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INTRODUCTION

Animal–plant symbioses belong to the most physio-
logically efficient and specialized associations present-
ly known. Nevertheless, symbioses between marine
invertebrates and photosynthetic dinoflagellates can
be found over a wide range of taxa, including cnidari-
ans, sponges, molluscs and polychaetes (e.g. Davies
1992). Dinoflagellate symbionts were originally ob-
served in cnidarians and were named zooxanthellae or
Symbiodinium (Kawaguti 1944, Freudenthal 1962). To
date only a few Symbiodinium species have been fully
described (Trench 1997). However, a high molecular

diversity exists, resulting in the identification of
numerous phylotypes within 8 genetic clades (A, B, C,
D, E, F, G and H; Baker 2003, LaJeunesse et al. 2003,
Pochon et al. 2004).

Dinoflagellate symbiosis have been investigated
extensively for cnidarians and molluscs, but they are
not as well understood in sponges. The first sponge–
Symbiodinium association was observed in 1964 in
the bioeroding sponge Cliona viridis (Schmidt, 1862)
(Sarà & Liaci 1964). Only recently have more studies
followed. Apart from isolated reports of free-living
sponge species with symbiotic dinoflagellates (Hali-
clona sp., e.g. Garson et al. 1999; Cinachyra tarentina:
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Scalera-Liaci et al. 1999), the association prevails in
the Clionaidae, the most diverse and dominant group
of bioeroding sponges. Not all Clionaidae contain
zooxanthellae, and zooxanthellate bioeroding sponges
appear to be closely related and have been grouped in
the ‘Cliona viridis species complex’ (Sammarco et al.
1987, Rosell & Uriz 1991, Schönberg 2002). Its mem-
bers can develop into large colonies spreading over
several square metres. They are very good space com-
petitors. Some are known to live in the direct vicinity of
live coral, eventually overgrowing, displacing and
killing it (Vicente 1978, Hill 1999, Schönberg & Wilkin-
son 2001). Several authors observed an increase of bio-
eroding sponges on disturbed coral reefs, and reported
that the sponges can locally reach epidemic status due
to changed environmental conditions (Rose & Risk
1985, Rützler 2002).

The close association between bioeroding sponges
and corals poses the question whether the sponges are
able to obtain symbionts from neighbouring zoo-
xanthellate organisms (horizontal transmission), or
whether populations of Symbiodinium are transmitted
by the parent sponge (maternal or vertical transmis-
sion). It could also be a combination of both. Previous
studies on other Cliona spp. came to different conclu-
sions. Hill & Wilcox (1998) experimentally bleached C.
varians. After recovery, the sponge was found to con-
tain zooxanthellae identical to those of a sympatric
anemone, suggesting that horizontal transmission may
be possible under extreme conditions. However, in the
Mediterranean C. viridis (sensu Rosell & Uriz 1991)
dinoflagellates appear to be passed on by the parent
sponge. Mariani et al. (2000, 2001) reported that zoo-
xanthellae were found in follicular cells of the oocyte
and in aquarium-reared sponges, which were kept in
filtered seawater and had no contact with other zoo-
xanthellate organisms. Even though it is possible that
dual modes of symbiont acquisition may exist in Cliona
spp., current evidence from the Mediterranean sug-
gests that vertical transmission is likely to be the rule.

The origin of sponge symbionts is of special interest
in the context of climate change. Zooxanthellate bio-
eroding sponges have been observed to be surprisingly
resilient to bleaching phenomena, and have been noted
to survive, where other zooxanthellate invertebrates
bleach and die or suffer sub-lethal damage (Vicente
1990, Schönberg & Wilkinson 2001). Nevertheless, the
taxonomic affinity of original populations of sponge
zooxanthellae is presently unknown. Previous studies
on sponge zooxanthellae focused on morphology stud-
ied with electron microscopy (e.g. Vacelet 1981, Rützler
1990, Vicente 1990). The resulting observations were in
good agreement with what is known from zooxan-
thellae found in other invertebrates, but revealed small
differences in the ultrastructure (see Rützler 1990).

