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ABSTRACT: The biogeography and phylogeny of Chondrilla (Porifera, Demospongiae) species in
Australia is poorly understood. Until the present study was carried out, 4 Chondrilla species were
thought to occur in the waters of Australia and its territories: C. australiensis, C. secunda, C. mixta
and C. nucula. However, the type specimen of the latter comes from the Adriatic Sea, and it has
always been uncertain whether this species is present in Australia. The difficulty in determining the
number of species of Chondrilla and their biogeography is largely due to the paucity of phenotypic
characters that are normally used for identification. To clarify the diversity and distribution of
sponges in this genus in Australia, DNA sequence analysis was applied to samples of Chondrilla from
around Australia and compared to C. nucula from the Mediterranean. Classical taxonomic techniques were used to confirm the molecular results. Evidence was found for 3 species of Chondrilla in
the temperate southern oceans of Australia with one, C. australiensis, also extending into tropical
waters. All 3 species were distinct from C. nucula, which was not found in Australian waters in this
study. The distribution of C. australiensis suggests that larvae and/or fragments of this sponge are
able to disperse across very large distances around the coastline of Australia. Species identification
based on direct sequencing of the D2 region in the 28S rDNA and ITS1- 5.8S- ITS2 region was in
agreement with results using classical taxonomic techniques.
KEY WORDS: Chondrilla · Porifera · Biogeography · Phylogeny · Molecular analysis · Classical
taxonomy
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Although sponges in the genus Chondrilla (class
Demospongiae, order Chondrosida, family Chondrillidae, sub-class Tetractinomorpha) are an important and
abundant component of reefs in both tropical and temperate oceans of the world, the exact number of Chondrilla species remains uncertain. The taxonomy of this
genus is problematic due to the relative simplicity of
the skeleton and the presence of few spicule types,
with species largely distinguished by the dimensions
and structure of the single type of spicule they contain,

the aster. This lack of defining morphological characters has caused confusion, with many of the 13 species
reported in the Zoological Catalogue of Australia now
regarded as synonyms (Hooper & Wiedenmayer 1994).
Based on classical taxonomic techniques, 4 species of
Chondrilla are currently recognized from Australian
waters: C. australiensis, C. nucula and C. secunda,
with the fourth, C. mixta, recorded from Christmas
Island, an Australian territory. The distribution of these
species in Australia has not been investigated, but both
C. australiensis and C. nucula have been recorded
from the Indian and Pacific oceans, and also in geo-

*Email: kusher@cyllene.uwa.edu.au

© Inter-Research 2004 · www.int-res.com

INTRODUCTION

118

Mar Ecol Prog Ser 270: 117–127, 2004

graphically distant areas such as the Red Sea and the
Mediterranean Sea, respectively. However, given the
low dispersal ability of the gametes and larvae of
sponges (Watanabe & Masuda 1990, Lazoski et al.
2001), it seems unlikely that these species are cosmopolitan.
The supposed cosmopolitan nature of Chondrilla
species has been brought into question by the only
study to date using molecular techniques to investigate
their distribution. Klautau et al. (1999) used allozyme
electrophoresis to analyze sponges thought to be C.
nucula from the Caribbean, southwest Atlantic and
Mediterranean Sea and found that they comprised a
complex of 5 species, with C. nucula occurring only in
the Mediterranean. The lack of defining morphological
features in this genus may have led to an underestimation of the number and identity of Chondrilla species in
Australia.
Sponge taxonomy is a challenging area, as sponges
are morphologically simple and plastic, and even their
higher-level systematics have not been adequately
clarified (Lévi 1979, Solé-Cava et al. 1992). Classical
taxonomy has traditionally been based on skeletal
structure and spicule type and dimensions, but the
usefulness of spicule morphometric analysis has been
questioned, as spicule size can vary within species and
is influenced by environmental factors (Jones 1984,
Hooper et al. 1991, Bavestrello et al. 1993). There is
thus a need to clarify the usefulness of these morphological characters and to find additional techniques
that would assist in distinguishing between closely
related sponge species.
As noted above, allozyme electrophoresis has been
applied to the problem of distinguishing between
sponge species, and is the molecular technique most
widely used to study sponge population genetics.
Many of these studies have revealed discrepancies
between allozyme and spicule morphometric analysis
(Solé-Cava & Thorpe 1986, Solé-Cava et al. 1992,
Muricy et al. 1996, Klautau et al. 1999), and the authors
have concluded that spicules alone are not reliable
characters to distinguish the species investigated.
However, this is not always the case, with good correlations found between these methods for some species
(Sarà et al. 1993). The wide range of interspecific gene
identity values obtained between sponge species complicates the use and interpretation of allozyme analysis. In a review of papers using this technique, SoléCava & Boury-Esnault (1999) classified 3 categories of
results: (1) genera where interspecies comparisons
give similar levels of gene identity to those found
among other invertebrates; (2) genera where some
pair-wise species comparisons give very low identity
values, while other species in the genus have identity
values comparable to those found among species in

