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Chapterr  2 

Orderr  level differences in the demosponge LSU structure -

Neww insights in an old taxon 

(In(In review: Molecular Phylogenetics and Evolution 

Erpenbeckk D1*, McCormack GP2, Breeuwer JAJ1 and RWM van Soest1 

'Institutee for Biodiversity and Ecosystem Dynamics, University of Amsterdam, P.O. Box 94766, 
1090GTT Amsterdam, The Netherlands 

2Molecularr Phylogenetics and Systematics Laboratory, Biology Department, National University of Ireland 
Maynooth,, Maynooth, Ireland 

Abstract t 

Thee nuclear large ribosomal subunit gene is one of the most utilized DNA fragments for reconstructing 
Poriferann and Eumetazoan phylogenies. Here, we analyse structural differences in its expansion 
segmentss D3, D4 and D5 among selected demosponge taxa (Metazoa: Porifera) and comment on their 
phylogeneticc implications. Our analyses reveal that the demosponge order Haplosclerida harbours 
exceptionall  structural peculiarities compared to other demosponge orders such as Halichondrida, 
Hadromerida,, Agelasida, 'Lithistida', Poecilosclerida, and Chondrosida. Our analysis yields 
additionall  evidence for non-monophyly of the pivotal demosponge order Halichondrida. 
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Introductio n n 

Morphologicall  systematics of sponges is often hampered by the lack or the ambiguous nature of 
complexx characters. Molecular markers provide powerful tools to reconstruct phylogenies although 
molecularr sponge systematics is still not as established as for other metazoan taxa. The large nuclear 
ribosomall  subunit (LSU) is one of the most popular genes for the reconstruction of molecular gene 
treess in Metazoa. The most variable regions are located in the 'expansion' or 'D' segments. The 
eukaryoticc LSU-gene harbours twelve such domains of which D2, D3 and D8 are the best characterized 
(Nunnn et al., 1996). They are interchanged by 'core' or 'C' segments which show a more conservative 
structuree among eukaryotic species (Hancock et al., 1988) and maintain the specific functions e.g., 
thee peptidyl-transferase activity (Noller et al., 1992). 

Inn particular, the D2 and D3 domains are useful in molecular systematics because their 
secondaryy structures are considered to be conservative (Michot et al., 1990; Nunn et al., 1996). Both 
domainss have been used independently for phylogenetic analyses of higher sponge taxa: The Dl 
andd D2 domains were used on 'Sclerosponges' (Chombard et al., 1997), Hadromerida (Chombard 
andd Boury-Esnault, 1999) and 'Tetractinellida' (Chombard et al., 1998). They were also analysed 
too unravel the phylogenetic position of the Porifera (Lafay et al., 1992). The D3-fragment has 
beenn employed to investigate relationships amongst the Axinellida (Alvarez et al., 2000), certain 
Hadromeridaa (McCormack and Kelly, 2002) and Haplosclerida (McCormack et al., 2002). The latter 
twoo analyses were based on a fragment covering the expansion segments D3 together with D4 and 
D5. . 

Thee correct alignment of variable character positions is the first crucial step in molecular 
systematics.. Structural information (like codons in protein genes) or rRNA folding are important 
forr minimizing ambiguities in alignments and will preserve phylogenetic sequence information. 
Valuablee taxonomical information can be archived by analysing DNA and RNA structure ("molecular 
morphology").. Structural similarities can be compared although it is difficult to infer their polarity. 
Inn diploblastic organisms this has been carried out on the rRNA of cnidarians (Odorico and Miller, 
1997;; Ender and Schierwater, 2003) and on sponges (Chombard and Boury-Esnault, 1999). Structural 
constraintss force the stem regions to hold a more conservative evolutionary pattern than the (mostly) 
moree freely evolving loop nucleotides. These constraints result in base compositional bias as 
originallyy observed by Sueoka (1964). G-C rich DNA helices are considered to be more heat-stable 
andd to produce more stable RNA transcripts (discussed in Mooers and Holmes, 2000). 