The present study investigates the genetic identity of
Symbiodinium found in the common Great Barrier
Reef (GBR) sponge Cliona orientalis Thiele, 1900 from
3 disparate locations situated in the path of the East
Australian Current. The sponge has frequently been
observed to attack live corals belonging to a wide
range of taxa (Schönberg & Wilkinson 2001). C. orien-
talis would thus have access to a large range of possi-
ble donors for its symbionts.

MATERIAL AND METHODS

Collection of samples. Tissue samples of the bio-
eroding sponge Cliona orientalis were obtained on
SCUBA from disparate sites over a distance of more
than 1300 km (Fig. 1): from Orpheus Island (Little Pio-
neer Bay) and the leeside of Pelorus Island (18°40’S,
146°30’E), Palm Island Group, Central Section GBR;
from Heron Island and Wistari Reef (23°26’S,
151°55’E), Capricorn Bunker Group, Southern Sec-
tion, GBR; and from Peel Island (27°18’S, 153°06’E),
Moreton Bay near Brisbane. Samples were taken
between March 2003 and March 2004, from depths
between 1 and 18 m (Table 1). Several paired samples
of C. orientalis and invaded scleractinian corals were
acquired. Samples were removed from the reef by
using either hammer and chisel, or as cores with a hole
saw attached to an air-driven drill.

Light microscopy. Sponges are known to host a
multitude of symbionts, including a variety of pho-
totrophic organisms (Vacelet 1981, Rützler 1990).
Therefore, a subsample of sponge tissue fragments
used for molecular analysis was initially checked for
other zooxanthellate organisms that could pose as
possible sources of contamination. Fragments of tissue
were sampled from 10 different places of each of
11 sponge individuals, fixed in Biomeda Gel/Mount
(aqueous mounting medium; Pro Sci Tech Australia)
and assessed by light microscopy (Olympus BX41, at
×400). All preparations included tissue from the sur-
face and interior of the sponges (ectosome and endo-
some, respectively). Microscope slides were examined
methodically by scanning back and forth across the
samples.

DNA extraction. Small pieces of sponge-penetrated
coral skeleton (about 5 mm3) were chopped with a
razor blade to produce a coarse slurry. Occasional
problems with amplification of symbiont DNA from the
sponge were overcome by digesting whole, unhomog-
enized fragments, rather than working with slurries.
This procedure improved the success rate by a factor of
5. Coral tissue was stripped from the skeleton by
directed jets of high-pressure air. Samples were fixed
in either 1 ml of laboratory grade absolute ethanol or
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DNA preservative (20% DMSO in 0.25 M EDTA, pH
8.0 and saturated with NaCl).

DNA was extracted, amplified and visualized follow-
ing the protocol given by Loh et al. (2001), including
some modifications. Slurries and fragments in ethanol
or DMSO were pelleted by centrifugation (10000 × g,
10 min, 21°C). The pellet was washed twice by mixing
with 500 µl of DNAB buffer (0.4 M NaCl, 50 mM EDTA,
pH 8.0; Rowan & Powers 1991) and centrifuged as
before. The pellets were resuspended for a third time in
DNAB and incubated in 1% sodium dodecyl-sulfate
(Boehringer Mannheim) for 1 h at 65°C. The digestion
was carried out with proteinase K (Boehringer Mann-
heim) in a final concentration of 0.5 mg ml–1. After incu-
bation at 37°C for 8 to 12 h, an equal volume of phenol
was added to the digestion product, which was mixed
and centrifuged (10000 × g, 10 min, 21°C). The aqueous
phase was subjected to a second extraction, using
phenol–chloroform (25:24) and a third extraction using
chloroform–isoamyl alcohol (25:1). DNA was precipi-
tated by adding one-tenth volume of 3M sodium
acetate (pH 5.2) and an equal volume of cold iso-
propanol (0°C), followed by centrifugation. The precip-
itate was washed with 70% ethanol, dried, dissolved 
in 50 µl of sterile TE buffer, and stored at –10°C.