other taxa; (3) genera where interspecies comparisons
consistently give extremely low identity values. These
results make it difficult to set a threshold value for
conspecific gene identity in sponges. This is further
compounded by the lack of knowledge of the reproductive ecology of most sponge species, which would
allow an understanding of their dispersal ability and
consequent distribution potential.
While there have been a number of interspecific and
intraspecific studies of sponges using allozyme electrophoresis, there have been very few DNA sequencing analyses undertaken to distinguish sponges at the
species level. It appears that several regions commonly
used for phylogenetic analysis of other animal genera
are not sufficiently divergent in sponges to be useful.
For example, mitochondrial DNA sequences are often
used to distinguish eukaryote species, but do not have
enough variation in Porifera (van Oppen et al. 2002,
Wörheide et al. 2002) to be used at the species level.
Sponges also have much less variation in the 18S ribosomal DNA (rDNA) than other eukaryotes (McInerney
et al. 1999). However, restriction fragment length polymorphisms of the internal transcribed spacers (ITS)
have been successfully used by several sponge
researchers to distinguish closely related sponge species (Wörheide 1998, Boyce 1999), and Wörheide et al.
(2000, 2002) used sequencing analysis of the ITS15.8S- ITS2 region to investigate phylogeographical
relationships within sponge species on the Great
Barrier Reef.
The D2 region, one of the most variable domains of
the 28S rDNA in eukaryotes (Hassouna et al. 1984), has
been used to establish phylogenetic relationships
between closely related species of protists (Baroin et
al. 1988), but has not been applied for this purpose in
sponges. The 28S rDNA has also been successfully
used to analyze sponge phylogeny at the genus level
(Chombard et al. 1998, McInerney et al. 1999,
Borchiellini et al. 2000), and the high degree of
sequence divergence found in the D2 domain suggests
that this region may be useful for species-level phylogenetics.
The aim of the present study was to establish the
number of Chondrilla species in the oceans of Australia and determine their biogeography. To accomplish this, specimens of Chondrilla were sampled
around Australia, and the D2 and ITS1 and ITS2
regions of the ribosomal DNA sequenced. The
sequences were compared to those of C. nucula from
the Mediterranean, Ligurian Sea and Bermuda to provide evidence on the occurrence or otherwise of C.
nucula in Australia. In addition, morphological and
spicule characteristics were compared with the molecular analysis to establish congruence, or lack of it,
between the 2 approaches.
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MATERIALS AND METHODS
Samples of Chondrilla were collected using SCUBA
from depths up to 25 m. In Australia these were collected from the following sites: Cape le Grande;
Esperance jetty; King George Sound, Albany; Two
People’s Bay; Busselton jetty; South Mole, Fremantle;
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Marmion; Mid Reef, Houtman Abrolhos Islands;
Exmouth; Dampier; North Stradbroke Island; Moreton Bay; Bateau Bay; Western River Cove, Kangaroo
Island; and Queenscliff (Table 1, Fig. 1). Samples of
C. nucula were collected from the Mediterranean
Sea, Marseille, France; and the Ligurian Sea,
Portofino, Italy (Table 1). Chondrilla specimens were

Table 1. Sample information for Chondrilla species used in this study. C2D2: number of base pairs (bp) sequenced from the 28S rDNA
region amplified with this primer pair. ITS: number of base pairs sequenced of the ITS1 and ITS2 region of rDNA. Abbreviations: C. aust =
Chondrilla australiensis, C. sp 2 = Chondrilla sp. 2, C. sp 3 = Chondrilla sp. 3, C. nuc = Chondrilla nucula; C. sp 4 = Chondrilla sp. 4; SA =
South Australia, WA = Western Australia, Vic = Victoria, NSW = New South Wales, NT = Northern Territory, Qld = Queensland; BMNH =
British Museum of Natural History, WAM = Western Australian Museum, ZMH = Zoologische Museum Hamburg, NTM = Museum and
Art Gallery of the Northern Territory, AM = Australian Museum
Species

Location

(A) Chondrilla australiensis
C. aust TYPE, NSW
C. aust NSW, central
C. aust NSW, Wollongong
C. aust? NSW (named C. secunda)
C. aust WA, Fremantle ochre
C. aust WA, Fremantle maroon
C. aust WA, Fremantle white
C. aust Vic, Melbourne
C. aust WA, Shark Bay
C. aust WA, Esperance No. 1
C. aust WA, Houtman Abrolhos
C. aust WA, Exmouth
C. aust WA, Dampier Archipelago
C. aust WA, Near Albany No. 1
C. aust NT, Port Essington
C. aust Qld, Guthray Is.
C. aust Qld, North Stradbroke Is.
C. aust Qld, Moreton Bay

Site

Approx. latitude,
longitude

Port Jackson
Bateau Bay
Flinders Is.
Port Jackson
South Mole
South Mole
South Mole
Port Phillip
Shark Bay
Esperance jetty
Mid-reef
Outer reef

