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Abstract
Demosponge higher-level systematics is currently a subject of major changes due to the simplicity and paucity of complex morphological characters. Still, sponge classiﬁcation is primarily based on morphological features. The systematics of the demosponge order
Agelasida has been exceptionally problematic in the past. Here, we present the ﬁrst molecular phylogenetic analysis based on three partially independent genes in demosponges in combination with a comprehensive search for biochemical synapomorphies to indicate their
phylogenetic relationships. We show how sponges with fundamentally diﬀerent skeletons can be in fact closely related and discuss examples of the misleading nature of morphological systematics in sponges.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction
1.1. Pitfalls of demosponge systematics
Lévi (1957) dubbed the Porifera as the last major group
of Metazoa in which the orders were still not clearly
deﬁned. Diﬃculties in demosponge systematics are clearly
due to the simple ÔbauplanÕ of this taxon resulting in a
shortage of characters required for a robust phylogenetic
reconstruction. Sponges bear only a few diﬀerent cell types
of which the sclerocytes produce the characteristic spicules,
i.e., siliceous structures, which are often needle-shaped.
These spicules often form a distinct skeleton, but occasionally they are loosely distributed throughout the sponge
body without identiﬁable order or they are lacking entirely.
Size, type, shape, combination of spicules, and their skeletal arrangements are the fundamentals of current sponge
systematics. Although morphogenesis of those spicules
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has been studied (see Dendy, 1921; Jones, 1997; Uriz
et al., 2003), the evolution of all spicule features is not fully
understood, which prevents their unambiguous phylogenetic interpretation. Various alternative morphological
characters such as shape, surface, texture or color can be
variable with microhabitat conditions or season (e.g., Barthel, 1991; Jones, 1984; Schönberg and Barthel, 1997) or
are observable only in situ because sponges might shrink
and loose their coloration during preservation in ethanol.
The use of cytological features in sponge systematics has
also been examined (Boury-Esnault et al., 1994), but these
are prone to preparation artifacts, and their phylogenetic
information content is not fully analyzed and might not
be suﬃcient for higher sponge taxonomy.
1.2. The enigmatic relationship between the demosponge
orders Halichondrida and Agelasida
The two demosponge orders Halichondrida and Agelasida are considered to be only distantly related because their
skeletal features diﬀer dramatically.
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Agelasida currently comprises two families: Agelasidae
Verrill 1907 and Astroscleridae Lister 1900 (Van Soest
and Hooper, 2002). The family Agelasidae comprises only
one genus: Agelas, which is also the nominal genus of the

order. Its skeleton is a reticulation of spongin ﬁbers, which
are cored (usually main ﬁbres only) and heavily echinated
by verticillately spined spicules (Fig. 1, inset C). These verticillately spined spicules (Fig. 1, inset D) are the only type
skeletal arrangement
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of spicules found in Agelasida and are unique for Porifera,
which makes their use for classiﬁcation diﬃcult. The
Astroscleridae have a fundamentally diﬀerent skeleton: a
basal calcareous skeleton made of sclerodermites in aragonite (Vacelet, 2002). Nevertheless, the presence of the characteristic verticillately spined spicules in most genera in
combination with molecular 28S sequence data (Alvarez
et al., 2000; Chombard et al., 1997; Nichols, 2005) and biochemical evidence (review in Wörheide, 1998) clearly
showed a sister-group relationship of the Astroscleridae
s.s. to Agelasidae and justiﬁed their combination in a taxon
‘‘Agelasida’’ despite their fundamentally diﬀerent skeleton
types.
Such a spongin skeleton in combination with echinating
spicules, verticilliate spined styles or a coralline basal skeleton, as present in Agelasida, is unknown throughout the
demosponge order Halichondrida. The skeleton of the halichondrid genus Axinella, the nominal genus of the family
Axinellidae, is diﬀerentiated in an axial and extra-axial
part, both based on spicules and not on spongin ﬁbres
(Fig. 1, inset A). The spicules (styles) of Axinella are
smooth and never echinating (Fig. 1, inset B). A similar
skeleton and spiculation is present in the genus Stylissa
of the halichondrid family Dictyonellidae. Several Stylissa
species such as S. massa and S. carteri were previously
regarded as Axinella because of their vaguely reticulate
skeleton of styles, lacking a distinct surface specialization.
A relationship with Agelasida was hardly ever considered
from the morphological point of view.
Biochemical and molecular rDNA data gave rise to new
phylogenetic hypotheses. Biochemical data for sponges
have increased immensely in the recent literature (Van
Soest and Braekman, 1999), after discovery of sponge-produced bioactive and pharmaceutically valuable molecules
(Bergmann and Freeney, 1950). Presence and absence of
particular biochemical compounds or pathways were used
as synapomorphic characters in sponge systematics to augment the poorness of morphological characters. On the
basis of such biochemical data, Bergquist (1978) concluded
that Agelasidae have closer aﬃnities to Axinellidae. Nevertheless, in subsequent classiﬁcations Agelasidae remained
placed distant from axinellids and even obtained order status (Hartman, 1980). Later, Braekman et al. (1992) noted
an exclusive occurrence of pyrrole-2-imidazole derivates
in both Agelasida and axinellid species and provided additional evidence for a potential relationship between these
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two groups. In the same year, Lafay et al. (1992) published
one of the ﬁrst molecular phylogenies on sponges. Their
28SrDNA fragment analysis also favored a close relationship between Agelas oroides and Axinella damicornis species and was supported by the 28SrDNA data from
Alvarez et al. (2000) and others.
1.3. Pitfalls of molecular and biochemical systematics in
sponges
These analyses of Lafay et al. (1992) and Alvarez et al.
(2000) were, as almost entirely all molecular phylogenies
of higher sponge taxa, based on fragments of the nuclear
rDNA gene family (18S and 28SrDNA) such as phylogenetic studies on ‘‘Sclerosponges’’ (Chombard et al., 1997),
Hadromerida (Chombard and Boury-Esnault, 1999),
‘‘Tetractinellida’’ (Chombard et al., 1998), ‘‘Lithistida’’
(Kelly-Borges and Pomponi, 1994; McInerney et al.,
1999), Hadromerida (Kelly-Borges et al., 1991; McCormack and Kelly, 2002), Haplosclerida (McCormack
et al., 2002), Demospongiae (Borchiellini et al., 2004),
and Calcarea (Manuel et al., 2003) (see also Borchiellini
et al., 2000 for an overview). Many of these studies resulted
in gene tree topologies that raised more questions than they
answered or were highly incongruent with the morphological expectations (e.g., McCormack et al., 2002). Chombard and Boury-Esnault (1999) reconstructed a partial
rDNA tree, which mixed taxa of the Halichondriidae
(order Halichondrida) with the Suberitidae (order
Hadromerida). The resulting proposed order ‘‘Suberitina’’
to date lacks support from other character sets and has not
been accepted so far (Van Soest and Hooper, 2002).
Erpenbeck et al. (2004) showed that signiﬁcant diﬀerences in 28SrRNA secondary structure and evolutionary rates
exist. They might bias phylogenetic signal and phylogenetic
reconstruction, which clearly suggests additional gene trees
based on other, independent genes are necessary. (See also
Wörheide et al. (2004) on intragenomic variation in sponge
ITS and Vollmer and Palumbi (2004) on Anthozoa.)
Similarly, the biochemical compounds are not problemfree either. Both Bergquist (1978) and Van Soest and
Braekman (1999) drew attention to the importance of a
more precise identiﬁcation, which often suﬀers from lack
of experienced identiﬁers. Further pitfalls with chemosystematics are diﬃculties with homologization of pathways
and a strong emphasis on new compounds in the chemical