PCR amplification. The variable domains D1 and D2
of the 28S rRNA gene of the symbiotic dinoflagellates

were PCR-amplified using a primer set as in Loh et al.
(2001). The domains were forward 5’-CCC GCT GAA
TTT AAG CAT ATA AGT AAG CGG-3’ and reverse
5’-GTT AGA CTC CTT GGT CCG TGT TTC AAG A-
3’ (position 26 and 741 respectively in the 28S rDNA
sequence of the free-living dinoflagellate, Prorocen-
trum micans, GenBank accession no. X16108).

The DNA content of each sample was evaluated
spectrophotometrically in a 1:100 dilution in distilled
water in a quartz cuvette. PCR reactions were pre-
pared with 0.4 µg of template DNA, 5 µl of 10 × PCR
buffer (1 M Tris-HCl [pH 8.3], 0.5 M KCl, 15 mM
MgCl2), 1 µl of 10 mM total dNTP, 20 pmol of each
primer and 5 units of Taq polymerase (Ampli-Taq,
Perkin Elmer) and 40 µg DNAase-free bovine serum
albumin (BSA, Pharmacia) in a total volume of 50 µl.
BSA was used to relieve the inhibition of PCR reactions
by natural substances that may be present with DNA
extracted from wild-type environments. Its use and
efficacy is summarised by Kreader (1996). Amplifica-
tions were conducted in a PCR Express thermal cycler
(Hybaid Ltd) with the following parameters: 95°C for
1 min, 65°C for 2 min, and 72°C for 3 min (35 cycles).
The PCR products were analysed by electrophoresis in
2% agarose gels (10 V cm–1; 40 mA). After staining
with ethidium bromide, they were visualized with UV
transillumination.
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Fig. 1. Sample sites. (a) Part of the Palm Island Group. (1) Orpheus Island with Pioneer Bay and the Research Station and 
(2) Little Pioneer Bay, the main sample site. (b) Capricorn Bunker Group with (3) Heron Island and neighbouring research areas
(4) Wistari Reef and (5) One Tree Island. (c) Peel Island with the Moreton Bay Research Station on (6) North Stradbroke Island 

and (7) the sample site east of the Lateral Marker
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Single stranded conformational polymorphism. We
employed single stranded conformational polymor-
phism (SSCP) to assess the similarity or dissimilarity of
the samples (Schwieger & Tebbe 1998). The method is
capable of differentiating gene sequences that differ by
as few as 1 base (Sheffield et al. 1993). The technique
relies on the initial denaturation of DNA into single
strands that fold onto themselves. These folded struc-
tures will differ in conformation depending on base
sequence and run at different electrophoretic mobility
in a polyacrylamide gel to produce distinct patterns that
reflect the diversity of genes present (Orita et al. 1989).
Additionally, the number of symbiont rDNA genotypes
amplified from a coral may be indicated by the number
of single stranded bands produced in the SSCP gel
(1 genotype = 2 bands of single stranded DNA).

For SSCP analyses, 20 to 40 µl of the PCR product
were mixed with an equal volume of loading buffer
(95% formamide, 10 mM NaOH, 0.25% bromophenol
blue and 0.25% xylene cyanol) and denatured for
5 min at 95°C. After denaturing the mixed aliquots
were immediately chilled on crushed ice and run in a
37.5:1 acrylamide: bis-acrylamide gel (Amresco) in
0.6 × TBE at 160 V for 14 h at room temperature. The
SSCP patterns were stained with ethidium bromide
and visualized with UV transillumination.

DNA sequencing. PCR amplifications were purified
for direct sequencing using the JETquick PCR puri-
fication spin kit (GENOMed GmbH). The sequence
was determined from both ends of the purified PCR
product using BigDye Terminator Versions 3.1 and the
ABI 3730xl automated sequencer (both Applied Bio-
systems). Sequencing took place at the Australian
Genome Research Facility of the University of Queens-
land, Australia.