33° 51’ S, 151° 16’ E
33° 23’ S, 151° 29’ E
34° 26’ S, 150° 53’ E
33° 51’ S, 151° 16’ E
32° 03’ S, 115° 45’ E
32° 03’ S, 115° 45’ E
32° 03’ S, 115° 45’ E
37° 58’ S, 144° 54’ E
26° 21’ S, 113° 42’ E
33° 51’ S, 121° 55’ E
28° 46’ S 114° 08’ E
21° 57’ S, 114° 07’ E
20° 33’ S, 116° 32’ E
Two People’s Bay 34° 57’ S, 118° 11’ E
Coral Bay
11° 11’ S, 132° 03’ E
Cape York
10° 41’ S, 142° 32’ E
Point Lookout
27° 28’ S, 153° 28’ E
Roby Bay
27° 18’ S, 153° 22’ E

(B) Chondrilla species other than C. australiensis
C. sp 2
WA, Near Esperance
Cape Le Grande
No. 3
C. sp 2
WA, Marmion
C. sp 2
SA, Spencer Gulf
Out of Cowell,
Prawn trawler
C. sp 2
SA, Kangaroo Is.
Western River Cove
C. sp 2
WA, Near Albany No. 2
Two People’s Bay,
in cave
C. sp 2
WA, Albany No. 4
Mistaken Is.
C. sp 2
WA, Albany No. 5
Two People’s Bay
C. sp 2
WA, Albany No. 7
Mistaken Is.,
in cave
C. sp 2
Vic, Queenscliff
Cottage by the Sea
C. sp 3
WA, Esperance No. 4
Twilight Cove,
in cave
C. sp 3
WA, Albany No. 8
Mistaken Is.
C. sp 3
WA, Busselton
Busselton jetty,
under jetty
C. sp 3
SA, Kangaroo Is. No. 1
West River Cove
C. sp 3
SA, Kangaroo Is. No. 2
West River Cove
C. sp 3
Tasmania
Not known
C. nuc
France
Marseille, on sea
grass, rock
C. nuc
Italy
Portofino, on rock
C. sp 4
Bermuda

Depth
(m)

11
4–10
4–10
4–10

Date

Museum ID

1895
5 Jan 2001
1 Mar 2001

BMNH 1895.8.9.1
WAM Z13254
WAM Z13265
AM G9057
WAM Z13257
WAM Z13255

2000, 2001
2000, 2001
2000, 2001
1886

10.7 1 May 2001
24.8 7 May 2000
9.8 15 May 2001
8 Apr 2000
5.3 8 Mar 2001
<1
19 Jul 1981
10 Dec 1990
<1
2 Jun 2001
<1
7 Jun 2001

C2D2
bp

474
459
472
–
490, 437
441–443
–
BMNH 1886.6.7.87.89 465
ZMH S1536
436
WAM Z13266
470
WAM Z13258
452
455
WAM Z5419
447
WAM Z13272
454
NTM Z0377
474
NTM Z4014
456
WAM Z13263
453
WAM Z13269
452