b
Fig. 1. Phylogenetic trees of the three fragments analyzed. The numbers on the branches are bayesian inference posterior probabilities >80%. Grey shaded
ﬁelds highlight taxon groups discussed in the text. Insets: (A) Schematic drawing of a plumo-reticulated skeleton with its reticulated skeleton of smooth
styles (B). (A and B with friendly permission from B. Alvarez.) (C) Cross-section of the skeleton of Agelas clathrodes with the spongin ﬁbres and echinating
verticillately spined spicules (SEM). (D) Verticillately spined spicule of Agelas dispar (SEM). Tree above: 28SrDNA maximum likelihood tree constructed
under the TrN + I + G model with bayesian support values under the GTR + I + G model. The asterisk indicates a sister-group relationship for the
Desmoxyidae Didiscus oxeata and Myrmekioderma granulata as present in the 28S Bayesian inference reconstruction, which is in this part diﬀerent from
the ML-tree. Below left: ML tree under the TVM + I + G model with bayesian support values under the GTR + I + G model. Below right: EF1a bayesian
inference tree under the SYM + G + I model (80% consensus). Orders: AGE, Agelasida; HAD, Hadromerida; HAL, Halichondrida; HAP, Haplosclerida;
POE, Poecilosclerida. Families: AGL, Agelasidae; AXI, Axinellidae; CHA, Chalinidae; DIC, Dictyonellidae; DES, Desmoxyidae; HLC, Halichondriidae;
MYC, Mycalidae; NIP, Niphatidae; PET, Petrosiidae; SUB, Suberitidae.
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literature. In contrast with this practice, only reports of
similar compounds in diﬀerent sponges could be used as
potential synapomorphies.

TAGCGGA; temperature regime, 94 C 3 min during
which the SuperTaq/H2O mix was added, 35· (94 C
30 s; 50 C 20 s; 72 C 60 s), 72 C 10 min).

1.4. The approach

2.3. Ampliﬁcation of CO1 fragments

Single gene family approaches frequently suﬀer from
systematic error and can be inﬂuenced by taxon-speciﬁc
peculiarities (Erpenbeck et al., 2004), which prevents
them from displaying the species tree. Therefore, only
the congruence of several independent gene trees will
provide us with a suﬃcient degree of certainty about
their correctness. Phylogenies with two independent
genes (e.g., Schröder et al., 2003; Nichols et al., 2005;
with partial 28S and CO1) are still scarce as mitochondrial markers have only relatively recently been introduced in sponge systematics (Wörheide et al., 2000).
However, the recent sequencing of the ﬁrst complete
sponge mitochondrial genome (Lavrov et al., 2005) will
provide a wealth of new opportunities. Here, we report
on the ﬁrst three independent gene approach in demosponge systematics to unravel the systematic position of
the Agelasida and to verify their close relationship to
halichondrid taxa. We employed the D3–D5 region of
the cytoplasmatic ribosomal long subunit gene (LSU,
28S), a mitochondrial gene fragment (cytochrome oxidase
subunit 1, CO1) and a nuclear protein (elongation factor
1-a, EF1a). In addition, we investigate potential support
and coherence of the proposed taxon ‘‘Suberitina,’’
which is to date only deﬁned by partial 28SrDNA
sequences.

DNA fragments of EF1a and CO1 were ampliﬁed in a
two-step nested PCR. A ﬁrst PCR product of CO1 was
obtained with universal PCR primers under a temperature
regime as used in previous studies (Erpenbeck et al., 2002).
1 ll of the PCR product was taken as DNA template in a
consecutive step in order to speciﬁcally re-amplify the
sponge fragments. For the second step, the following speciﬁc primers were designed: CO1porF1, 50 -CCN CAN
TTN KCN GMN AAA AAA CA-30 and CO1porR1, 50 AAN TGN TGN GGR AAR AAN G-30 and used under
a temperature regime of 3 min 94 C, followed by 35 cycles
of (30 s 94 C, 30 s 45 C, 1 min 72 C) and a ﬁnal elongation time of 10 min 72 C.

2. Materials and methods
2.1. Taxon set, DNA extraction, and PCR setup
The list of specimens studied with their sample locations
is given in Table 1. Samples were either freshly collected by
SCUBA diving or taken from collection material of the
Zoological Museum Amsterdam (ZMA), where all vouchers for this investigation are kept. Total DNA was extracted from the choanosome to reduce the chance of
amplifying non-sponge DNA. For the extraction, we used
standard protocols (see Sambrook et al., 1989) or a commercial DNA extraction kit (Quiamp DNA Mini Kit, Quiagen). The PCRs volume was 50 ll and contained 3 mM
MgCl2, 1 U SuperTaq Polymerase (Promega) with reaction
buﬀer (Promega), 2 mM dNTPs (Gibco), 0.03 mg BSA
(Sigma), 10 ng DNA template and 4 pmol of each primer
(Misof et al., 2000). The SuperTaq/H2O mix was added
1 min after starting the initial denaturation.
2.2. Ampliﬁcation of 28S fragments
PCR primers for the 28S fragment were taken from
McCormack and Kelly (2002) (primers: RD3A, GACC
CGTCTTGAAACACGA and RD5B2, ACACACTCCT

2.4. Ampliﬁcation of EF1a fragments
The ampliﬁcation of EF1a fragments follows Erpenbeck
et al. (2005). Fragments were either ampliﬁed in a single
step using the universal forward primers EF-599 (ATC
TCC GGA TGG CAC GGY GAC AA, B. Normack) or
EF1a-5F (AAR AAR RTN GGN TAY AAY CC) with
the reverse primer EF-923 (ACG TTC TTC ACG TTG
AAR CCA, B. Normark) under the following temperature
regime: 94 C 3 min, 40· (94 C 30 s, 50 C 30 s, and 72 C
1 min), 72 C 20 min or under a ‘‘touch-down-PCR’’ (94 C
3 min, 20· (94 C 30 s, 54 C with 0.5 C less each cycle,
72 C 1 min) followed by 25· (94 C 30 s, 50 C 30 s, and
72 C 1 min), 72 C 20 min).
Alternatively, DNA was ampliﬁed in a nested approach.
In the ﬁrst step, a primary ampliﬁcation was performed
with the primers EF-F140 (GGN CAR ACN MGN
GAR CA) and EF-R370c (ATR TGN GMN GTG TGR
CAR TC, Erpenbeck et al. (2005); 94 C 3 min, 40·
(94 C 30 s, 53 C 30 s, and 72 C 1 min), 72 C 20 min).
Second step: 1 ll of the PCR product was re-ampliﬁed
using the internal primers EF-F200 (TGG WTG GMA
NGG NGA YAA YAT G) and EF-R350 (ATC TNN
CCA GGR TGR TTG A) under 55 C annealing temperature, no BSA and only half concentration of MgCl2.
2.5. PCR product processing, cloning, and sequencing
All PCR products were excised from a 2% TAE gel and
extracted with glassmilk in a 65 C water bath, washed
three times with 80% ethanol, dried and re-eluted in 10 ll
H2O followed by ligation in a pGEM T-easy vector (Promega) and cloned in Escherichia coli according to the manufacturerÕs protocol. Plasmid DNA of at least three
colonies was extracted using the alkaline lysis method
(Sambrook et al., 1989) and cycle sequenced (Amersham)
with labelled M13 primers. Both strands of the template
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Table 1
Samples used in this analysis with voucher number, sampling locations, and the GenBank accession numbers for the ampliﬁed fragments
PORa

Location

28S Accession No.