Phylogenetic analyses. We conducted a BLAST
search in GenBank with our derived sequences as
search queries. The closest matches were used as ref-
erence sequences for subsequent alignments and
analyses. Sequences were aligned using CLUSTAL W
(Thompson et al. 1994). Gymnodinium beii was chosen
as an outgroup (accession no. AF060900; Wilcox 1998).
Trees were constructed using the neighbour-joining
(NJ), maximum likelihood (ML), maximum parsimony
(MP) and Bayesian methods. ML and MP analyses
were conducted using the PAUP beta version 4.0b10
(Swofford 2002). NJ was conducted using the PHYLIP
package version 3.5c (Felsenstein 1993).

The NJ algorithm was implemented with Kimura 2-
parameter distances and assessed with 1000 bootstrap
replicates. For ML, the program MODELTEST version
2.06 (Posada & Crandall 1998) was used to determine
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Sponge Sponge GenBank Substrate Coral Coral GenBank Sample Sample Sample 
sample no. accession no. sample no. accession no. location depth (m) date

OI-S01 – Massive Porites sp. OI-C01 – LPB 2.0 11 Mar 2003
OI-S05 AY725458 Massive Porites sp. OI-C05 – LPB 2.0 11 Mar 2003
OI-S06 AY725459 Faviid coral OIC06 – PL 1.5 09 Mar 2003
OI-S07 AY725460 Next to Xestospongia cf. exigua – – LPB 1.0 11 Mar 2003
OI-S08 – Massive Porites sp. OI-C08 – LPB 2.0 11 Mar 2003
OI-S09 AY738461 Massive Porites sp. OI-C09 – LPB 2.0 11 Mar 2003
OI-S10 – Massive Porites sp. OI-C10 – LPB 2.5 11 Mar 2003
OI-S17 – In bivalve shell – – LPB 2.0 12 Mar 2003
OI-S26 AY725461 Massive Porites sp. OI-C26 – LPB 0.8 25 Oct 2003
OI-S42 AY725462 Encrusting Montipora sp. OI-C42 AY780881 LPB 2.8 27 Oct 2003
HI-S01 AY725457 Dead Acropora sp. – – WIS 4.0 15 May 2003
HI-S02 AY780874 Massive Porites sp. HI-C02 – CG 16.0 12 Jan 2004
HI-S03 AY780875 Massive Porites sp. HI-C03 – CG 18.0 12 Jan 2004
HI-S05 AY780876 Massive Porites sp. HI-C05 – CG 12.0 12 Jan 2004
HI-S16 – Massive Porites sp. HI-C16 – HB 13.5 01 Aug 2003
HI-S19 – Massive Porites sp. HI-C19 – HB 14.0 01 Aug 2003
MB-S01 AY780877 Faviid coral MB-C01 – PI 2.0 15 Dec 2003
MB-S02 AY780878 Faviid coral MB-C02 AY780882 PI 1.8 15 Dec 2003
MB-S04 AY780879 Dead block – – PI 2.0 15 Dec 2003
MB-S05 AY780880 Dead block – – PI 1.9 15 Dec 2003
MB-S06 AY738460 Faviid coral MB-C06 – PI 2.0 15 Dec 2003
MB-S12 Dead block – – PI 1.0 17 Mar 2004
MB-S13 Dead block – – PI 0.8 17 Mar 2004

Table 1. Cliona orientalis sample information with respective coral samples, and GenBank accession numbers for available
sequenced material. C: coral; CG: Coral Gardens; HB: Harry’s Bommie; HI: Heron Island; LPB; Little Pioneer Bay; OI: Orpheus
Island; PI: Peel Island; east of Lateral Marker; PL: back of Pelorus Island; S: sponge; WIS: Wistari Lagoon. All samples presented

