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Abstract Partial sequences of the mitochondrial DNA
(mtDNA) gene cytochrome oxidase subunit 1 (COI)
were analysed from individuals of the coralline demo-
sponge Astrosclera willeyana sensu lato out of ten Indo-
Pacific populations from the Red Sea to the central
Pacific. This taxon is widely distributed in cryptic coral
reef habitats of the Indo-Pacific and is regarded as a
modern representative of long-extinct, formerly reef-
building stromatoporoid-type sponges. The aims were to
clarify phylogeographic and taxonomic relationships in
this “living fossil” and to explore mitochondrial DNA
sequence variation over a wide geographic range. Very
low variability was observed across the Indo-Pacific, as
only three COI haplotypes were identified, with a max-
imum p-distance of 0.418% and low nucleotide diversity
(r=0.00049). Very low genetic structure was revealed
among populations: Haplotype 1 was found in all
specimens from nine Pacific populations (N =45), sepa-
rated by distances of more than 7,000 km; haplotype 2
was restricted to the Red Sea population (N =4); hap-
lotype 3 was only found in the Tuamoto specimens
(N=7). COI data presented here do not support the
hypothesis of at least two sibling species belonging to
genus Astrosclera in the Pacific. Considering the maxi-
mum geographic distance of more than 20,000 km be-
tween sampled populations, mtDNA COI sequence
variation observed here is among the lowest reported to
date for a diploblastic taxon and adds to the growing
evidence of a general mtDNA conservation in sponges.
It is argued that this low mtDNA variation in 4. wille-
yana s.1. is due to a low rate of mtDNA evolution caused
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by a combination of long generation time and low
metabolic rate.

Introduction

Astrosclera willeyana sensu lato" Lister 1900 is the most
common coralline sponge (‘sclerosponge’, a sponge with
a secondary calcareous basal skeleton) in Indo-Pacific
coral reefs today (Reitner et al. 1996). This taxon is
found throughout the Indo-Pacific, from the northern
Red Sea to Tahiti (Worheide 1998) and is regarded as a
living fossil, a thought-to-be living relative of the long-
extinct ‘Stromatoporoidea’ (Wood 1987), an enigmatic
fossil group of sponges which were the main reef-
building organisms during long periods of the Earth’s
history. Taxon Astrosclera first occurred in the upper
Triassic reef deposits of Antalya, Turkey (4. cuifi,
Worheide 1998) and today, in shallow water, 4. wille-
yana s.1. is restricted to certain cryptic and light reduced
environments such as reef caves.

Phylogeographic and taxonomic relationships of re-
gional populations remain contentious. Vacelet (1981)
was the first to observe regional differences in spicule
morphology, the main taxonomic character in Porifera,
and discussed the possibility that there may be more
than one species of A. willeyana throughout its wide
Indo-Pacific distribution. This concept was subsequently
supported by a detailed morphological study (length and
spination of acanthostyle spicules, see Worheide 1998
for details) that discovered several regional populations,
distinguishable by different spicule morphologies.

Based on new data from rDNA internal transcribed
spacer (ITS) sequences, which were congruent with
the previously reported morphometric differences,

IThe concept of an aggregate of sibling species within Recent genus
Astrosclera is followed here by adding sensu lato (= in the broad
sense) to the specific name and sensu stricto (= in the strict sense)
when referring to individuals from populations in the vicinity of the
type locality Lifou (New Caledonia) (Lister 1900).
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Worheide et al. (2002) proposed that 4. willeyana might
actually be a complex of at least three sibling species.
The Fiji/Vanuatu population allegedly represented
A. willeyana sensu stricto, due to the close vicinity to the
type locality and similarities in spicule morphology, and
the two new sibling species were Astrosclera sp. (1) from
the Red Sea and Astrosclera sp. (2) from the Great
Barrier and Osprey Reef. In phylogenetic analysis, the
Red Sea and GBR/Osprey Reef sequence types formed a
closely related sister group to the Fiji/Vanuatu sequence
types. However, only 12 samples were sequenced in this
study and variation among the sequence types was low
(maximum p-distance, 0.0062). This hypothesis is
therefore in need of further corroboration by additional
loci, such as mitochondrial DNA (mtDNA) genes.