Differentt parts of the expansion elements are subject to different evolutionary forces and 
differr significantly in their substitution patterns e.g., stems and loops. Partitioning the data set by such 
features,, combined with phylogenetic reconstruction under the specific best fitting substitution model 
forr each partition can help retrieving maximal phylogenetic signal. Schöniger and VonHaeseler 
(1995)) discussed the need of different models for non-independent DNA regions e.g., stems in rRNA. 
However,, phylogenetic reconstructions under different evolutionary models simultaneously are still 
rare. . 

Inn this study we evaluate the molecular structural patterns of a fragment of the demosponge 
LSUU rRNA gene which is widely used in phylogenetics and includes the expansion segments D3, 
D44 and D5 and the helices 14-28 (following the definition of Hancock et al. (1988)) to examine 
orderr level differences in primary and secondary structure. We discuss the molecular evolutionary 
implicationss of these patterns and their consequences for demosponge order phylogenies. 
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Materiall  and Methods 

TaxonTaxon and character set 

Spongee tissue was taken from preserved samples of the Porifera collection of the Zoological 
Museumm Amsterdam or from samples freshly collected by SCUBA diving. Material was preserved 
eitherr in ethanol (>80%) or imbedded in silica gel (particle size < 0.004mm2). We chose species 
off  the demosponge orders Agelasida, Halichondrida, Hadromerida, Haplosclerida, Poecliosclerida, 
Chondrosidaa and the polyphyletic (e.g., Kelly-Borges and Pomponi, 1994) order "Lithistida". All 
ordinall  assignments followed the 'Systerna Porifera' (Hooper and Van Soest, 2002). Several sequences 
weree taken from GenBank (www.ncbi.nlm.nih.gov). As outgroup taxon we chose a sequence of the 
calcareouss sponge Leucosolenia (class Calcarea) following Medina et al. (2001). Furthermore we 
implementedd as representative of the third class of sponges, Hexactinellida ("glass sponges"), two 
sequences,, viz. of Sympagella nux and Acanthascus dawsoni (order Lyssacinosida). For the list of 
sampless and sequences used for this analysis see appendix. 

DNAA extraction and PCR setup, cloning and sequencing were carried out as described in 
Erpenbeckk et al. (2002). PCR primers employed were taken from McCormack and Kelly, (2002) 
(primers:: RD3A: GACCCGTCTTGAAACACGA and RD5B2: ACACACTCCTTAGCGGA, 
temperaturee regime: 94° 3min during which the Taq polymerase is added, 35x (94° 30s; 50° 20s; 
72°° 60s), 72° lOmin). A first alignment was produced by Clustal X (1.8, Jeanmougin et al., 1998) 
underr default settings and optimised under usage of secondary structure information. The secondary 
structuree was obtained by annealing to published ones from Hancock et al. (1988) and Alvarez et al. 
(2000)) under comparison with the common eukaryote model published by Schnare et al. (1996). 

Inn some cases a helix was not fully sequenced because its complementary strand was further 
upstreamm or downstream of the sequenced fragment. We used the (longer) sequence of Mycale 
fibrexilisfibrexilis (AY026376, Medina et al. 2001) to identify those helix positions. 

PhylogeneticPhylogenetic reconstructions 

Differentt DNA partitions (such as those coding for RNA loops and stems) can have different 
substitutionn patterns. Therefore, the data set was split into several partitions: Partition 'stemdoublet' 
containedd helices of which both helix strands were sequenced and the corresponding nucleotide 
doubletss could be identified (Helix 14-18 and 20-25 see results). The remaining helix positions (where 
onlyy one strand was sequenced) were combined in partition 'stemsingle'. In particular analyses the 
nucleotidess of partitions 'stemdoublet'  and 'stemsingle'  were united to partition 'stemalF. Partition 
'loop''  contained all non-pairing nucleotides. Furthermore, partition 'excluded'  comprised ambiguous 
alignablee positions. Characters of this partition were not included in the analysis. 