here were in the encrusting growth form, except for OI-S17, which was in the younger, papillate growth form
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the most appropriate substitution model for the data.
These were TrNef + G using the hierarchical likelihood
ratio test (hLRT) and (TrN + I + G) selected by the
Akaike Information Criterion (AIC). ML trees were
assessed with 100 bootstraps. The MP analysis was
carried out by the heuristic search method, and start-
ing-trees were obtained by stepwise-addition using
simple addition sequence. A single tree was held at
each step. The criteria for tree-swapping used a tree-
bisection–reconnection algorithm. MP trees were
assessed with 100 bootstrap replicates. The Bayesian
tree reconstruction was implemented in the ‘MrBayes’
program by Ronquist & Huelsenbeck (2003). Two
analyses based on the TrNef + G and TrNef + I+ G
models selected above were undertaken. Starting from
random trees, 4 Markov chains were run in parallel to
sample trees using the Markov Chain Monte Carlo
(MCMC) principle. After the burn-in phase every
100th sample out of 106 generations was considered,
and results were compared among the 4 chains in
order to confirm that stationality has been reached.
The phylogenetic trees generated were visualized
using TREEVIEW version 1.6.5 (Page 1996).

Comparison of populations. With 4 to 6 sequences
per sample region, we tested whether the sponge Sym-
biodinium populations were genetically connected or
isolated. Pairwise distances of symbiont populations
from host sponges between their regions were calcu-
lated with Kimura’s 2-parameter model using the pro-
gram Arlequin version 2.000 (Schneider et al. 2000).

RESULTS

Light microscopic examination of sponge symbionts 

Microscopic inspection of subsamples of sponge ec-
tosome and endosome confirmed that Cliona orientalis
contained very dense populations of intracellular
dinoflagellates (Fig. 2a). About 90% of the symbionts
were concentrated in the uppermost millimetre of the
sponges. Cell densities rapidly decreased with dis-
tance into the sponges and were then evenly distrib-
uted. No phototrophic organisms other than Symbio-
dinium were observed in the endosome of the sponges.
Two foraminiferans were found adhering to the spicu-
lar palisade of the surface of 2 samples (Fig. 2b,c). The
foraminiferans were identified as the buliminid Bolov-
ina cf. pseudoplicata and the miliolid Qunqueloculina
cf. villafranca, both general forms with wide distribu-
tions (K. Nielsen, pers. comm.). Neither of the forami-
niferans was known to contain zooxanthellae. The lack
of other zooxanthellate organisms in the tissues of C.
orientalis showed that the dominant source of ampli-
fied zooxanthellar DNA was the sponge itself.

PCR and SSCP

Symbiodinium partial 28S ribosomal DNA was
amplified from over 40 samples of Cliona orientalis
originating from Pelorus, Orpheus, Heron and Peel
Islands and Wistari Reef. The size of the PCR product
from symbionts found in the sponge was approxi-
mately 650 bases. The derived SSCP banding patterns
were very uniform and each consisted of 2 widely
separated bands (= 2 single-stranded DNA fragments;
Fig. 3). This pattern indicated that each sponge con-
tained Symbiodinium populations of predominantly
1 phylotype. This was observed throughout the entire
sample series, with the possible exceptions of samples
OI-S05 and OI-S06 in the second acrylamide gel and
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Fig. 2. Cliona orientalis. Tissue preparations for light micro-
scopy. (a) C. orientalis endosome with a dense community of
Symbiodinium. (b) Bolivina cf. pseudoplicata (buliminid fora-
miferan). (c) Qunqueloculina cf. villafranca (milioid foraminif-
eran). Scale bars all 100 µm. Both foraminiferans were found
caught in the spicular palisade, i.e. in spicule brushes project-
ing from the sponge surface. Objects near scale bars in

(a) and (b) are sponge chips
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OI-S17 and HI-S01 of the third acrylamide gel in Fig.
3 (origin of samples listed in Table 1). The 4 samples
each had 2 extra bands. However, the samples OI-S05
and OI-S06 of the second gel (with extra bands) are
identical to OI-S05 and OI-S06 of the third gel (no
extra bands) and were run from the same PCR prod-
ucts. We therefore assumed that occasional extra
bands originated from alternative possibilities in fold-
ing patterns of denatured single DNA strands and
that they are unlikely to represent contamination or
multiple phylotypes. None of the SSCP patterns
showed correlation to spatial and temporal variation
of the samples’ origins: i.e. different locations, depths,
seasons, growth forms of the sponges and neighbour-
ing organisms did not generate different SSCP pat-
terns (Table 1, Fig. 3). The similarity of the patterns
indicated that Symbiodinium populations from
Pelorus, Orpheus, Heron and Peel Islands and Wistari
Reef were comprised of an identical phylotype or
closely related phylotypes.