CO1 Accession No.

EF1a Accession No.

Order Agelasida
833
Agelas nakamurai
024
Agelas oroides

17662
14435

Sulawesi
Blanes/E

AY618704
AY319311

AY625654
AF437296

AY623842

Order Hadromerida
315
Aaptos suberitoides
010
Suberites suberia
076
Suberites suberia
075
Suberites virgultosa

17498
14124
9726
12969

Sulawesi
Roscoﬀ/F
North Sea
North Sea

AY319308

AY625653

AY623837
AY623867

AY319309
AY618725

AF437295
AY625674

Order Halichondrida
035
Acanthella acuta
037
Amorphinopsis excavans
065
Amorphinopsis siamensis
00G
Axinella damicornis
036
Axinella polypoides
042
Axinella verrucosa
018
Axinyssa ambrosia
071
Axinyssa sp.
041
Ciocalypta penicillus
040
Dictyonella sp.
021
Didiscus oxeata
030
Halichondria bowerbanki
008
Halichondria panicea
161
Halichondria cf. panicea
012
Hymeniacidon perlevis
053
Hymeniacidon perlevis
045
Liosina paradoxa
227
Liosina paradoxa
044
Myrmekioderma granulata
818
Stylissa carteri
099
Stylissa carteri
547
Stylissa ﬂabelliformis
408
Stylissa massa
412
Stylissa massa
542
Svenzea devoogdae
061
Topsentia halichondroides

14589
14627
17672
14097
14093
14590
14311
14501
14111
14614
14326
17683
14125
17691
14140
17676
14499
17499
14530
17666
17667
17668
17669
17670
17671
8450

Spain
Oman
Gulf of Siam
Roscoﬀ/F
Roscoﬀ/F
Blanes/E
Curacao
Sulawesi
Roscoﬀ/F
Oman
Curacao
Netherlands
Roscoﬀ/F
Alaska
Roscoﬀ/F
Netherlands
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sulawesi
Sri Lanka

AY319322
AY319313
AY618705
AY319314
AY618728
AY319312
AY618707
AY618709
AY618710
AY319325
AY319320
AY646836
AY319315

AY625652
AF437297
AY625655
AF437304
AY625656
AY625657
AY625658
AY625659
AF437302
AY625660
AF437298
AF437299
AF437294

AY319317
AY618715
AY618716
AY319318
AY319319
AY618718
AY618719
AY618720
AY618722
AY618721
AY618726
AY618727

AF437301
AY625662
AF437303
AY625663
AY625665
AY625669
AY625670
AY625671
AY625673
AY625672
AY625675
AY625676

Order Haplosclerida
233
Acanthostrongylophora ingens
231
Amphimedon paraviridis
130
Haliclona fascigera
034
Haliclona oculata
033
Haliclona xena

17500
17685
17700
17501
17504

Sulawesi
Sulawesi
Sulawesi
Netherlands
Netherlands

AY319326
AF441350b

AY625667
AY625666

AF441330b
AY319327

AY625661
AF437300

Order Poecilosclerida
221
Mycale ﬂagellifera

17503

Sulawesi

AY319321

AY625664

AY623860

Outgroup (Choanoﬂagellida)
Monosiga brevicollis

taken from GenBank

AY026374

AF538053

AY026073

#

Species

a
b

AY623868

AY623841
AY623843

AY623844

AY623845
AY623846
AY623853
AY623854
AY623858
AY623859
AY623862

AY623866

AY623849

Porifera collection of the Zoological Museum Amsterdam.
Sequenced by us, but identical with those previously published by McCormack et al. (2002), whose accession number is given instead.

were sequenced on a LiCor automated sequencer. Because
of the enhanced chance of amplifying symbionts in sponge
systematics, several specimens were double-checked by resequencing of either the PCR products or the cloned plasmids by direct sequencing with an automated (ABI)
sequencer using the BigDye Terminator v1.1 according to
the manufacturerÕs protocol. Positions in contradiction
between two sequences were coded with question marks.
The CO1 and EF1a-exon alignment were unambiguous.

The 28S sequence alignment was performed with secondary
structure information given in Erpenbeck et al. (2004). All
alignments were performed by eye.
2.6. Validation of the taxonomic origin
Sponges contain numerous microbial symbionts or
otherwise ingested DNA templates. To prevent the incorporation of non-sponge sequences in our data set we
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veriﬁed the poriferan origin of all sequences with phenetic
BLAST searches (Altschul et al., 1990) and cladistic treereconstructions as described in Erpenbeck et al. (2002).
2.7. Phylogenetic reconstructions
Only nucleotide data has been used for the reconstructions, while the resulting phylogenies were compared with
reconstructions on amino acid data for potential incongruence. Sequences of Monosiga brevicollis (Choanoﬂagellida)
were used as uniform outgroup sequence for all analyses.
We performed phylogenetic reconstructions under maximum-likelihood and Bayesian inference criteria on the
nucleotide data sets. PAUP*4.10b (Swoﬀord, 2002) was
used for the heuristic maximum likelihood analyses under
the relatively best-ﬁtting model. Bayesian inference reconstructions were obtained with MrBayes 3.04b (Huelsenbeck
and Ronquist, 2001) under 1,000,000 generations and four
Metropolis-coupled Markov chains. The relatively best-ﬁtting models were estimated with the likelihood-ratio test as
implemented in Modeltest 3.06 (Posada and Crandall,
1998) or MrModeltest 1.1 (Nylander, 2002). To compare
the congruent gene trees statistically, we tested them with
the partition homogeneity test (Farris et al., 1994) as implemented in PAUP*4.10b.
2.8. Collection of biochemical data
Biochemical data were obtained from the literature as
available from MarinLit (Blunt and Munro, 2003), a compilation of marine biochemical literature of the last 60
years until present. Until spring 2004 MarinLit comprised
15,485 records, which were subsequently screened for Halichondrida and potential synapomorphic markers with the
orders Agelasida or Hadromerida. Pre-compiled records
were taken from the surveys of Van Soest and Braekman
(1999) and from Erpenbeck (2004). Compounds of
assumed symbiotic or otherwise non-sponge origin were
disregarded because genealogical relationships cannot be
inferred from this unambiguously. Every potential marker
for halichondrid–agelasid or halichondrid–suberitid relationship was re-checked against the database for presence
among other demosponge taxa.
3. Results
Ambiguously alignable positions such as the hypervariable loop positions in 28S (Erpenbeck et al., 2004)
and the EF1a-introns (Erpenbeck et al., 2005) were disregarded for all analyses. The resulting data sets comprised 36 taxa (see Table 1) with 560 characters (142
parsimony informative, ts/tv ratio = 1.22) for the 28S
fragment, 36 taxa with 459 nucleotides (172 parsimony
informative, ts/tv ratio = 2.81) for CO1, and 18 taxa
with 302 nucleotides (129 parsimony informative, ts/tv
ratio = 1.22) for EF1a. The resulting phylogenies are displayed in Fig. 1. As Bayesian posterior probabilities tend