Animal mtDNA is the most frequently used genetic
marker to infer phylogeographic relationships in most
marine organisms (Avise 2000). Several important
characteristics make genes of the animal mitochondrial
genome especially suitable for such analyses: substitu-
tion rates are mostly high, especially at third codon
positions of protein-coding genes, compared to genes of
the nuclear genome (e.g. Brown et al. 1979), they are
normally maternally inherited and non-recombining
(Avise 1994; but see Tsaousis et al. 2005) and the four-
fold smaller effective population size compared to nu-
clear DNA (nDNA) leads to a much faster lineage
sorting (Birky et al. 1983) (see also reviews by Moritz
et al. 1987; Boore 1999). Among the most frequently
used genes for shallow phylogenies is the one coding for
cytochrome oxidase subunit 1 (COI), which is easily
amplified using PCR methods and conserved primers
(e.g. Folmer et al. 1994).

However, while high substitution rates in mtDNA are
common in most animals (e.g. mammals, Brown et al.
1979), slow mitochondrial sequence evolution has been
reported in some anthozoan cnidarians, making it diffi-
cult to reconstruct phylogenies among conspecifics, but
factors contributing to this slow mitochondrial evolu-
tion still remain largely enigmatic (see review by Shearer
et al. 2002). Data on mtDNA variation at lower sys-
tematic levels in another diploblast taxon, the sponges
(Porifera), are scarce. Worheide et al. (2000) were the
first to report difficulties in resolving phylogenetic and
phylogeographic relationships within the calcarean
family Leucettidae using the mtDNA gene cytochrome
oxidase subunit IT (COII), whereas those relationships
were clearly resolved using rDNA ITS sequences. Only
one study to date explored in more detail the intraspe-
cific variation of COI in sponges, in the demosponge
Crambe crambe (Duran et al. 2003), where only two
haplotypes and low nucleotide diversity (m=0.0006)
were identified in eight populations separated by dis-
tances of 20-3,000 km, from the western Mediterranean
to the Atlantic. Duran et al. (2003) interpreted their
findings in support of the hypothesis of a general high
level of mtDNA conservation in diploblast phyla, sug-
gested earlier by Watkins and Beckenbach (1999). The
recently published mitochondrial genomes of three

demosponges (Lavrov and Lang 2005; Lavrov et al.
2005) provide further insight into gene content and
mitochondrial evolution in sponges, and a reduced ratio
of evolutionary rates of poriferan mitochondrial small
subunit (SSU) rRNA genes compared to nuclear SSU-
rDNA genes was observed, compared to rates in mam-
mals (4.3 vs. 10.7 times on an average) (Lavrov et al.
2005). However, no evidence for mechanisms responsi-
ble for these rate differences was found.

I have now investigated mtDNA COI sequence var-
iation in individuals of A. willeyana (Agelasida), geo-
graphically ranging from the northern Red Sea to the
Tuamoto Archipelago in the central Pacific—a distance
covering more than 20,000 km—in an attempt to clarify
their phylogeographic and taxonomic relationships and
to test whether Lavrov et al.’s (2005) statement of “‘ex-
tremely low levels of intraspecific polymorphism in
(poriferan) mitochondrial genes’ holds true more widely
than in the single so-far investigated taxon C. crambe
from the Mediterranean (Duran et al. 2003).

Here 1 will show that very low levels of genetic vari-
ation in mtDNA COI partial sequences occur among
populations of Astrosclera over their whole geographic
range and that putative sibling species in the Pacific
cannot be distinguished by the COI sequence compari-
son. I argue that this low variation is most likely due to a
low rate of mtDNA evolution caused by multiple fac-
tors.

Material and methods

Partial mtDNA COI sequences were amplified from the
samples listed in Table 1. Specimens were collected by
SCUBA from subtidal reef caves and were preserved
immediately after collection either in silica gel (Worhe-
ide 1998) or in 99% ethanol and stored at —20°C or at
room temperature until time of extraction (see also
Worheide et al. 2002). An unidentified species from the
genus Agelas from the Great Barrier Reef was used as an
outgroup. Voucher samples with registration numbers
QMG31xxxx have been deposited at the Queensland
Museum and vouchers of the remaining samples are held
by the author.