ITS
bp

–
603
–
–
584
–
592
–
–
385
–
589
606
–
592
–
–
–

34° 01’ S, 122° 07’ E

6.4

2 May 2001

WAM Z13264

465

–

31° 50’ S, 115° 45’ E
33° 40’ S, 137° 40’ E

40

16 Apr 1982

WAM Z104
NTM Z1619

384
424

–
–

35° 40’ S, 136° 57’ E
34° 57’ S, 118° 11’ E

3–11
20.5

8 Nov 2001
5 May 2001

WAM Z13274
WAM Z13273

452
434

609
–

35° 03’ S, 117° 58’ E
34° 57’ S, 118° 11’ E
35° 03’ S, 117° 58’ E

2.3
11.2
6.2

6 May 2001
8 May 2001
6 May 2001

WAM Z13271
WAM Z13262
WAM Z13270

384
428
424

–
566
548

38° 16’ S, 144° 40’ E
33° 51’ S, 121° 55’ E

5.4
9.2

15 Nov 2001
3 May 2001

WAM Z13260
WAM Z13267

416
437

609
–

35° 03’ S, 117° 58’ E
33° 30’ S,115° 10’ E

8
8

6 May 2001
21 Jan 2001

WAM Z13256
WAM Z13259

414
436

601
601

35° 40’ S, 136° 57’ E
35° 40’ S, 136° 57’ E
~42° S, 147.5° E
43° 15’ N, 5° 20’ E

3–11
9

8 Nov 2001
WAM Z13276
8 Nov 2001
WAM Z13275
1925
BMNH1925.11.1.1331
21 Sep 2001
WAM Z13268

417
451
–
393

627
–
–
627

44° 18’ N, 9° 12’ E
32° 20’ N, 64° 45’ W

8

27 Sep 2001
1948

403
444

–
–

1

WAM Z13261
BMNH 1948.8.6.55
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deposited in the Western Australian Museum
(Table 1).
Sponge specimens were kept shaded in seawater
until preserved by 1 or more of the following methods,
depending on the availability of freezers after collection: (1) Freezing at –20°C, then transferring to –80°C;
as soon as possible; (2) placing approximately 1 cm2
pieces into 20% dimethyl sulphoxide (DMSO)
(250 mM Na2EDTA pH 8.0, 20% DMSO saturated with
NaCl, pH adjusted to 7.5); (3) placing in 80% EtOH.
EtOH preserved samples of Chondrilla were also
obtained from the Natural History Museum of London
(NHM), including the type specimen of C. australiensis
from New South Wales (Port Jackson), and Chondrilla
samples from Victoria (Port Phillip Bay), Tasmania and
Bermuda. In addition, the Museum and Art Gallery of
the Northern Territory provided samples from the
Northern Territory (Port Essington) and South Australia (Spencer Gulf).
Extraction of DNA. Approximately 5 mm3 of sponge
tissue was excised and chopped finely with a sterile
razor, and EtOH preserved samples were then airdried for 1 to 2 h. Foreign eukaryotic organisms were
removed if found in the sponge tissue. Samples were
then placed in 2 ml Eppendorf tubes, and 200 µl of
extraction buffer (200 mM tris HCl pH 8.5, 250 mM
NaCl, 25 mM Na2EDTA, 0.5% SDS) added. The tissue
was crushed with the blunt end of a sterile plastic loop
and then freeze- thawed at –20°C/room temperature
3 times to disrupt cell membranes. The supernatant
was transferred to a clean Eppendorf tube and centrifuged at 27 000 × g for 1 min to pellet cell debris. The

supernatant was removed and purified with a BresaSpin PCR clean-up kit (Bresatec, Australia) as per
the manufacturer’s protocol, and used in PCR analysis.
Some sponge samples (Chondrilla nucula from
France and Italy, Chondrilla sp. 2 from Victoria, C. australiensis from New South Wales, Abrolhos and Fremantle) were amplified directly from tissue excised
from the sponge by placing the tissue directly into the
PCR reaction (see below).
PCR reactions. PCR reactions were carried out with
a final volume of 25 µl. The PCR mix contained 2 U
Finnzyme DNA polymerase (Finnzyme), 1 × Finnzyme
buffer, 1.5 mM MgCl2, 200 µM of each dNTP, and
15 pmol of each oligonucleotide primer. 5% DMSO
was added to PCR reactions using the C2 D2 primer
set. 1.25 and 3.25 µl of cleaned DNA of each sample
was added to separate 25 µl PCR reactions. Otherwise,
1 mm3 of sponge sample was placed directly into 25 µl
of PCR mix. PCR reactions were run on a PTC-200
Peltier Thermal Cycler.
The C2 universal forward primer (5’- GAA AAG
AAC TTT GRA RAG AGA GT -3’) and D2 universal
reverse primer (5’- TCC GTG TTT CAA GAC GGG -3’)
(Chombard et al. 1998) were used, priming approximately 475 bp of the 5’ end of the 28S rDNA. An initial
cycle of 95°C for 1 min, then 35 cycles of 94°C for 30 s,
54°C for 45 s, and 72°C for 1 min was used with this
primer set. This was followed by 1 cycle of 72°C for
5 min, with a hold at 4°C.
The ITS1 universal forward primer, 5’- TCC GTA
TGG TGA ACC TGC GG -3’, and ITS4 universal
reverse primer, 5’- TCC TCC GCT TAT TGA TAT GC
-3’ (Wang & White 1997), were also
applied. The ITS primers begin at the
end of the 18S rDNA and amplify 665
bp of the ITS1, 5.8S rDNA and ITS2
region, ending at the beginning of the
28S rDNA. An initial cycle of 95°C for
2 min, then 35 cycles of 94°C for 30 s,
48°C for 45 s, and 72°C for 1 min was
used. This was followed by 1 cycle of
72°C for 5 min, with a hold at 4°C.
Sequencing. PCR products were
purified with a Bresaspin PCR Cleanup kit (Bresatec, Australia) according
to the manufacturer’s protocol. Sequencing reactions were performed
using BigDye Terminator Mix version 3
(Applied Biosystems, USA), as per the
manufacturer’s
instructions,
with
3.2 pmol of primer, except the final
volume was 10 µl and contained 4 µl of
BigDye
Terminator
mix.
Direct
Fig. 1. Map of Australia showing collection sites and distribution of the 3 Chonsequencing
was
performed
on
an
drilla species found in this study. Circles: C. australiensis; stars: Chondrilla
ABI automated sequencer. Chromatosp. 2; triangles: Chondrilla sp. 3
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graphs were checked by eye to ensure the accuracy of
the final sequences and ambiguous nucleotides
denoted with an ‘n’. Both strands of the DNA region
were sequenced, and sequencing was repeated where
necessary. Sequences were submitted to GenBank
(accession numbers, D2 region: AY190190–AY190224,
ITS region: AY190225–AY190239).
Phylogenetic analysis. Sequences were aligned with
ClustalX (Thompson et al. 1997) using unrestricted
data. Sequence alignments were checked by eye, and
alignment parameters adjusted where necessary to
improve the alignment. Phylogenetic analysis of
sequences was performed with maximum likelihood
using PAUP 4.0 beta 10 (Swofford 2002). A SYM-model
(general time-reversible model with equal base frequencies) was used, and branch lengths were calculated. The analysis was performed with a heuristic
strategy using likelihood as the criterion. MrBayes
(Huelsenbeck & Ronquist 2001) was also used to analyze the data, with a burn-in value of 50 000 generations out of 500 000 generations. A general time
reversible model was used, with gamma-distributed
rate variation. Trees were drawn with TreeView.
Scanning electron microscopy (SEM). Spicules were
prepared for SEM by dissolving sponge tissue in concentrated nitric acid. Spicules were then washed twice
in distilled water and twice in absolute alcohol.
Cleaned spicules in 70% ethanol were spread on
cover-slips attached to SEM stubs, dried at 70°C
overnight, then sputter-coated with gold prior to examination with a Philips SEM 505 operating at 15 kV.
Suitable images were recorded electronically.
Spicule dimensions. The diameters of spicules
cleaned with nitric acid were measured using light
microscopy. Twenty-five oxysphaerasters and 25 oxyasters were measured (where both types were present)
from the type specimen of Chondrilla australiensis,
and from 1 individual of each of the other 2 Chondrilla
species found in Australian waters.