to have higher values than bootstrap probabilities (Huelsenbeck et al., 2002) we restricted branch support to a
posterior probability of 80 or higher. The number of
sponge sequences obtained for the EF1a was considerably lower and resulted in a smaller tree than for the
28S or CO1 fragment. To verify the suitability of Monosiga as outgroup taxon (see Lavrov et al., 2005), we used
in diﬀerent approaches calcareous sponges (Leucosolenia)
and cnidarians (Sarcophyton, Anemonia, and Eugymanthea) as outgroup taxa and observed no diﬀerences in
the supported outcome (Erpenbeck, 2004).
The partition homogeneity test revealed signiﬁcant differences (p < 0.01) between the resulting 28S and CO1
topologies. The usage of (a) the second codon positions
only and (b) ﬁrst + second codon positions in CO1 had
no signiﬁcant impact on the outcome.
All three trees equivocally favor a close relationship of
Agelas with Stylissa, respectively, the Stylissa/Axinella
damicornis species complex in CO1 and 28S (posterior
probabilities: 28S, 97; CO1, 98; EF1a, 99). The 28S tree
places the agelasid taxa with Stylissa spp., Axinella damicornis, A. verrucosa, and close to A. polypoides, while the
positions of the latter two is more basal in CO1 and inconclusive in EF1a. Nevertheless, our data displays strong evidence for a close relationship between the halichondrids
Axinella damicornis and particularly Stylissa to Agelasidae,
as all data sets are equivocal on their positions.
Suberitidae and Halichondriidae are clustered together
in the 28S tree whereas they appear distant in the CO1 tree.
The EF1a tree is inconclusive on this question (Fig. 1).
Furthermore, there is evidence for a coherence of the
halichondriid taxa disregarding the uncertain relationship
to the Suberitidae and Axinyssa in the 28S tree and Acanthella in the CO1 tree. The Dictyonellidae, however, are
scattered all over the topology in both trees. We could
not establish whether the families Desmoxyidae and Axinellidae were monophyletic because the number of taxa
in our data set was not representative.
3.1. Potential biochemical markers uniting Halichondrida
with Agelasida
The survey of MarinLit yielded the following potential
biochemical markers and features shared by both agelasid
and halichondrid taxa (Table 2):
(a) Pyrroloaminopropylimidazoles in Agelasida, Axinellidae, and Dictyonellidae: They are utilized by
sponges as defense against predators and have
already previously been discussed as combining
markers for these taxa (Braekman et al., 1992;
Van Soest and Braekman, 1999; and others). They
still can be regarded as synapomorphic marker
for these groups.
(b) Triple (C2,3,6)—sulfation of the steroid nucleus in
Halichondrida and the astrosclerid Ceratoporella:
Sulfation of the steroids, however, is widespread in
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the demosponges, especially sulfation of the nucleus.
The fact that some Halichondrida and the astrosclerid Ceratoporella sp. share compounds with the relatively rare triple sulfation at C 2,3,6, might
discriminate these groups from the other sponges,
but one must assume convergent evolution to regard
this feature as potential halichondrid/agelasid synapomorphy as a similar structure is found in petrosiid
sponges (e.g., Aoki et al., 2002). It remains not entirely certain, if such a triple sulfation is a solid synapomorphic character as the same enzymes might be
involved, which (mono- or di-)sulfate the nuclei in
other taxa.
(c) Galactosylceramides, which are a unique class of the
membrane glycosphingolipids and shared by Agelas
and Axinella spp. (Costantino et al., 1995, 1999).
However, most of these glycosphingolipids appear
to be derived from bacteria (Wicke et al., 2000),
which might diminish their suitability as
synapomorphies.
There were only relatively few records for biochemical
components in Suberitidae and in particular for suberitid
components shared with Halichondrida (tab. 2). None of
the biochemical records for Hadromerida proved to be a
potential synapomorphic marker with Halichondrida
towards a taxon ‘‘Suberitina,’’ or other potential hadromerid–halichondrid relationships:
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(a) In several halichondrid taxa the A-ring of certain steroids is modiﬁed from a C6- to a C5-ring forming a
3B-hydroxymethyl-A-nor-steroid (see also Bergquist,
1978). This feature is also reported from a Homaxinella species (Eggersdorfer et al., 1982). The genus
Homaxinella is currently assigned to the hadromerid
family Suberitidae. However, other members of that
genus such as the investigated Homaxinella trachys
are probably axinellids (Erpenbeck, 2004; see also
Barnathan et al., 2004), which revokes the current
compound as Suberitidae/Halichondriidae marker.
(b) Cyclosterols with a cyclopropane ring at C25 and
C27 are assumed to be rare (Umeyama et al., 2000)
and have been recorded from several halichondrid
genera (e.g., McKee et al., 1993) and also from the
hadromerid genus Spheciospongia (Clionaidae, Catalan et al., 1982). However, we found neither chemotaxonomic value for the pure presence of a
cyclopropane ring at C25 and C27 nor for its speciﬁc
positions at the sterol side chain as it occurs frequently in species of other orders (Verongida and
Haplosclerida).
(c) Sesterterpenes form only a small fraction of the biologically active terpene composition in Halichondrida
and are also reported form the suberitid Suberites
(Shin et al., 1995). However, they have been extracted
from many other Dictyoceratida (Tasdemir et al.,
2000), Dendroceratida (Cardellina et al., 1991),

Table 2
Potential biochemical compounds combining Halichondrida with Agelasida or Hadromerida
Compound

Family

Genus (e.g.)

Author (e.g.)

Pyrroloaminopropyl-imidazoles

Agelasidae
Astroscleridae
Astroscleridae
Axinellidae
Dictyonellidae

Agelas
Astrosclera
Goreauiella
Axinella
Stylissa

Iwagawa et al. (1998)
Williams and Faulkner (1996)
Rinehart (1989)
Cimino et al. (1982)
Mattia et al. (1982)

(C 2,3,6) sulfation of the steroid nucleus

Halichondriidae
Astroscleridae

Halichondria
Ceratoporella

Makarieva et al. (1995)
Yang et al. (2003)

Galactosylceramides

Agelasidae
Axinellidae

Agelas
Axinella

Costantino et al. (1995, 1999)
Costantino et al. (1995, 1999)

3B-hydroxymethyl-A-or-steroids

Axinellidae
Dictyonellidae
(Suberitidae)b

Axinella
Stylissaa
Homaxinellab

Aknin et al. (1996)
Bohlin et al. (1980)
Eggersdorfer et al. (1982)

Cyclosterols with cyclopropane
rings at C25 and C27

Halichondriidae
Dictyonellidae
Axinellidae
Clionaidae

Topsentia
Stylissa
Axinella
Spheciospongia

McKee et al. (1993)
Kelecom et al. (1979)
Crist and Djerassi (1983)
Catalan et al. (1982)