Coral Symbiodinium SSCP banding patterns dif-
fered completely from that of corresponding sponges
in paired samples (Fig. 3). This indicated that clades
and phylotypes of Symbiodinium from corals were
different to those of the respective invading bioeroding
sponges.

DNA sequencing and phylogenic analysis and
differences among sponge Symbiodnium populations

A total of 15 unambiguous DNA sequences of the
PCR products were obtained from sponge symbionts
off Pelorus, Orpheus, Heron, and Peel Islands and Wis-
tari Reef (Table 1). The sequences were deposited in
GenBank (see Table 1 for accession numbers). BLAST
searches revealed that the most closely related Sym-
biodinium phylotypes were derived from soritid foram-
iniferans (clade G) (Fig. 4). However, the maximum
sequence identity of Symbiodinium phylotypes from C.
orientalis and foraminiferans was only 93% and there-
fore distinct from the foraminiferal symbionts. Our data
suggest that C. orientalis contains symbionts that may
constitute a new subclade of G. Sequence identities
between sponge symbionts were higher than com-
pared to foraminiferan symbionts, with 99.0% be-
tween samples from the Capricorn Bunker Group and
Moreton Bay, 99.4% between the Palm Islands and
Moreton Bay, and 99.7% between the Capricorn
Bunker Group and the Palm Islands. The other known
Symbiodinium clades A, B, C, D and F were included
in further analyses. Clade E and H 28S ribosomal DNA
were not available at the time of this study and were
therefore excluded from our analyses.
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Fig. 3. Symbiodinium sp. banding patterns of single strand 28S ribosomal DNA in acrylamide gels. Profiles were gained from the
sponge Cliona orientalis (S) and from various corals (C). Sample pairs of C. orientalis and the respective invaded coral are marked
by a bracket ( ). Profiles from sponge symbionts clearly differed from profiles from coral symbionts. However, within all sponge
samples profiles were very consistent between samples taken from different environments (HI: Heron Island, MB: Moreton Bay,
OI: Orpheus Island) and growth forms (the second last sample ‘OI-S17’ was papillate, whereas all others were encrusting). As
bands are partly weak, a diagrammatic representation of recognisable bands was included underneath the photographs of the
gels. Extra bands in ‘OI-S05’ and ‘OI-S06’ in the second gel are considered to be artefacts, as both samples did not show these
structures in the third gel. Extra bands in ‘OI-S17’ and ‘HI-S01’ in the third gel are also likely to be artefacts. Further possibilities 

include multiple symbionts or contamination, but the latter was considered unlikely
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The trees constructed by using NJ, ML, MP and
Bayesian algorithms were congruent in topology. Only
the ML tree is shown with the results of bootstrap
analyses from all analyses (Fig. 4). All samples of
sponge Symbiodinium clustered together in a well-
supported sister group to the well-supported clade G.
Weakly supported subgroups of the 3 sample regions
were also observed in the sponge cluster, with a slight
overlap between the Palm Islands and the Capricorn
Bunker Group (Pelorus and Wistari samples, Fig. 4).
The BLAST search and the tree topology clearly
demonstrated that the sponge symbionts are not in the
recognised Symbiodinium clade categories of A, B, C,
D or F. The sponge symbionts are closest to clade G
and possibly a new subclade of G.

The Symbiodinium phylotypes of 2 corals (OI-C42
and MB-C02) infected by Cliona orientalis (OI-S42 and
MB-S02 respectively) clustered in clade C. This con-
firmed that the symbiont populations of host corals
infected by C. orientalis were distinct.