Samples were extracted using the Qiagen DNEasy
Tissue extraction kit according to the manufacturer’s
instructions or using Chelex (Yue and Orban 2001).
Partial COI mtDNA sequences were amplified using the
universal primers from Folmer et al. (1994). PCR
amplifications were conducted on a MJ Research PTC-
200 thermocycler in 25 pl reactions that consisted of
0.25 U BIOTAQ™ Polymerase (Bioline, Luckenwalde,
Germany), NH,4 Buffer [16 mM (NH4),SO4, 67 mM
Tris—HCI (pH 8.8 at 25°C), 0.01% Tween-20], 2.5 mM
MgCl,, 0.4 uM of each primer, 0.4 mM each dNTP, and
template of variable concentration. The following tem-
perature profile was used: initial denaturation at 95°C
for 5 min, then 35 cycles of 95°C for 60 s, 45°C for 60 s,
and 72°C for 60 s, with a final elongation step of 7 min.



Amplicons were purified from agarose gels using a silica-
based method (Boyle and Lew 1995) and directly se-
quenced using PCR primers and the ABI BigDye Ready
Reaction Kit (version 3) on an ABI 3100.

Sequences were assembled wusing the software
CodonCode aligner (http://codoncode.com/aligner).
One sequence (AY561969) from a specimen from Papua
New Guinea (PNG) was downloaded from GenBank
and all sequences were aligned with a newly generated
sequence of an Agelas species, a relative from the same
order, Agelasida. Automatic alignments done with
ClustalW (Thompson et al. 1994) were manually in-
spected, optimized, and translated into amino acids
using Se-Al v2.0all (Rambaut 1996) and MacClade 4.0
(Sinauer Association). The first nucleotide of the se-
quenced fragment corresponds to nucleotide 11398 in
the full Tethya mitochondrial genome (Lavrov et al.
2005). Due to the low variation, the alignment was
straightforward. De novo sequences generated in this
study were checked against GenBank matches for pos-
sible contamination by running BLAST searches (http://
www.ncbi.nlm.nih.gov/BLAST)/), since it is well known
that Astrosclera can harbour several commensals or
symbionts (Worheide 1998). An E value of <107¢ was
used to define a significant match. Uncorrected nucleo-
tide p-distances were calculated using PAUP*4 (Swof-
ford 1998) and nucleotide diversities in DNAsp v4
(Rozas and Rozas 1999). A neigbour-joining analysis
was carried in PAUP*4 using nucleotide p-distances and
the default options.
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Four new COI haplotypes have been deposited in the
EMBL Nucleotide Sequence Database (http://www.e-
bi.ac.uk/) under accession numbers AJ972396-98 (A.
willeyana s.1.) and AJ972399 (Agelas sp.).

Results

Partial COI sequences with an aligned length of 479 bp
were obtained de novo from 55 specimens of A. willeyana
s.l.. All significant BLAST matches were obtained from
other Porifera and Cnidaria. The fact that the sequence
of a specimen of A4. willeyana s.l. from PNG was iden-
tical to the most widespread haplotype here, and the low
divergent haplotypes over the geographic range of more
than 20,000 km suggests that no contaminants or sym-
bionts were sequenced. Only three haplotypes were de-
tected among all specimens of A. willeyana s.l..
Haplotype 1 is geographically widespread and occurs in
45 specimens in the Pacific. Haplotype 2 occurs only in
the four specimens from the Red Sea, and Haplotype 3
was found only in the seven specimens from Tuamoto
Archipelago in the central Pacific (see Table 1). Nucle-
otide diversity was very low (m=0.00049) and maximum
p-distance between the three haplotypes across the Indo-
Pacific was 0.418%. COI sequences were invariable
among the 45 specimens from the western Pacific plus
Moorea, spanning a geographic distance of more than
7,000 km. The maximum nucleotide p-distance to Agelas
sp., a member of the same order Agelasida, was 10%,

Table 1 List of investigated specimens by their sample number, their collection locality, COI haplotype, assigned geographic population