Sesterterpenes

Halichondriidae
Suberitidae

Halichondria
Suberites

Nakagawa et al. (1987)
Shin et al. (1995)

Aaptamines

Halichondriidae
Suberitidae

Hymeniacidon
Suberites

Pettit et al. (2004)
Bergquist et al. (1991)

Their suitability is discussed in the text. Compounds, which have not been reported from any other demosponge order, are highlighted in bold.
a
As Stylotella agminata.
b
This Homaxinella (trachys) is probably an Axinellidae, see text.
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Verongida (Jimenez et al., 1991), and Poecilosclerida
(Yamada and Yamagishi, 1993), which revokes their
suitability as combining character.
(d) Aaptamine-type alkaloids are a suggested marker for
Hadromerida (Bergquist et al., 1991), respectively,
the family Suberitidae (Van Soest and Braekman,
1999) and also reported for the halichondrid Hymeniacidon (Pettit et al., 2004). However, they have
recently been isolated from the Haplosclerida Xestospongia (Calcul et al., 2003), and are known from
the Dictyoceratida Luﬀariella (Park et al., 1995).
They cannot be considered as a combining character
for Suberitidae and halichondrids.

4. Discussion
4.1. The need for independent markers in demosponge
molecular phylogeny
Congruent results from independent data sets provide
strong support for any phylogenetic hypothesis. We could
show, that three molecular and a biochemical data sets display congruencies (e.g., the phylogenetic aﬃnities of the
Agelasida within the demosponges) and provide strong
support for morphology-incompatible classiﬁcations.
However, in our approach, the CO1 gene tree is in major
parts diﬀerent from the 28SrDNA tree. 28SrDNA reconstructions of demosponge phylogenies repeatedly lead to
topologies that are largely inconsistent with morphological
expectation and classiﬁcation (e.g., McCormack et al.,
2002; McCormack and Kelly, 2002). Although this is no
objective criterion to prefer one gene tree above another
in the case of contradiction (Nichols, 2005; this study),
the comparison of trees based on independent genes (e.g.,
nuclear rDNA against mtDNA and/or against a nuclear
protein) appears highly necessary.
Moore (1995) discusses mitochondrial gene trees as
more likely to be congruent with the species tree than
nuclear gene trees, but they are also more strongly aﬀected
by historical events such as founder eﬀects or bottlenecks
than nuclear genes (Arnaud-Haond et al., 2003).
On the other hand, the diploblast mitochondrion
appears in many aspects diﬀerent from its bilaterian counterpart. Lavrov et al. (2005) revealed in the ﬁrst published
complete poriferan mt-DNA sequences extra genes in
sponges (such as atp9, which is present in mtDNA of fungi,
plants, and protists). Furthermore, they found relatively
large intergenic regions and bacterial-like rRNA and
tRNA features.
There are further peculiarities of diploblast mtDNA
compared to bilaterian mtDNA. First, certain cnidarians
bear a linear mtDNA structure instead of the typical circular strands (Bridge et al., 1992). Second, mtDNA of Anthozoa (and probably of other diploblasts as well) encodes
only 1 to 2 tRNA genes instead of 22 as usual in Metazoa
(Wolstenholme, 1992), which requires import of tRNAs