Despite the observed high sequence identities
between the sampling regions Palm Islands, Capricorn
Bunker Group and Moreton Bay, symbiont populations

appeared to be genetically isolated. This was shown by
Kimura’s 2-parameter model, involving pairwise com-
parisons with ΦST test statistics. Small subsamples of
the populations of all the 3 locations differed signifi-
cantly from each other, with the strongest support
between the Orpheus Island versus the Moreton Bay
population (p for OI vs. MB = 0.002, OI vs. HI = 0.018,
HI vs. MB = 0.014). The ΦST values between these
populations ranged from 0.62 to 0.70.
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Fig. 4. Symbiodinium sp. from the bioeroding sponge Cliona orientalis in comparison with known clades of Symbiodinium. Max-
imum likelihood tree derived from the D1/D2 domains of the 28S ribosomal gene. Symbionts from our study are marked with pre-
fixes OI-, HI- and MB- for the sample areas Palm Islands, Capricorn Bunker Group and Moreton Bay, respectively. Distances are
number of substitutions per 100 bases. Unless otherwise indicated, only bootstrap values greater than 50% are shown at the
nodes (neighbour joining/maximum likelihood/maximum parsimony/Bayesian). The outgroup-sequence was from the free-living
dinoflagellate, Gymnodinium beii (Wilcox 1998). Remaining clades included were coral symbiont clades A, B and C standards
(accession nos. U63480, U63484 and U63485, respectively; Baker et al. 1997); clade D standard (accession no. AF170149; Baker
2003); clade C (AF060889 and AF060890; Wilcox 1998); clade G miliolid foraminiferan symbionts (accession nos. AJ291536-9
respectively; Pawlowski et al. 2001); soritid foraminiferan symbionts (AJ308895 and AJ308897, Pochon et al. 2001). GenBank
accession numbers are displayed for sequences from other studies. For our samples, accession numbers are listed in Table 1
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DISCUSSION

The sponge–dinoflagellate symbiosis

The molecular diversity and biogeography of Sym-
biodinium from Cliona orientalis along the path of the
East Australian Current did not differ as strongly as for
other organisms. Previous studies of corals and ane-
mones demonstrated that their Symbiodinium clades
varied with latitudinal distribution of the hosts (Loh et
al. 2001, Rodriguez-Lanetty et al. 2001). This contrasts
with our results, which demonstrate that symbiont
populations from sponge individuals located 600 to
1300 km apart show only low levels of diversity.

Symbiont origin

The symbiont phylotypes of Cliona orientalis in this
study formed a group distinct to all Symbiodinium
clades deposited in GenBank and those associated
with the specific coral colonies that the sponge
invaded. Although comparable 28S rDNA sequences
for clade E and H were unavailable for comparison
during the study, it is unlikely that the sponge sym-
bionts belong to either clade, because a previous 18S
rRNA gene analysis (Baker 2003) showed that clade E
dinoflagellates are only distantly related to clade G,
the sister group of our samples. Moreover, clade E
appears to be represented by a free-living dinoflagel-
late, Gymnodinium varians (Wilcox 1998). According
to recent phylogenetic results using 28S rDNA
sequence data, clade H groups together with clade C,
but is different from G (Pochon et al. 2004).

The evidence implies that the sponge symbionts pos-
sibly represent a new subclade of G-type Symbio-
dinium. It suggests that the symbiosis between bio-
eroding sponges and Symbiodinium has developed
independently from the corals they invade. Therefore,
this study did not support the hypothesis that Cliona
orientalis can obtain symbiotic dinoflagellates from
corals. Vertical transmission of Symbiodinium has
been observed for C. viridis (Mariani et al. 2000, 2001),
and very likely also occurs in C. orientalis. This strat-
egy enables continuity and faithful transmission of the
same symbiont phylotype from generation to genera-
tion, which results in very close and stable relation-
ships between a host and its symbionts (Douglas 1998).
This would explain the consistency of our results for C.
orientalis symbionts and their distinction from sym-
bionts of other groups.