and total number of samples per locality

Sample # Locality Haplotype Population Total
samples
94, 95, 96, 97, 98 Astrolabe Reef, Fiji 1 Fiji 5
101, 102 Waya Island, Fiji 1 Fiji 2
QMG316179, QMG316176.1 Haputo, Guam 1 Guam 2
QMG313826 Hook Reef, GBR 1 S’GBR 1
QMG316066 Pompey Group, GBR 1 S’GBR 1
QMG316118 Swain Reefs, GBR 1 S’GBR 1
GW794 Heron Island, GBR 1 S’GBR 1
92,93 Mac Gillivray Reef, GBR 1 N’GBR 2
QMG313772 Myrmidon Reef, GBR 1 N’GBR 1
QMG316198 Ribbon Reef #5, GBR 1 N’GBR 1
QMG316237 Harrier Reef, GBR 1 N’GBR 1
QMG316273 Ribbon Reef #5, GBR 1 N’GBR 1
GW718 Ribbon Reef #7, GBR 1 N’GBR 1
113, 114, 115, 116, QMG313973, QMG313991, Osprey Reef, Coral Sea 1 Queensland Plateau 8
QMG316283.1, QMG316283.2
QMG316296.1, QMG316296.2, QMG316296.3 Holmes Reef, Coral Sea 1 Queensland Plateau 3
GW 709 Bougainville Reef, Coral Sea 1 Queensland Plateau 1
GW769.1, GW769.2, GW769.4, GW769.6, GW769.7 Siaes Tunnel, Palau 1 Palau 5
AY561969 (EMBL Accession No.) Manus Island, Papua New Guinea 1 PNG 1
RS1-RS4 Dahab, Red Sea 2 Red Sea 4
UF6.1-UF6.7 Avatoru Motu, Rangiroa, Tuamoto 3 Central Pacific 7
UF8.1, UF8.2 Tiahura Reef, Moorea 1 Central Pacific 2
QMG313888 Vanua Lava, Vanuatu 1 Vanuatu 1
QMG313906 Mota Lava, Vanuatu 1 Vanuatu 1
JH23, JH3, JH47 Espiritu Santo, Vanuatu 1 Vanuatu 3
Agelas sp. QMG317484 Gannet Cay, GBR - Outgroup 1

GBR Great Barrier Reef; PNG Papua New Guinea
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Table 2 (a) Alignment of variable sites of partial COI haplotypes plus Agelas sp. as outgroup. Numbers indicate position of variable site
in alignment. The only non-synonymous substitution is underlined. (b) Uncorrected (“p”’) distance matrix

a 111 1111111112 2222222222 2223333333 33444444 |p
257788001 1255678990 1122234666 7781123577 89444567 |
5001739143 9228133179 2814762369 2814772618 30039870 | 1 2 3 Agelas
Haplotype 1 TTCCTAGTTT TATCGTTCTA GAATGTCCTA GAATCCGACA TCAAAACC | -
Haplotype 2 ...... T e et ittt i i ittt it ittt tee e et | 0.00209 -
Haplotype 3 ...... I | 0.00418 0.00209 -
Agelas CGTTCGTACA CCCTACCTCG AGGCACGTCG TCGGATATAG AAGGGGAT | 0.10021 0.09812 0.09812 -

with 46 polymorphic sites out of 48 being silent third
codon substitutions, and one a silent first codon sub-
stitution (see Table 2).

Translated amino acid sequences were invariable
among A. willeyana s.l., and showed only one amino
acid difference (out of 159 amino acids inferred) to Ag-
elas sp.. This change was a transition in the first codon
position of an Isoleucine (ATA) at aa 126 that caused a
change into Valine (GTA) (see Table 2)—both non-po-
lar, easily exchangeable amino acids. Among the three
A. willeyana s.I. haplotypes, only two polymorphic sites
in the nucleotide alignment were observed: in position 89
and 113 (Table 2). Both sites in Agelas sp. examined
here are conserved within the A. axifera group (F. Parra,
personal communication), to which the specimen here,
based on COI sequence comparison, most likely
belongs. Implied phylogeographic relationships from
neighbour-joining analysis are given in Fig. 1.

Discussion and conclusions

This study uncovered very low genetic divergences in
partial COI sequences among specimens of the wide-
spread Indo-Pacific coralline demosponge 4. willeyana
s.l. from the Red Sea to Tuamoto Archipelago in the
central Pacific, spanning a geographic distance of more
than 20,000 km, with invariable nucleic acid sequences
among 45 specimens collected from reef caves up to
7,000 km apart (Guam—Moorea). Considering the geo-
graphic coverage of samples, this is among the lowest
variation reported to date for COI in metazoan taxa
(Shearer et al. 2002), and certainly the lowest variation
reported for sponges yet. Although variation in mtDNA
genes has been investigated in detail only for COI in two
poriferan taxa to date (C. crambe, Mediterranean,
Duran et al. 2003; A. willeyana, this study), results pre-

Central
Pacific

+T(113)