and causes diﬀerent evolutionary constraints. Furthermore,
the evolutionary rate of mtDNA is found to be up to 10–20
times lower in diploblasts (Shearer et al., 2002), which may
be caused by a special mtDNA mismatch repair system as
found in corals (Pont-Kingdon et al., 1995). This lower
evolutionary rate in diploblasts might be suitable to resolve
older clades or deeper phylogenies than in Bilateria.
Shearer et al. (2002) describe cases for diploblasts in
which the mitochondrial gene clearly failed to reconstruct
species trees: genetic variation among species also can be
disproportionate to the taxonomic classiﬁcation with a
divergence rate too variable among clades. Romano and
Palumbi (1996, 1997) report six identical mitochondrial
16S strands from taxa of three diﬀerent scleractinian families, which Shearer et al. (2002) interpret as additional reason not to overestimate the phylogenetic inference of
mitochondrial gene trees.
Consequently, the need of multiple independent gene
trees in (sponge) phylogenetics is highly evident, regarding
the speciﬁc peculiarities of every gene fragment recruited
for phylogenetic reconstructions. A combination out of
mtDNA, nuclear rDNA and a suitable nuclear protein,
as shown in our example, appears desirable.
4.2. Multiple, independent support for agelasid/halichondrid
relationships
A close relationship between Agelasidae and halichondrid taxa, especially to the Stylissa/Axinella damicornis species complex, is indicated equivocally by all three gene
fragments and biochemical compounds. Our data conﬁrms
the analyses of Lafay et al. (1992) and Alvarez et al. (2000)
with a diﬀerent ribosomal fragment and provides support
from two other partially independent genes, a mitochondrial (CO1) and a nuclear (EF1a) protein and the chemosystematic analyses of Bergquist (1985), Braekman et al.
(1992), and Costantino et al. (1996). A suborder Agelasina
may be employed alongside other halichondrid subtaxa,
which will have to be distinguished in future studies
(Erpenbeck, 2004; Van Soest and Hooper, 2002). Although
this hypothesis does not match the morphological expectations (which clearly would be desirable and would provide
overwhelming support), we believe that independent
molecular and biochemical data outperform morphological
characters in phylogenetic reconstructions.
Indeed, morphological synapomorphies between the
agelasids and halichondrids are not immediately obvious.
A close relationship is morphologically masked by the
accumulation of autapomorphies in Agelasidae. They diﬀer
essentially in form and function of the styles (verticillately
spined and echinating in Agelasidae, smooth and plumoreticulate in Axinella and Stylissa), which justiﬁed the placement in diﬀerent orders in previous systems (e.g., Lévi,
1973). Numerous other taxa share the style types of Stylissa and Axinella, which therefore imply their plesiomorphic
character state. Therefore, an autapomorphic nature of the
verticillately spined echinating styles has to be assumed in
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this group. Echinating spicules are undoubtedly important
for sorting relationships at the species level, but are of
questionable signiﬁcance for higher levels of classiﬁcation
(see also Hooper, 1990).
There are other fundamental diﬀerences in skeletal
architecture masking close phylogenetic relationships in
sponges: The order Agelasida contains the family Astroscleridae, whose members possess a calcareous basal skeleton, and have been earlier placed in a diﬀerent class of
sponges (‘‘sclerosponges’’), prior to the availability of morphological (Van Soest, 1984a; Vacelet, 1985), biochemical,
and molecular data (e.g., Alvarez et al., 2000; Chombard
et al., 1997). With our current data we can assess even
more, independent lines of evidence for a close relationship
of morphologically diﬀerent demosponge taxa. Consequently, we cannot ignore the fact that sponge morphological systematics is frequently misleading and masks true
evolutionary histories. This frequently misleading nature
might have been due to a strong evolutionary pressure on
the morphology of spicules, which appear to be unchanged
since their earliest fossil records. Due to such potential constraints, morphologically similar spicules at diﬀerent positions in the skeleton (i.e., with diﬀerent functions) do not
necessarily have to be homologous and require a more
detailed functional distinction of characters to improve
their homologization (Fromont and Bergquist, 1990).
4.3. Further phylogenetic implications supported by multiple
data sets
Our independent gene tree approach also provides additional insight in the phylogenetic classiﬁcation of the Halichondrida, which should be brieﬂy taken into account:
We have not found further indication for the coherence
of a taxon ‘‘Suberitina,’’ i.e., the predicted relationship
between the families Halichondriidae (order Halichondrida) and Suberitidae (order Hadromerida), as suggested
by Chombard and Boury-Esnault (1999). While their
(and our) partial 28SrDNA trees clearly favor the close
relationship between halichondriid and suberitid demosponges, our CO1, EF1a and biochemical data provide
no extra evidence to merge these two families.
The halichondrid family Dictyonellidae Van Soest, Diaz
and Pomponi, is not supported as a monophyletic group.
Its genera are positioned in various parts of the tree indicating that the family Dictyonellidae is polyphyletic. The
taxon Dictyonellidae is based on mainly negative characters (such as the lack of an ectosomal skeleton) and apparently an assemblage of genera related to diﬀerent higher
taxa, sharing the absence of their taxonomic relevant
characters.
There is phylogenetic signal, suggesting coherence of a
taxon Halichondriidae comprising of (at least) the genera
Halichondria, Hymeniacidon, Ciocalypta, and Topsentia
and Amorphinopsis. Their close relationship is supported
by the CO1 and 28SrDNA data, while their relationship
to other taxa with contradicting position in the gene trees
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such as Axinyssa or Acanthella has to be veriﬁed with additional data.
Despite their placement in two diﬀerent families, Stylissa
and Axinella might be closely related. Stylissa massa and S.
carteri, both included in our data set together with S. ﬂabelliformis, the type species of the genus Stylissa, were previously
regarded as species of the genus Axinella and both genera
share the occurrence of 3B-hydroxymethyl-A-nor-steroids
(Erpenbeck, 2004).
4.4. Implications for sponge morphological systematics
The ancient origin of demosponges in combination
with their simple morphology causes peculiar problems
(homoplasies) in developing a morphological demosponge phylogeny. Therefore, molecular markers are
used to examine the polarity of character evolution
(e.g., Borchiellini et al., 2004; Manuel et al., 2003). Evolutionary constraints appear to have kept the sponge
bauplan basically unchanged since the late Cambrian
(Reitner and Wörheide, 2002) and inhibit the recognition
of any additional morphological features. Based on these
constraints, spicule elements were therefore either modiﬁed, and/or obtained diﬀerent functions in diﬀerent parts
of the skeleton. Examples of convergent microsclere evolution are the ‘‘didiscorhabds’’ of Didiscus (order Halichondrida, Fig. 2A) and the convergently re-developed
‘‘chessman-spicules’’ of Latrunculia (order Poecilosclerida
i.s., Fig. 2B), of which clearly could be shown that they
originate analogously from a diﬀerent spicule type (Hiemstra and Van Soest, 1991).
While theories of microsclere evolution are abundant,
homology assessments appear more diﬃcult for principal
styles (megascleres). It remains unclear if the ‘‘tylote’’
(Fig. 2C) spicules, as found in Hymeniacidon (Fig. 2D),
are homologous to the ‘‘tylostyles’’ of Suberitidae (Figs.
2C and E), which could therefore be a potential synapomorphic character for the proposed taxon Suberitina. Both
types of spicules appear morphologically diﬀerent but
could be either autapomorphic modiﬁcations, or convergent development of characters. The same problem is given
with the ‘‘mycalostyles’’ of Mycale spp. (Fig. 2F). Mycalostyles are spicules that become narrower before the rounded end, resulting in a tylostyle-like appearance. They could
be derived from common ‘‘styles’’ (Fig. 1B), tylostyles
(Fig. 2C) or none, or both.
Our present data clearly show how morphological systematics, based on our understanding of morphology, is
not suﬃcient for a rigorous cladistic reconstruction of a
phylogenetic tree of all clades and all taxonomic levels
simultaneously. Our molecular CO1 and 28S data sets support morphological expectations that the Halichondriidae
genera Amorphinopsis, Ciocalypta, Halichondria, Hymeniacidon, and Topsentia are in fact closely related. To date
these relationships cannot be technically supported by
exhaustive cladistic analyses of the morphological characters because the possession of distinct spicules (‘‘oxeas’’
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Skeletal arrangements are likewise diﬀerently suitable as
phylogenetic characters among taxa. For example, the
genus Higginsia (Halichondrida: Desmoxyidae) possesses
in its diﬀerent species a very large range of choanosomal
skeletal arrangements, which would be in other groups of
sponges distinctive for even higher taxa.
In conclusion, if morphological systematics shall remain
valuable for demosponge systematics, we have to do a better
job judging taxon-wise which characters may be recruited.
General character value estimations (e.g., Hajdu and Van
Soest, 1996) for characters based on a large range of demosponge taxa are therefore misleading. An a priori comparison with (congruent) molecular phylogenies could provide
the taxonomist insight in the distribution of the particular
character among higher demosponge taxa and reveal potential homoplasies and ‘‘good’’ apomorphic characters.
Acknowledgments

F

We thank Belinda Alvarez de Glasby, Martin R. Genner, Ann N. Knowlton, Peter Kuperus, Sven Lange, Frederick R. Schram, Betsie Voetdijk, Nicole J. de Voogd, and
two anonymous reviewers for contributions in various
ways to this paper. Part of the material was freshly collected during the SYMBIOSPONGE project (EU-MAS3CT
97-0144). This work was ﬁnanced by the Netherlands
Organisation for Scientiﬁc Research (NWO) Nr: ALW
809.34.003. F. P. acknowledges funding from the Colombian Science Fund-COLCIENCIAS (Grant 110109-11241)
and the Netherlands Foundation for the Advancement of
Tropical Research-WOTRO (WB 82-261). All experiments
comply with the current laws of the Netherlands and the
European Union.
References

Fig. 2. (A) Didiscorhabd from Didiscus aceratus. (B) Discorhabd from
Latrunculia brevis. (C) Tylostyle of Suberites domuncula. (D) Apices of
styles of Hymeniacidon perlevis. (E) Apex of tylostyle of Suberites
domuncula. (F) Apex of ‘‘Mycalostyle’’ from Mycale diversisigmata.

or ‘‘styles’’) separates the two genera Halichondria and
Hymeniacidon as two diﬀerent genera, but in the same family the same features can be used to distinguish two species
of a genus (Ciocalypta penicilus and C. tyleri). Since both
types of spicules are found in the same species in the genus
Amorphinopsis, the character ‘‘spicule type’’ looses its
power to resolve phylogenetic relationships in this family.