RESULTS
Phylogenetic trees produced by PAUP and MrBayes
had the same branching patterns, and only trees made
by MrBayes have been presented here, with the confidence levels at branching points. Sequence analysis of
both the D2 region of the 28S rDNA and the ITS15.8S- ITS2 regions revealed 4 distinct genetic clusters
within the Chondrilla specimens; 3 from Australia and
1, C. nucula, from the Mediterranean and Ligurian
Seas. One more specimen, from Bermuda, was
sequenced using the C2 D2 primer pair (Fig. 2) and
found to cluster separately. The phylogenetic clusters
agreed with consistent morphological and spicule dif-
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ferences found between these specimens (see below),
and it can therefore be concluded that they represent
5 taxa: C. australiensis, C. nucula and 3 unidentified
Chondrilla species, designated species 2, 3 and 4. In
southern Western Australia specimens of 3 species of
Chondrilla (C. australiensis, Chondrilla sp. 2 and 3)
sometimes occurred sympatrically (Fig. 1).
The 2 primer sets gave very similar results in terms of
sequence similarities and in the resulting phylogenetic
trees (Figs. 2 & 3). Both phylogenetic trees showed
Chondrilla nucula from the Mediterranean clustering
most closely to Chondrilla sp. 3 from southern Australia, and Chondrilla sp. 2 from southern Australia
was the most distant from C. australiensis, which also
occurs in southern Australia (Figs. 2 & 3). C. australiensis was found in almost every Australian state
(Fig. 1), suggesting that Chondrilla species can be
extensively distributed around a continuous coastline.

Sequence analysis : C2 D2 region
Chondrilla nucula (Mediterranean), Chondrilla sp. 3
(southern Australia) and Chondrilla sp. 4 (Bermuda)
are from widely separated geographic regions, but
cluster closely on the basis of both the phylogenetic
analysis of the D2 region and spicule similarities (see
below). Sequence similarities between D2 sequences
of C. australiensis range from 99.1% (4 base pair difference) to 100%, with most sequences only being 1 or
2 base pairs different to each other. The exception was
the sample from Dampier, which typically had 97.5%
sequence similarity to other samples of C. australiensis. Chondrilla sp. 2 samples had 98.4 to 99.8%
sequence similarity to each other. Chondrilla sp.
3 samples from Western Australia were 100% similar
to each other and 99.3% similar to those from South
Australia. With this region of DNA, South Australian
samples of Chondrilla sp. 3 showed slightly separate
clustering from the southern Western Australian samples (Fig. 2). C. nucula from Marseille and Portofino
had 100% sequence similarity. Between species
sequence similarities ranged from a low of 85.5%
between the type of C. australiensis and Chondrilla sp.
2, to the highest similarity of 92.9% between Chondrilla sp. 4 (Bermuda) and Chondrilla sp. 3. The D2
region contained 113 parsimony informative sites.

Sequence analysis : ITS15.8S-ITS2 region
The branching pattern of the phylogenetic tree produced with the ITS region (Fig. 3) was the same as that
for the D2 region. Sequence similarities between
Chondrilla australiensis samples ranged from 96.6 to
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6
69

100
100

C. sp 2 Esperance 3
C. sp 2 Victoria
C. sp 2 Albany 4
C. sp 2 Spencer Gulf
C. sp 2 Kangaroo Is
C. sp 2 Marmion
C. sp 2 Albany 7
C. sp 2 Albany 5

Fig. 2. Phylogenetic tree produced
with MrBayes, using the D2 region of
the 28S rDNA. Confidence levels are
given at nodes. C. australiensis =
Chondrilla australiensis, C. sp 2 =
Chondrilla sp. 2, C. sp 3 = Chondrilla
sp. 3, C. sp 4 = Chondrilla sp. 4. Scale
bar = 0.1 substitutions per site. See
Table 1 for sample IDs

C. sp 2 Albany 2

100
100
C. sp 3 Albany 8
1000
9898

99
99

C. sp 3 Esperance 4
C. sp 3 Busselton
C. sp 3 Kangaroo IS 1
C. sp 3 Kangaroo IS 2

100
100

C. sp 4 Bermuda
C.
nucula Marseille
100
100
C. nucula Portofino

72
72

100 C. australiensis Port Phillip
C. australiensis Dampier
C. australiensis Great Barrier Reef
69
69
67
72
72

C. australiensis Abrolhos
C. australiensis Esperance 1
C. australiensis Port Essington
C. australiensis Exmouth
C. australiensis Fremantle marron 5
C. australiensis Fremantle marron 4
C. australiensis Albany 1
C. australiensis Fremantle marron 3
C. australiensis Fremantle ochre 2
C. australiensis TYPE Port Jackson
C. australiensis Fremantle ochre 1
C. australiensis Batau Bay
C. australiensis North Stradbroke Island
C. australiensis Morton Bay
C. australiensis Wollongong
0.1