Symbioses with clade G Symbiodinium appear to
have developed later than most zooxanthellate sym-
bioses known from corals as the phylogenetic position
of clade G is more derived than for clades A to F. We

can only speculate which organisms acquired G-type
symbionts first and whether they were taken up sev-
eral times independently or whether at some stage
they were transmitted from one organism group to the
next (e.g. Lee et al. 1995). It is equally possible that
Cliona orientalis may have taken up symbionts from
foraminiferans, or that foraminiferans received sym-
bionts from sponges, or that either group received their
symbionts from other independent sources. The most
likely mode of initial uptake, however, appears to be
by feeding on dinoflagellates or on organisms that con-
tain dinoflagellates (Rosell 1993, Lee et al. 1995).

Symbiont geographic diversity

Subsamples of the Symbiodinium populations were
genetically isolated between the 3 sample regions Palm
Islands, Capricorn Bunker Group and Moreton Bay.
However, only between 4 and 6 samples per site were
available, hence this result will have to be confirmed by
more detailed studies. Assuming vertical transmission
of sponge symbionts as a rule, we have to accept that
Symbiodinium distribution patterns are governed 
by sponge dispersal abilities. Larvae of bioeroding
sponges do not have an extended swimming phase and
move around by creeping (Warburton 1966, Mariani et
al. 2000, 2001), thus their dispersal by currents is lim-
ited. Moreover, the latitudinal differences may select
for phylotypes better adapted to respective environ-
ments. Moreton Bay is part of a marine region that bor-
ders the temperate zone of the Australian East Coast
and has been identified as a marginal environment dis-
tinguished by a combination of endemic tropical and
temperate species (Davie & Hooper 1998). The Palm
Islands and Heron Island are subject to different levels
of temperature stress. Both regions have experienced
severe bleaching events due to elevated temperatures
(Berkelmans & Willis 1999), but Heron Island has addi-
tionally been exposed to situations of extremely low
temperatures, again resulting in bleaching events
(Hoegh-Guldberg et al. 2005). We would expect that a
broadscale survey of symbiont populations of this bio-
eroding sponge would reveal different phylotypes
depending on how genetically connected or isolated
they are. The same was shown for Symbiodinium popu-
lations of the widely distributed and maternally trans-
mitting coral, Seriatopora hystrix (Loh et al. 2001).

Physiological and ecological implications

Physiological responses to environmental stressors
differ between corals and bioeroding sponges. Bio-
eroding sponges have been observed to be more
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bleaching-resistant than corals (Vicente 1990, Schön-
berg & Wilkinson 2001). Bleaching phenomena stem
from environmental factors that adversely affect the
photosynthetic processes of Symbiodinium (Hoegh-
Guldberg 1999). As Cliona orientalis contains different
dinoflagellate clades and phylotypes than its sympatric
corals, this may explain part of the contrasting behav-
iour. Coral symbionts have recently been tested for
differences in their physiology. Corals with clade D
Symbiodinium were better adapted to thermal stress
than corals with other clades (Baker et al. 2004, Fabri-
cius et al. 2004, Rowan 2004), and by implication, more
resistant to bleaching.

Cliona orientalis may alternatively offer a more shel-
tered environment to its symbionts than corals, given
that the sponge tissue penetrates hard substrates to an
average depth of 1.3 cm, and that symbionts can be
redistributed according to environmental conditions
(Schönberg 2000). We originally considered, whether
sponge tissue may act as a refuge for vulnerable coral
zooxanthellae. However, by rejecting the hypothesis
that C. orientalis may take up symbionts from in-
vertebrates it invades under normal conditions, we
also abandoned the convenient concept of foster-
symbionts. Further studies that investigate the physi-
ology and photosynthesis of C. orientalis and their
symbionts are underway and may indicate whether 
the unique Symbiodinium phylotype found by us
expresses phenotypes that enable the sponge to resist
environmental stress.
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