Aknin, M., Gaydou, E.M., Boury-Esnault, N., Costantino, V., Fattorusso, E., Mangoni, A., 1996. Nor-sterols in Axinella proliferans,
sponge from the Indian Ocean. Comp. Biochem. Physiol. B Comp.
Biochem. 113, 845–848.
Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990.
Basic local alignment search tool. J. Mol. Biol. 215, 403–410.
Alvarez, B., Crisp, M.D., Driver, F., Hooper, J.N.A., Van Soest, R.W.M.,
2000. Phylogenetic relationships of the family Axinellidae (Porifera:
Demospongiae) using morphological and molecular data. Zool. Scr.
29, 169–198.
Aoki, S., Naka, Y., Itoh, T., Furukawa, T., Rachmat, R., Akiyama, S.,
Kobayashi, M., 2002. Lembehsterols A and B, novel sulfated sterols
inhibiting thymidine phosphorylase, from the marine sponge Petrosia
strongylata. Chem. Pharm. Bull. 50 (6), 827–830.
Arnaud-Haond, S., Bonhomme, F., Blanc, F., 2003. Large discrepancies
in diﬀerentiation of allozymes, nuclear and mitochondrial DNA loci in
recently founded Paciﬁc populations of the pearl oyster Pinctada
margaritifera. J. Evol. Biol. 16, 388–398.
Barnathan, G., Nambinin, V., Al-Lihaibi, S., Njinkoue, J.M., Kornprobst, J.M., Vacelet, J., Boury-Esnault, N., 2004. Unusual sterol
composition and classiﬁcation of three marine sponge families. Boll.
Mus. Ist. Biol. Univ. Genova 68, 201–208.
Barthel, D., 1991. Inﬂuence of diﬀerent current regimes on the growth
form of Halichondria panicea Pallas. In: Reitner, J., Kreupp, H. (Eds.),
Fossil and Recent Sponges. Springer, Berlin, pp. 387–394.

D. Erpenbeck et al. / Molecular Phylogenetics and Evolution 38 (2006) 293–305
Bergmann, W., Freeney, R.J., 1950. The isolation of a new thymine
pentoside from sponges. J. Am. Chem. Soc. 72, 2805.
Bergquist, P.R., 1978. Sponges. Hutchinson University Library,
London.
Bergquist, P.R., 1985. Poriferan relationships. In: Morris, S.C., George,
J.D., Gibson, R., Platt, H.M. (Eds.), The Origins and Relationships of
Lower Invertebrates. Sinauer Association, Oxford, pp. 14–27.
Bergquist, P.R., Cambie, R.C., Kernan, M.R., 1991. Chemistry of
Sponges.14. Aaptamine, a taxonomic marker for sponges of the order
Hadromerida. Biochem. Syst. Ecol. 19, 289–290.
Blunt, J.W., Munro, M.H.G., 2003. MarinLit. A database of the literature
on marine natural products for use on a macintosh computer prepared
and maintained by the Marine Chemistry Group. Department of
Chemistry, University of Canterbury Canterbury, New Zealand.
Bohlin, L., Gehrken, H., Scheuer, P.J., Djerassi, C., 1980. Minor and trace
sterols. XVI. Hydroxymethyl- A-nor-5a-gorgostane, a novel sterol
from Stylotella agminata. Steroids 35, 295–304.
Borchiellini, C., Chombard, C., Lafay, B., Boury-Esnault, N., 2000.
Molecular systematics of sponges (Porifera). Hydrobiologia 420, 15–
27.
Borchiellini, C., Chombard, C., Manuel, M., Alivon, E,, Vacelet, J.,
Boury-Esnault, N., 2004. Molecular phylogeny of Demospongiae:
implications for classiﬁcation and scenarios of character evolution.
Mol. Phylogenet. Evol. 32 (3), 823–837.
Boury-Esnault, N., Hajdu, E., Klautau, M., Custodio, M., Borojevic, R.,
1994. The value of cytological criteria in distinguishing sponges at the
species level—the example of the genus Polymastia. Can. J. Zool. 72,
795–804.
Braekman, J.C., Daloze, D., Stoller, C., van Soest, R.W.M., 1992.
Chemotaxonomy of Agelas (Porifera, Demospongiae). Biochem. Syst.
Ecol. 20, 417–431.
Bridge, D., Cunningham, C.W., Schierwater, B., DeSalle, R., Buss, L.W.,
1992. Class–level relationships in the phylum Cnidaria—Evidence
from mitochondrial genome structure. Proc. Natl. Acad. Sci. USA 89,
8750–8753.
Calcul, L., Longeon, A., Al Mourabit, A., Guyot, M., BourguetKondracki, M.L., 2003. Novel alkaloids of the aaptamine class from
an Indonesian marine sponge of the genus Xestopongia. Tetrahedron
59, 6539–6544.
Cardellina, J.H., Hendrickson, R.L., Stierle, A.A., Martin, G.E., 1991.
Kimbasines A and B, novel hexacyclic norsesterterpene alkaloids from
the sponge Igernella notabilis. Tetrahedron Lett. 32, 2347–2350.
Catalan, C.A.N., Lakshmi, V., Schmitz, F.J., Djerassi, C., 1982. Minor
and trace sterols in marine invertebrates 39 Cyclocholest-5-en-3B-ol, a
novel cyclopropyl sterol (from Spheciospongia). Steroids 40, 455–463.
Chombard, C., Boury-Esnault, N., 1999. Good Congruence between
morphology and molecular phylogeny of Hadromerida, or how to
bother sponge taxonomists. Mem. Queensl. Mus. 44, 100.
Chombard, C., Boury-Esnault, N., Tillier, S., 1998. Reassessment of
homology of morphological characters in tetractinellid sponges based
on molecular data. Syst. Biol. 47 (3), 351–366.
Chombard, C., Boury-Esnault, N., Tillier, A., Vacelet, J., 1997. Polyphyly
of ‘‘sclerosponges’’ (Porifera, Demospongiae) supported by 28S
ribosomal sequences. Biol. Bull. 193, 359–367.
Cimino, G., de Rosa, S., de Stefano, S., Mazzarella, L., Puliti, R., Sodano,
G., 1982. Isolation and X-ray crystal structure of a novel bromo
compound from two marine sponges. Tetrahedron Lett. 23, 767–768.
Costantino, V., Fattorusso, E., Mangoni, A., 1995. Glycolipids from
Sponges.1. Glycosyl Ceramide Composition of the Marine Sponge
Agelas clathrodes. Liebigs Ann., 1471–1475.
Costantino, V., Fattorusso, E., Mangoni, A., Di Rosa, M., Ianaro, A.,
1999. Glycolipids from sponges. VII. Simplexides, novel immunosuppressive glycolipids from the Caribbean sponge Plakortis simplex.
Bioorg. Med. Chem. Lett. 9, 271–276.
Costantino, V., Fattorusso, E., Mangoni, A., DiRosa, M., Ianaro, A.,
Maﬃa, P., 1996. Glycolipids from sponges.4. Immunomodulating
glycosyl ceramides from the marine sponge Agelas dispar. Tetrahedron
52, 1573–1578.