100%, and for both Chondrilla sp. 2 and 3 similarities
between individuals of the same species ranged from
99.7 to 100%. Sequences of Chondrilla sp. 3 from
Western Australia were only 2 base pairs different to
samples from South Australia. Between species
sequence similarities were very similar to those
obtained with the D2 region, with the lowest being
86.1% between C. australiensis and Chondrilla sp. 2,
and the highest being 92.9% between C. nucula and
Chondrilla sp. 3. Chondrilla sp. 4 was not amplified
with these primers. The ITS1-5.8S-ITS2 region contained 100 parsimony informative sites.

Spicule and morphological differences
All Chondrilla species in this study were encrusting,
but with field-collecting experience, Australian Chon-

drilla species could be distinguished from each other in
situ, based on differences in colour, thickness and
resilience (Table 2). C. nucula from the Mediterranean
was also morphologically distinct. C. nucula and Chondrilla sp. 3 and 4 had only 1 type of aster, the oxysphaeraster. While the oxysphaerasters of these species were similar in appearance, each contained a
distinct size class, with those from Chondrilla sp. 3
being the smallest and those from C. nucula the largest
(see below). This similarity in spicule complement is
reflected in the phylogenetic clustering of these 3
species (Fig. 2).
Chondrilla sp. 2 was found in southern Western Australia, South Australia and Victoria (Fig. 1). The species
was observed only on heavily shaded rock faces at
depths of less than 15 m. This species grew in continuous sheets that were relatively stiff to touch compared
to other Chondrilla species. Very large individuals
(typical of C. australiensis) were not observed. Chondrilla sp. 2 had 2 size classes of oxysphaerasters
(Table 2) and no oxyasters (Fig. 4A).
Chondrilla australiensis was found in every state of
Australia except South Australia, where sampling was
very limited, and Tasmania (Fig. 1), where sampling
was not undertaken. This distribution includes tropical
and temperate waters. The species was very abundant
and occurred on vertical and horizontal rock faces at
depths of 1 to 25 m. The colour was variable, ranging
from a reddish brown to yellow/brown, depending on
the light intensity of the environment. Thickness also
varied (Table 2) and was possibly related to the health
status of the individual. C. australiensis had both
oxysphaerasters and oxyasters (Fig. 4B), with the rays
of the latter sometimes bent and divided at the ends.
The spicules of the type specimen of C. secunda were
consistent with this description.
Chondrilla sp. 3 was found in southern Western Australia, South Australia and Tasmania (Fig. 1). The species occurred only on heavily shaded rock faces, under
jetties and in caves at depths less than 15 m. Individuals were typically thicker than C. australiensis and
Chondrilla sp. 2 (Table 2), and much smaller (approximately 5 or 6 cm2), were soft to touch, and had a distinct ‘skin’ that was easy to detach. Chondrilla sp. 3
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had 1 aster type only, a small oxysphaeraster (Fig. 4C). A Tasmanian specimen from the NHM (BMNH 25.11.1.1331)
C.
sp
2
Albany
7
6060
previously named C. nucula, had spicules
consistent with Chondrilla sp. 3.
100 C. sp 2 Vic
Chondrilla nucula was found in the
Mediterranean Sea, France, and the LigC. sp 2 Kangaroo Is.
urian Sea, Italy. The species was abundant
in areas where it occurred, and it was growC. sp 3 Mistaken Is., Albany
ing on rock and the base of seagrass at
100
100
depths of 1 m or more. Specimens were
C. sp 3 Kangaroo Is.
dark brown and approximately 5 mm thick.
C. sp 3 Busselton
Individuals were very small, typically 1 to
3 cm long and 0.5 to 1 cm wide. The spicules
C. nucula Marseille
are oxysphaerasters 25 to 30 µm in diameter.
Chondrilla sp. 4 was provided preserved
in ethanol by the NHM (BMNH 1948.8.6.55) and had
been named C. nucula. As it was not observed in situ,
a description of the species and growth habits cannot
be provided. The species has oxysphaerasters approximately 20 µm in diameter.