Fig. 1 Neighbour-joining tree (using nucleotide p-distances) with
estimated phylogenetic relationships of the three haplotypes
discovered among specimens from ten populations of Astrosclera
willeyana s.l. over a geographic distance of more than 20,000 km
across the Indo-Pacific. Note that this phylogeny-estimation is only
based on two variable sites (compare Table 2) and is rooted using

Agelas sp. (QMG317484). Haplotype frequencies are indicated as
pie charts. Character state changes are indicated on branches.
Photo insert: A specimen of Astrosclera willeyana s.l. at Osprey
Reef (Coral Sea, Australia) with a diameter of about 4 cm. Photo
by Dr. Matthias Bergbauer



sented here add to the growing evidence that low
intraspecific variation in mitochondrial gene sequences
might be a more general phenomenon in Porifera and
the use of this gene fragment for phylogeographic
studies in sponges appears to be very limited.

However, mechanisms responsible for such low var-
iation/low mutation rates still remain enigmatic. While
bacterial-like rRNAs and tRNAs were identified in the
three demosponge mitogenomes published to date
(Lavrov and Lang 2005; Lavrov et al. 2005), no evidence
for the presence of a homologue of a bacterial MutSLH
mismatch repair system was found. Such a mismatch
repair system is present in some octocorals (Pont-
Kingdon et al. 1995), but its contribution to the low
mtDNA variation observed in some anthozoans remains
contentious (Shearer et al. 2002). Other mechanisms that
could maintain genetic similarity/low variation over
such a vast distance include active high (larval) dispersal
and panmixia, a recent origin of the species, a popula-
tion bottleneck or a slowdown/low rate of mitochondrial
evolution.

Active high (larval) dispersal resulting in panmixia
appears unlikely, since A4. willeyana s.l. broods low
numbers of lecithothrophic larvae (Wérheide 1998) and
sponges are generally thought to have low dispersal
capabilities (e.g. Uriz et al. 1998). A recent origin of the
species or a population bottleneck also appears to be a
dubious explanation because A4. willeyana s.l. is wide-
spread and common in certain habitats throughout the
Indo-Pacific, with sampling in this study covering all of
its W—E geographic range. Further, geographic popu-
lations of A. willeyana s.l. can be differentiated based
on morphometric differences of their spicule morphol-
ogy (for details see Worheide 1998), the main taxo-
nomic character in Porifera, indicating that sufficient
genetic diversity and evolutionary depth exist to gen-
erate such morphometric differences. Further, based on
rDNA ITS sequence analysis, Worheide et al. (2002)
proposed that A. willeyana s.I. might consist of at least
three sibling species, although variation among se-
quence types was also very low (0.6% p-distance). COI
data from the present study does not support distinc-
tion of the alleged A4. willeyana s.s. and Worheide et al.
(2002) species (2) because sequences were invariable.
The present data only supports a distinct Red Sea
population due to the possession of a private COI
haplotype, in addition to the private ITS sequence type
found by Woérheide et al. (2002). Clearly, larger sample
sizes, especially from the Indian Ocean and Central
Pacific, are needed for further inferences.

The most appealing explanation for the observed very
low cross-Indo-Pacific COI haplotype and nucleotide
diversity appears to be a slowdown or generally low rate
of COI evolution in A. willeyana s.I. Lavrov et al. (2005)
postulated that a relaxed selection pressure is responsi-
ble for the lower rates of mitochondrial versus nuclear
evolution in Porifera. Why selection on sponges should
be relaxed despite immense competition for space in
coral reefs (Aerts 2000; Diaz and Rutzler 2001) remains

911

a relevant question. In contrast, other authors report
that relaxed selection pressure increases mtDNA varia-
tion (e.g. Quesada et al. 1998).

Several other factors have been proposed to promote
low mutational rates in the mitochondrial genome,
among them long generation time (Bailey et al. 1991)
and low metabolic rate (Martin and Palumbi 1993). A
combination of both might be at play here. First, 4.
willeyana s.1. is a very slow growing organism (~1 mm
vertical growth per year, Worheide 1998), suggesting
that its metabolic rate is indeed low. Second, A. wille-
yana s.l. is a K-strategist, with a long life span where
individuals can reach ages of more than 500 years, small
offspring number of viviparous larvae, and stable and
predictable habitat preferences (Worheide 1998). So a
combination of a long generation time with low meta-
bolic rate might provide a hypothesis on what causes the
low mtDNA (and ITS) variation in Astroscl-
era—whether this holds true for other sponge taxa re-
mains to be tested.
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