303

Crist, B.V., Djerassi, C., 1983. Minor trace sterols. 47. A re-investigation
of the 19-nor stanols from the sponge Axinella polypoides. Steroids 42,
331–343.
Dendy, A., 1921. The tetraxonid sponge-spicule: A study in evolution.
Acta Zool., 95–152.
Eggersdorfer, M.L., Kokke, W.C.M.C., Crandell, C.W., Hochlowski,
J.E., Djerassi, C., 1982. Sterols in marine invert. 32. Isolation of 3b(Hydroxymethyl) the ﬁrst naturally occurring sterol with a 15–16
double bond in sponge Homaxinella trachys. J. Org. Chem. 47, 5304–
5309.
Erpenbeck, D., 2004. On the phylogeny of halichondrid demosponges.
Ph.D. Thesis University of Amsterdam. ISBN: 90-64644-40-3.
Erpenbeck, D., Breeuwer, J.A.J., van der Velde, H.C., van Soest, R.W.M.,
2002. Unravelling host and symbiont phylogenies of halichondrid
sponges (Demospongiae, Porifera) using a mitochondrial marker.
Mar. Biol. 141, 377–386.
Erpenbeck, D., Breeuwer, J.A.J., van Soest, R.W.M., 2005. Identiﬁcation,
characterization and phylogenetic signal of an elongation factor-1
alpha fragment in demosponges (Metazoa, Porifera, Demospongiae).
Zool. Scr. 34 (4), 437–445.
Erpenbeck, D., McCormack, G.P., Breeuwer, J.A.J., van Soest, R.W.M.,
2004. Order level diﬀerences in the structure of partial LSU across
demosponges (Porifera): New insights into an old taxon. Mol.
Phylogenet. Evol. 32 (1), 388–395.
Farris, J.S., Kallersjo, M., Kluge, A.G., Bult, C., 1994. Permutations.
Cladistics 10, 65–76.
Fromont, J., Bergquist, P.R., 1990. Structural characters and their use in
sponge taxonomy: when is a sigma not a sigma. In: Rützler, K. (Ed.),
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Lévi, C., 1957. Ontogeny and Systematics in Sponges. Syst. Zool. 6, 1–4.
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Schröder, H.C., Efremova, S.M., Itskovich, V.B., Belikov, S., Masuda, Y.,
Krasko, A., Müller, I.M., Müller, W.E.G., Medina, M., Weil, E.,
Szmant, A.M., 2003. Molecular phylogeny of the freshwater sponges
in Lake Baikal. J. Zool. Syst. Evol. Res. 41, 80–86.
Shearer, T.L., Van Oppen, M.J.H., Romano, S.L., Wörheide, G., 2002.
Slow mitochondrial DNA sequence evolution in the Anthozoa
(Cnidaria). Mol. Ecol. 11, 2475–2487.
Shin, J., Seo, Y., Rho, J.R., Baek, E., Kwon, B.M., Jeong, T.S., Bok, S.H.,
1995. Suberitenones A and B: sesterterpenoids of an unprecedented
skeletal class from the Antarctic sponge Suberites sp.. J. Org. Chem.
60, 7582–7588.
Van Soest, R.W.M., 1984a. Deﬁcient Merlia normani Kirkpatrick, 1908,
From the Curacao Reefs. with a discussion on the phylogenetic
interpretation of sclerosponges. Contrib. Zool. 54, 211–219.
Van Soest, R.W.M., Braekman, J.C., 1999. Chemosystematics of Porifera:
A review. Mem. Queensl. Mus. 44, 569–589.
van Soest, R.W.M., Hooper, J.N.A., 2002. Order Halichondrida Gray,
1867. In: Hooper, J.N.A., Van Soest, R.W.M. (Eds.), Systema
Porifera, A Guide to the Classiﬁcation of Sponges. Kluwer Academic/Plenum Publishers, New York, pp. 721–723.
Swoﬀord, D.L., 2002. PAUP*. Phylogenetic analysis using parsimony
(* and other methods). Sinauer Associates, Sunderland, MA.
Tasdemir, D., Concepcion, G.P., Mangalindan, G.C., Harper, M.K.,
Hajdu, E., Ireland, C.M., 2000. New terpenoids from a Cacospongia
sp. from the Philippines. Tetrahedron 56, 9025–9030.
Umeyama, A., Ito, S., Yoshigaki, A., Arihara, S., 2000. Two new 26,27cyclosterols from the marine sponge Stringylophora corticata. J. Nat.
Prod. 63, 1540–1542.
Uriz, M.J., Turon, X., Becerro, M.A., Agell, G., 2003. Siliceous spicules
and skeleton frameworks in sponges: origin, diversity, ultrastructural
patterns, and biological functions. Microsc. Res. Tech. 62, 279–299.
Vacelet, J., 1985. Coralline sponges and the evolution of Porifera. In:
Morris, S.C., George, J.D., Gibson, R., Platt, H.M. (Eds.), The
Origins and Relationships of Lower Invertebrates, The Systematics
Association, vol. 28. Clarendon Press, Oxford, pp. 1–13.
Vacelet, J., 2002. Agelasida Verril. In: Hooper, J.N.A., Van Soest,
R.W.M. (Eds.), Systema Porifera, A Guide to the Classiﬁcation of
Sponges. Kluwer Academic/Plenum Publishers, New York.
Vollmer, S.V., Palumbi, S.R., 2004. Testing the utility of internally
transcribed spacer sequences in coral phylogenetics. Mol. Ecol. 13,
2763–2772.
Wicke, C., Huners, M., Wray, V., Nimtz, M., Bilitewski, U., Lang, S.,
2000. Production and structure elucidation of glycoglycerolipids from

D. Erpenbeck et al. / Molecular Phylogenetics and Evolution 38 (2006) 293–305
a marine sponge-associated microbacterium species. J. Nat. Prod. 63,
621–626.
Williams, D.H., Faulkner, D.J., 1996. N-methylated ageliferins from the
sponge Astrosclera willeyana from Pohnpei. Tetrahedron 52, 5381–
5390.
Wolstenholme, D.R., 1992. Animal mitochondrial DNA: structure and
evolution. In: Wolstenholme, D.R., Jeon, K.W. (Eds.),
International Review of Cytology. Academic Press, New York, pp.
173–216.
Wörheide, G., 1998. The reef cave dwelling ultraconservative coralline
demosponge Astrosclera willeyana Lister 1900 from the Indo-Paciﬁc—
Micromorphology, ultrastructure, biocalciﬁcation, isotope record,
taxonomy, biogeography, phylogeny. Facies 38, 1–88.
Wörheide, G., Degnan, B.M., Hooper, J.N.A., 2000. Population phylogenetics of the common coral reef sponges Leucetta spp. and Pericharax

305

spp. (Porifera: Calcarea) from the Great Barrier Reef and Vanuatu. In:
Hopley, D., Hopley, P., Tamelander, J., Done, T. (Eds.), Ninth
International Coral Reef Symposium, Vol Abstracts. Bali, Indonesia,
p. 21.
Wörheide, G., Nichols, S., Goldberg, J., 2004. Intragenomic variation of
the rDNA internal transcribed spacers in sponges (Phylum Porifera):
implications for phylogenetic studies. Mol. Phylogenet. Evol. 33 (3),
816–830.
Yamada, T., Yamagishi, T., 1993. Sesterterpene. Jpn. Kokai Tokkyo
Koho CA119(15) 160598e.
Yang, S.W., Chan, T.M., Pomponi, S.A., Chen, G.D., Loebenberg, D.,
Wright, A., Patel, M., Gullo, V., Pramanik, B., Chu, M., 2003.
Structure elucidation of a new antifungal sterol sulfate, Sch 575867,
from a deep-water marine sponge (Family: Astroscleridae). J. Antibiot.
56, 186–189.