Fig. 3. Phylogenetic tree produced with
MrBayes, using ITS1-5.8S-ITS2 region.
Details as for Fig. 2

100
100

58
58

C. australiensis Exmouth
C. australiensis Port Essington
C. australiensis Dampier
C. australiensis Bateau Bay
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87
87

C. sp 2 Albany 5

C. australiensis Fremantle Ochre

DISCUSSION

C. australiensis Fremantle White

The molecular and classical analyses undertaken
for the species of Chondrilla from Australia, the
Mediterranean and Bermuda suggest that Chondrilla
species are not cosmopolitan in their distribution,
although they may be extensively distributed along a
continuous coastline. In addition, evidence was found

C. australiensis Esperance 1

0.1

Table 2. Spicule and morphological differences between the Australian Chondrilla species
Chondrilla australiensis

Chondrilla sp. 2

Chondrilla sp. 3

Colour

Reddish/brown to yellow/brown

Dark to pale brown

Dark brown, sometimes
with cream flecks

Approx. thickness

Variable: 1 mm to > 5 cm,
usually about 1 cm

1 to 2 cm

3 to 5 cm

Abundance

Abundant

Common at some locations

Usually rare

Size

Usually about 50 cm2, can be
up to 1 m2

Usually about 30 cm2

Usually about 5 cm2,
occasionally larger

Resilience

Rubbery

Stiff

Very soft

Matrix colour

Cream

Cream/brown

Dark brown

Oxyasters
Size range (µm)
Average size (µm)
SD (n = 25)

Yes
18.8 to 25
21.9
1.8

No

No

Oxysphaerasters

Yes

Yes

22.5 to 28.8
25.6
2.1

Small
12.5 to 27.5
20
4

Oxysphaeraster
Size range (µm)
Average size (µm)
SD (n = 25)

Yes
Large
45 to 90
75.4
12.5

10 to 17.5
14.4
2.5
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for the occurrence of 3 Chondrilla species in Australian waters. These coexist in some areas, and 2
appear to be previously unreported species. This provides new insights into the biogeography of this
genus in Australia and the dispersal abilities of
oviparous sponges.

Fig. 4. Scanning electron microscope (SEM) images of the
spicules of the Australian Chondrilla species. Scale bars =
10 µm. (A) Oxysphaerasters of Chondrilla sp. 2. (B) Oxysphaerasters and oxyasters of Chondrilla australiensis.
(C) Oxysphaerasters of Chondrilla sp. 3

Three species of Chondrilla had been reported to
occur around the Australian mainland — C. australiensis, C. nucula and C. secunda — but there had been no
studies of their distribution in Australian waters. The
type specimens of C. australiensis and C. secunda
were from New South Wales and Victoria, respectively, and specimens named C. australiensis had been
collected from Shark Bay, Western Australia, and Victoria. C. nucula had previously been reported to occur
in Tasmania.
This study provides evidence for the presence of
3 species of Chondrilla around Australia, but only one
of these, C. australiensis, coincided with previous
records of Chondrilla species in this region. The other
2 species, designated Chondrilla sp. 2 and 3, appear to
be new species, but analysis of type material from
other countries will be necessary to establish whether
this is the case. These species will be formally
described in a future publication. There was no evidence found for the presence of C. nucula in Australia,
and C. secunda appears to be a synonym of C. australiensis; however, the type specimen of the latter was
not successfully sequenced. Material of C. mixta was
not examined, and this species was not found during
sampling undertaken in this study.
Chondrilla australiensis, Chondrilla sp. 2 and 3 were
differentiated by sequences from the D2 region of the
28s rDNA and ITS1- 5.8S- ITS2 region and consistent
differences in gross morphology, spicule complement,
size and shape. Comparison of the 2 DNA regions
showed that the greatest genetic distance occurred
between Chondrilla sp. 2 and C. australiensis (85.5 and
86.1% sequence similarity for D2 and ITS regions,
respectively). The sequence similarity between C. australiensis and C. nucula was 91 and 88.7% for the D2
region and ITS regions, respectively. It is interesting
that C. australiensis and C. nucula have less genetic
distance between them than between C. australiensis
and Chondrilla sp. 2, when there is a large geographical distance between the former species pair and a
sometimes sympatric distribution in the latter pair. C.
nucula from the Mediterranean is most closely related
to Chondrilla sp. 3 from southern Australia and Chondrilla sp. 4 from Bermuda, and these 3 species form a
cluster in both the D2 phylogenetic analysis and
spicule complement (all 3 species have oxysphaerasters only).
Based on spicule analysis, the NHM sample from
Tasmania named Chondrilla nucula belongs to Chondrilla sp. 3, a closely related but distinct species. C. nucula was not found in Australia, and it can be concluded
that it is unlikely to occur in this country. The type specimen of C. nucula is from the Adriatic Sea, and it was
collected in France and Italy for this study. The finding
that C. nucula from the Mediterranean Sea and the

