sansibaricus and Z.

kuroshio (3/600 bp=0.5%) are much lower than in the jellyfish
genus Aurelia (Scyphozoa) (10-20%) (Dawson and Jacobs,
2001). It may be possible that COI fails to resolve differ-
ences between Z. sansibaricus and Z. sp. B., although an
examination of mt 16S rDNA data (to be presented else-
where) showed results identical to COI, with potential Z. sp.
B. samples having “sansi” mt 16S rDNA sequences. Due to
slow anthozoan mtDNA evolution, mtDNA-sequence and
morphological differences between Z. sansibaricus and Z.
sp. B may have not yet accumulated. However, Z. sansibar-
icus, Z. kuroshio, and Z. gigantus all displayed clear mor-
phological differences from each other, and a monophyletic
group of COI and 5.8S rDNA data for each species was
observed. Why this would not happen between Z. sp. B. and
Z. sansibaricus remains obscure, especially considering that
theoretically Z. sp. B would be closely related to Z. gigantus,
not Z. sansibaricus. Thus, we feel COI failing to resolve dif-
ferences between Z. sansibaricus and Z. sp. B is an unlikely
explanation for our observed data.

Another scenario is that Z. sp. B may be a subspecies
of Z. sansibaricus, but this seems highly unlikely at best, as
subspecies possessing such highly variable ITS-rDNA
regions have not been reported from any taxa to date, and
we feel that the “sansi” and “B” ITS-rDNA sequences are dif-
ferent at least to the species level (see Table 2).

Morphological and distributional data are inconclusive
regarding this hypothesis. One “only B” Zoanthus colony
was found relatively low in the intertidal zone (YakZ2 in
Table 2) at Yakushima and morphologically appeared to be
a normal Z. sansibaricus colony. The other “only B” colony
(ZAT11, Table 2) was found very high in the intertidal range
of Z. sansibaricus at Amami, and was quite small (yet still
within the size range of Z. sansibaricus) in oral disk diame-
ter. Interestingly, other Zoanthus samples collected from
Amami high in the intertidal zone possessing the same
“smaller” morphology as ZAT11 that have been genetically
confirmed (COI, mt 16S rDNA) to be Z. sansibaricus have
been shown to possess clade A Symbiodinium zooxanthel-
lae, as opposed to most Z sansibaricus samples from
Amami, Yakushima, and Sakurajima, which possess clade
C Symbiodinium (Reimer et al., 2006b). However, as only
two “only B” Z. sansibaricus colonies have been found thus
far, further “only B” samples are needed to confirm or
negate the subspecies hypothesis.

lll. Importance of hybridization in Zoanthus

In recent years, evolution has been proposed and
shown to not always be a clear-cut case of branching “trees”
of species gradually diverging over time. Over the past three
decades, another form of evolution has been proposed in
which species can continuously rejoin (hybridize) and split
with one another, resulting in “repackaging” of the same
genetic data over time (Grant, 1981; Veron, 1995). This theory
can help explain the growing body of data in which phylog-
enies of recently diverged species based on nuclear-encoded
genes do not agree with mitochondrial or chloroplast gene
phylogenies (for example, see Shaw, 2002; Lihova et al.,
2004), as seen in this study, where the 5.8S rDNA tree
topology does not match the COI tree topology. Such “retic-
ulate evolution” has been suggested to arise when a group
of species possessing ancestral allopatric lineages moves
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into a new environment that provides interspecific hybrids
the chance to evolve into niches (often extreme) not avail-
able to the parent species (Schliewen and Klee, 2004).
Reticulate evolution differs from incomplete lineage sorting
in that the parent species involved are diverged species
possessing diverged alleles, while incomplete lineage sort-
ing involves diverged or diverging species still possessing
ancestral alleles that have not diverged. Genetic evidence
has been shown for reticulate evolution in many plant
groups, including peonies (i.e. Sang et al., 1995), the genera
Cardamine (Lihova et al., 2004), Leucadendron (Pharmawati
et al., 2004), and Armeria (Aguilar and Feliner, 2003), as
well as recently for animals (e.g., cichlids; Schliewen and
Klee, 2004).

One potential clue to reticulate evolution has been sug-
gested by Odorico and Miller (1997), who predicted that
reticulate evolution should result in “species” with multiple,
homologous nuclear sequences inherited from different
parent species (our “sansi”, “sansi/B”, and “B” only ITS-
rDNA samples), while diverging “evolutionary units” should
have interspecifically different yet intraspecifically identical
sequences (as seen with “kuro” and “giga” ITS-rDNA).

If reticulate evolution is occurring, then “sansi” only ITS-
rDNA colonies are a parent species, “sansi/B” colonies
would be Fy or further generation hybrids, and “B” only col-
onies may possibly be the result of either backcrossing (as
seen by Vollmer and Palumbi, 2002, 2004) or hybrid-hybrid
sexual reproduction (F2.), although this explanation fails to
take into account recombination within a potentially multi-
copy ITS-rDNA region. Judging from our results, it appears
that only female Z. sansibaricus and male “B” may be capa-
ble of hybridization, resulting in the conservation of maternal
(mitochondrial) genes (COIl and mt 16S rDNA).

From the observation that “B” and “giga” share the most
sequence similarities in the ITS-rDNA region, it may be pos-
sible that the “B” allele entered into to the genome of an
ancestor of Z. sansibaricus from an ancestor of Z. gigantus.
Subsequent divergence has resulted in the present “B” allele
in Z. sansibaricus. The ancestor of Z. gigantus also under-
went divergence, resulting in the “giga” ITS-rDNA seen
today. The “B” donor species may or may not be extant.

Another possibility is that “sansi” has entered the Z. san-
sibaricus genome, and that “B” is the original Z. sansibari-
cus ITS-rDNA sequence. This would explain the close rela-
tionship between “B”, “kuro”, and “giga”. While the “sansi”
allele is unambiguously of zoanthid origin, in this scenario
the possible source of “sansi” remains unknown. In addition,
if this scenario is true, the “sansi” allele would apparently
confer some advantage over the “B” allele, as it is much
more common than “B”, especially at Sakurajima (19 Z.
sansibaricus samples, no “B”). We feel this scenario is less
likely than the “B” allele entering the Z. sansibaricus genome
from outside sources, but it must be considered.

Discerning between reticulate evolution and incomplete
lineage sorting is problematic at best, but given the extreme
divergence between “sansi” and “B” ITS-rDNA sequences,
we feel that incomplete lineage sorting is not occurring in
our samples. Similarly to Buckley et al. (2006), who also
observed no shared alleles between sympatric species of
alpine Maoricicada cicadas, we conclude that the most
likely explanation for our ITS-rDNA sequence data and the

incongruence between the ITS-rDNA and COI trees is
introgression by the common ancestor of the “giga” and “B”
ITS-rDNA alleles into Z. sansibaricus.

Regardless of where “B” and/or “sansi” ITS-rDNA origi-
nated from, our results suggest that interspecific hybridization
occurs in the genus Zoanthus, expanding the taxonomic
range in which this phenomenon has been potentially
observed. Whether our results show only first-generation
hybrids (under the Z. sp. B scenarios), or also subsequent
F2. hybrids (under the reticulate evolution scenario), rema-
ins debatable.
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