Likelihoodd and prior probability parameters were estimated using MrModeltest vl.1 
(www.ebc.uu.se/systzoo/staff/nylander.html)) in combination with PAUP*4.0blO (Swofford, 2002). 

Thee relatively best-fitting substitution model for partitions 'stemsingle', 'stemall' and 'loop' 
wass estimated separately with MrModeltest and the data set analysed under those simultaneously 
inn a single Bayesian analysis using MrBayes v3b3 (Huelsenbeck and Ronquist, 2001). For partition 
'stemdoublet'' we applied a nucleotide substitution model based on a 16x16 nucleotide doublet matrix 
fromm Schoniger and Von Haeseler (1995) as implemented in MrBayes. All Bayesian analyses were 
performedd with at least four Metropolis-Coupled chains and one million generations. The chains were 
'burnedd in' until the distribution of posterior probabilities reached a stable plateau. 

Thee data were analysed in several approaches regarding different applications of the relatively 
best-fittingg evolutionary model. We performed four bayesian analyses in different combinations of 
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partitionss and rate-priors: 
1.. Three-partition approach under partitions 'stemdoublet' + 'stemsingle' + 'loop' with a fixed 

rate-prior. . 
2.. Three-partition approach under partitions 'stemdoublet' + 'stemsingle' + 'loop' with a variable 

rate-prior. . 
3.. Two-partition approach under partitions 'stemall' + 'loop' with a fixed rate-prior. 
4.. Two-partition approach under partitions 'stemall' + 'loop' with a variable rate-prior. 

Additionally,, we reconstructed a maximum-likelihood tree under one single nucleotide model to 
comparee with the Bayesian results. Phylogenetic reconstructions based on Bayesian analyses were 
performedd by MrBayes v3b3 and maximum likelihood approaches under PAUP*. Relative rate tests 
weree conducted using PHYLTEST v2.0 (S. Kumar, (http://mep.bio.psu.edu/downloads/phyltest.zip) 
underr the most complex possible model (K2P). 

Results s 

Sequencee lengths amongst taxa varied from 572 to 683 nucleotides (nt) and resulted in a data matrix 
off  760 characters. All sequences have been deposited in Genbank (accession numbers listed in the 
appendix.. 1). Only one strand of helices 13, 19, 26, 27 and 28 was sequenced because the opposite 
strandd lies further upstream (helix 13) or downstream (19, 26,27 and 28) of thee fragment. Even under 
usagee of secondary structure information some 263 characters were still not unambiguously alignable 
andd therefore excluded from phylogenetic reconstructions. Based on the likelihood-ratio-test 
MrModeltestt estimated the following nucleotide models as the relatively best fitting for the different 
partitions:: 'stemsingle': HKY+G (Hasegawa et al., 1985), 'stemall': HKY+I+G (Hasegawa et al., 
1985)) and 'loop' GTR+G (Rodriguez et al., 1990). For maximum-likelihood analysis the SYM+I+G 
modell  (Zharkikh, 1994) was employed. 

Figuree 1 displays the putative secondary structure of the sequenced rRNA fragment (see 
legendd for details). Sequence differences between the Porifera were mainly located in the D3 segment. 
Inn this segment the Haplosclerida possessed different structures to those seen in other demosponges. 
Structurall  differences between the calcareous Leucosolenia (outgroup) and the non-haplosclerid 
demospongess were intermediate, but were high between demosponges and the Hexactinellida. 
Somee 82 (not excluded) characters of the haplosclerid stem positions were variable within this order 
whilee this was 77 amongst all other Demospongiae and some 44 (not excluded) characters of the 
haploscleridd loop positions were variable while this was 45 for all other Demospongiae. 