Usher et al.: Biogeography and phylogeny of Chondrilla species

Ligurian Sea are the same species, based on DNA sequencing and classical techniques, is in agreement
with allozyme analysis of these populations (Klautau et
al. 1999) and shows that this species also has a large
range along continuous coastline. However, the results
of this study and that by Klautau et al. (1999) indicate
that reports of this species in countries distant to the
Mediterranean region should be treated with caution
until more extensive analyses are conducted.
Chondrilla australiensis, Chondrilla sp. 2 and 3 all
have very large geographical distributions in Australia
(Fig. 1). The probable Australia-wide distribution of C.
australiensis is surprising, given the tropical to temperate
temperature range around the Australian coastline and
the supposed limited dispersal ability of sponge larvae.
C. australiensis was found in all Australian states with
the exception of South Australia and Tasmania.
However, sampling in these 2 states was not possible for
this study, or was very limited, so the presence or
absence of C. australiensis in these regions cannot be
confirmed. Chondrilla sp. 2 and 3 appear to be restricted
to the cool southerly regions of Australia (Fig. 1).
There have been no studies on the larvae of Chondrilla species, and data on the larvae of any oviparous
sponge species are extremely rare. The free-swimming
larval stages of oviparous sponges are thought to be
short-lived (Lévi & Lévi 1976) and therefore their dispersal abilities are considered to be low (Watanabe &
Masuda 1990, Lazoski et al. 2001). However, caution is
necessary when making assumptions on the dispersal
ability of larvae based on knowledge from other
sponge species with an apparently similar mode of
reproduction. For example, Uriz et al. (1998) found that
the behaviour of the larvae of 2 species of viviparous
sponges, Scopalina lophyropoda and Crambe crambe,
greatly affected their dispersal ability. Ayre (1990)
stated that severely restricted larval dispersal is common for marine invertebrates which have extensive
geographic ranges and cautioned that there are difficulties with using observational data of larvae to infer
dispersal distances.
Two studies using allozyme analysis have found very
large geographic distributions for oviparous sponges:
Klautau et al. (1999) found a species of Chondrilla
along 3000 km of coastline in Brazil, and Lazoski et al.
(2001) found 1 species of the related genus Chondrosia
along more than 8000 km in the West Atlantic, demonstrating that geographically widely separated populations are capable of some gene flow. It is possible that
the presence of symbiotic cyanobacteria in the eggs of
C. australiensis (Usher et al. 2001) may increase the
survival time and dispersal ability of both the eggs and
larvae of this sponge in the water column by providing
photosynthates, as suggested for the larvae of corals
that contain algae (Richmond 1990).
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In Western Australia the Leeuwin current, which
typically runs in autumn and winter, carries the larvae
of marine invertebrates from the north of the state
southward along the Western Australian coast, then
eastward into the Great Australian Bight (Maxwell &
Cresswell 1981). However, during the summer period
the northerly flowing West Australian Current can predominate along the west coast of Australia (Rochford
1969), and it may reverse the direction of larval transport from the south to the north of Western Australia.
Furthermore, genetic studies of 3 species of marine
invertebrates with a pelagic larval phase suggest that
populations separated by thousands of kilometers are
genetically connected by the southern Australian currents (Ayre 1990). This current may also explain the
distribution of Chondrilla sp. 2 and 3 along the southwest and southern coast of Australia. In eastern Australia the East Australian Current (Hamon et al. 1975)
makes the transport of larvae southwards likely. However, larval dispersal of marine invertebrates around
the northern coast of Australia is less studied. The
Equatorial Current sweeps westwards between 11 and
14° S throughout the year (Rochford 1969), potentially
connecting western and eastern populations in the
north of Australia, and some larvae may be carried
from the north of Western Australia to the south by the
Leeuwin Current.
The phenomenon of rafting may also be an important means of long-distance dispersal for clonal species
of benthic marine invertebrates (Jackson 1986), and
studies show that gene flow among populations will be
distorted by the effect of asexual reproduction (Sarà et
al. 1989, Ayre 1990). Asexual reproduction is believed
to have an important role in maintaining populations of
some sponge species (Wulff 1985, 1991, Corriero et al.
1998, Solé-Cava & Boury-Esnault 1999), and it has the
potential to rapidly disperse genotypes throughout a
continuous reef system (Wulff 1985). However, the relative contributions of sexual and asexual reproduction
to sponge populations are still not well known (SoléCava & Thorpe 1994).
Individuals of Chondrilla australiensis were observed fragmenting hand-sized pieces during the late
austral summer period, when they are developing
gametes (Usher et al. 2001), and eggs have been found
in drifting fragments of both C. australiensis and Chondrilla sp. 2 (K. M. Usher & J. Fromont pers. obs.). The
life expectancy of a drifting sponge fragment may not
be limited by a need to rapidly settle on the substrate,
and it is possible that healthy fragments of Chondrilla
are carried by currents for very long periods of time.
Fragments containing developing gametes may
release mature gametes after having travelled some
distance, thereby facilitating the interbreeding of distant populations. Maldonado & Uriz (1999) observed
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this process in the brooding sponge Scopalina lophyropoda, which released viable larvae up to 28 d after
fragmenting. C. nucula is also known to use fragmentation to disperse (Gaino & Pronzato 1983). The degree
to which Chondrilla sp. 2 fragments is not known, and
Chondrilla sp. 3 has not been observed as free pieces
or in the process of fragmenting to date. However
observations of this possibly new species are very limited.
In conclusion, 3 Chondrilla species in Australia are
distributed over thousands of kilometers. It appears
that the larvae and/or fragments of Chondrilla are able
to disperse across very large distances around the
coastline of Australia. The lack of knowledge of the
way in which populations are structured, the contributions of sexual versus asexual reproduction, and the
life history and behavior of the larvae of Chondrilla
species severely limits our understanding of population structure of this genus. Sequencing of both the D2
and ITS1 and ITS2 regions and spicule characteristics
are useful for distinguishing closely-related Chondrilla
species.
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