Fig.1::  (next page): Secondary structure of the LSU-fragment of the demosponges used in this analysis with 
thee exclusion of Haploclerida. The capital letters are the 90% consensus of the taxon set. IUPAC codes have 
beenn used for positions with up to two character states, positions with three and more states are labeled with 
"N".. Autapomorphic inserts are displayed in lower case. Boxed positions refer to a variable (from zero to 
thee displayed number) amount of characters at this position throughout the taxon set. Black dots indicate 
canonicall  as well as non-canonical G-U bondings. Character states different from the proposed model of 
(Michott et al., 1990) and the 90% consensus of (Schnare et al., 1996) are underlined. Helices are numbered 
followingg (Hancock et al., 1988) and Michot et al. (1990). The three expansion segments are underlied by 
greyy rectangles. The open circles display binding partners, which are further upstream of downstream of the 
sequencedd fragment. Text boxes with arrows taxon indicate specific structures including the haplosclerid 
featuress exceptional for demosponges. 
Insett  of fig.1: Potential reconstruction of the enlarged subdomain A of Haliclona oculata. This 
secondaryy structure was generated by 'mfold' from The Macfarlane Burnet Centre Mfold Server (http:// 
mfold.burnet.edu.au/)) under 10 °C folding temperature and the first three base pairs forced to bind. 
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Wee analysed the base compositions of helices and single stranded regions. Some 184 of the 
3077 helix positions analysed were constant. The G-C content was clearly higher (60.4%) than AT 
(39.6%)) (A: 0.15573, C: 0.26947, G 0.33441, T: 0.24039, p<0.001 chi-square-test). Almost opposite 
relationshipss were found in the loop region: AT: 57,2%, G-C 42,6% (A: 0.41153, C: 0.14053, G: 
0.28689,, T: 0.16105, p<0.001, chi-square-test). Some 123 of the 187 investigated characters appeared 
constant. . 

Wee investigated the geographical G-C content of the different Haliclona species of the data 
set.. Haliclona xena, H. oculata and H. cinerea from the North Sea regionn (sea water temperature 4.5-
20.5°C,, M.J. de Kluijver, personal communication) had the lowest G-C ratio of 62.3 - 63.0% in their 
helices.. H. toxius from the Gulf of Oman (23.5-32.5°C, SST Time Series) had a slightly increased 
ratioo of 63.3%, while we observed the highest value of 68.1% in H. vansoesti from Curacao (25.5-
27.9°CC at sampling depth, (Vermeij, 2002)). This resulted in a positive, but not significant correlation 
betweenn sea water temperature and G-C content (R2 = 0.5501 for the minimum water temperature 
N=5). . 

TaxonTaxon specific structures: 

Michott et al. (1990) and Schnare et al. (1996) published a consensus secondary structure of eukaryotic 
23S-likee rRNA, indicating conserved positions at an identity level of >90% of his data set. To 
contributee to this general model we underlined in figure 1 nucleotide positions which are invariable 
inn Michot et al. (1990) or on the 90% level in Schnare et al. (1996) but showing higher variability 
inn Porifera. In the following paragraph the taxon specific patterns in the fragment structures are 
discussedd for every motif from the 5' to the 3' end. 

Helixx 14 leads into the D3-expansion segment. In this helix demosponges bear the doublet 
10:GG / 319:C. It is probably a demosponge synapomorphy as this is vice versa in the calcareous 
LeucosoleniaLeucosolenia and the Hexactinellida and the coral Antipathes galapagensis (AY026365 from 
Medinaa et al.(2001)). In this helix there are major intrafamiliar differences within the Haplosclerida. 

Thee D3-expansion segment bears a variable amount of subdomains (4-5) in our taxon 
set):: Subdomain *a'  is extremely prolonged in Haplosclerida compared to other Porifera. In most 
haploscleridd representatives (except for the Niphatidae and Acanthostrongylophora), it is some 80 
nucleotidess (nt) long while all other taxa of the data set bear a stem region of 10-11 base-pairs (bp) 
andd a loop of 5-11 nt. A potential reconstruction of this loop for the haplosclerid Haliclona oculata 
iss shown in the insert of figure 1. There are specific inserts for the 'lithistid' Theonellidae and 
Corallistidaee (fig. 1). 

Subdomainn 'b '  is short and structurally conservative. It has a stem of 2 bp and a loop of 4 nt 
throughoutt all taxa analysed. 

Subdomainn 'd'  is absent in the haplosclerid taxa Niphatidae and Acanthostrongylophora, 
andd has various lengths in the other Haplosclerida. The length is quite homogeneous in all other 
demospongee taxa and the calcareous Leucosolenia but longest in the Hexactinellida (30nt). 

Subdomainn *c' consists of two stems, interspersed by a conservative 2-3nt long single 
strandedd region. The demosponge loops are shorter, reaching 3-14nt (both extremes are found in 
Haplosclerida). . 

Thee stem of subdomain 'e' is interspersed by 1-2 non-binding nucleotides in most 
demospongee taxa of the data set (as well as in Leucosolenia), but 3-4 in all Haplosclerida except 
CallyspongiaCallyspongia plicifera. This region is especially prolonged in Hexactinellida. The loop size is 3 nt for 
alll  taxa except the Hexactinellida (nt=4) and Chondrosia (nt=2). 

Thee loops between helices 14/15a, 15a/15b, 15b/16, 16/17a/18, 17a/17b bear no taxon-
specificc structural characteristics besides their primary structure. The same applies to the loops 
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terminall  to helix 17b and 18. 
Wee do not agree with the position of helix 15a in Porifera as suggested in Schnare et al. 

(1996)) and follow the suggestion of Hancock et al. (1988) as the latter seems energetically more 
advantageous.. This pattern is identical throughout all taxa of our data set. 

Thee expansion segments D4 and D5 are located between the helices 21 and 22, originating 
fromm the same points, but continuing in opposite directions (fig.1). 

D44 is identical for the representatives of the Agelasida, Hadromerida, Poecilosclerida, and 
alll  Halichondrida except the family Dictyonellidae. The dictyonellid taxa Svenzea, Acanthella and 
ScopalinaScopalina as well as Vetulina ('Lithistida') differ by one AT-transversion. Dictyonella and Axinyssa 
bearr extra characters. The nine-nucleotide insert of the Theonellidae/Corallistidae 'Lithistida' varies 
att one position. The inserts of the Haplosclerida differ more dramatically than in the other groups and 
doo not show a family-specific pattern. 

Thee terminal loop of helix 23 consists of five bases in all Porifera. Their sequence is identical 
forr all demosponges except the Haplosclerida, which show several different patterns. 

Thee length of the expansion segment D5 in our taxon set varies from 37-39 nucleotides (mostly 
inn non-haplosclerids) to 57 {Xestospongia caminata). Only Haplosclerid stems have insertions. The 
loopp in all demosponges consists of nine nucleotides except for Dictyonella, Svenzea, Scopalina (all 
Halichondrida:: Dictyonellidae), Axinyssa (Halichondrida: Halichondriidae) and Aka (Haplosclerida). 
Thee 19 nt long connection between the D5-stem and helix in Xestospongia caminata (Haplosclerida) 
iss exceptional for the taxon set. 

Thee terminal loops of helices 24 and 25 as well as the single-stranded regions between helix 
21/24,24/25,25/266 do not bear structural features except for their primary structure. There are single-
nucleotidee insertions between the helices 28 and 29 in the haplosclerid taxa Aka coralliphaga and 
XestospongiaXestospongia caminata. 

PhylogeneticPhylogenetic analyses: 

Thee reconstructed gene trees obtained from the four bayesian and the one maximum-likelihood 
analysiss differed in the position of certain clades. The 60% consensus tree out of these (clades that 
weree supported by three out of the five trees) is displayed in figure 2. The three-partition approaches 
('stemdoublet'' + 'stemsingle' + 'loop') frequently had a lower support for particular branches than the 
two-partitionn approaches ('stem' + 'loop') and showed more differences to the maximum-likelihood 
tree.. There was no influence of the rate multiplier settings on the overall topology, but the posterior 
probabilitiess decreased slightly if rate-priors were variable. This implies that all partitions contributed 
equallyy to the branch lengths. 

Off  the demosponge orders as defined in the "Systema Porifera" (Hooper and Van Soest, 2002) 
onlyy the Haplosclerida clustered monophyletically. The halichondrid taxa were polyphyletic: the 
familyy Halichondriidae clustered with Suberitidae (Hadromerida), a relationship strongly supported 
byy the two-partition analyses. The three-partition approaches added Stylissa (Dictyonellidae) + 
AxinellaAxinella (Axinellidae) + Agelas (order Agelasida) to the Halichondriidae + Suberitidae clade, 
resultingg in a larger polytomy. Members of the halichondrid families Dictyonellidae and Axinellidae 
clusteredd closer to Agelas (Agelasida) than to halichondrids. The Dictyonellidae (Halichondrida) 
weree not monophyletic in this gene tree. 

Thee two species of Mycale (Poecilosclerida) did not form a sister group in all analyses. 
Howeverr the branch between the two Mycale specimens had low posterior probabilities and can be 
regardedd as unsupported. 

Thee two-partition analysis with variable rate-prior favoured the placement of Vetulina 
('Lithistida')) close to the dictyonellid sequences of Scopalina and Svenzea. Both sequences of 
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SuberitesSuberites suberia (Suberitidae) 

SuberitesSuberites ficus (Suberitidae) 

AaptosAaptos suberitoides (Suberitidae) 

AmorphinopsisAmorphinopsis excavans (Halichondriidae) 

HalichondriaHalichondria panicea (Halichondriidae) 

HymeniacidonHymeniacidon perlevis (Halichondriidae) 

Stv/issaStv/issa flabelliformis (Dictvonellidae) 

AxinellaAxinella polypoides (Axinellidae) 

AxinellaAxinella damicornis (Axinellidae) 

AgelasAgelas oroides (AgelasidaeJ 

LiosinaLiosina paradoxa (Dictvonellidae) 

SpheciospongiaSpheciospongia sp. (Clionaidae) 

MycaleMycale (Carmia) fibrexilis (Mycalidae) 

MycaleMycale (Naviculina) fiagellifera (Mycalidae) 

AxinyssaAxinyssa aplysinoides (Halichondriidae) 

DictyonellaDictyonellasp.sp. (Dictvonellidae) 

AcanthellaAcanthella acuta (Dictvonellidae) 

VetulinaVetulina sp. (Vetulinidae) 

TheonellaTheonella so. 1 (Theonellidae) 

TheonellaTheonella so. 2 (Theonellidae) 

DiscodermiaDiscodermia dissoluta (Theonellidae) 

CorallistesCorallistes sp. (Corallistidae) 

MyrmekiodermaMyrmekioderma granluata (Desmoxyidae) 

DidiscusDidiscus oxeata (Desmoxyidae) 

SvenzeaSvenzea zeai (Dictvonellidae) 

ScopalinaScopalina lophyropoda (Dictyonellidae) 

CallyspongiaCallyspongia multiformis (Callyspongiidae) 

HaliclonaHaliclona toxius (Chalinidae) 

HaliclonaHaliclona cinerea (Chalinidae) 

NeopetrosiaNeopetrosia subtrianpularis (Petrosiidae) 

CallyspongiaCallyspongia plicifera (Callyspongiidae,) 

HaliclonaHaliclona xena (Chalinidae) 

HaliclonaHaliclona oculata 1 (Chalinidae) 

HaliclonaHaliclona oculata 2 (Chalinidae) 

NiphatesNiphates olemda (Niphatidae) 

PachychalinaPachychalina sp. (Niphatidae; 

AmphimedonAmphimedon compressa (Niphatidae) 

AmphimedonAmphimedon paraviridis (Niphatidae) 

AcanthostrongylophoraAcanthostrongylophora ashmorica (Petrosiidae) 

AcanthostrongylophoraAcanthostrongylophora ingens (Petrosiidae) 

XestosponoiaXestosponoia caminata (Petrosiidae) 

HaliclonaHaliclona vansoesti (Chalinidae) 

AkaAka coralliphaga (Phloeodictyidae) 

PetrosiaPetrosia ficiformis (Petrosiidae) 

ChondrosiaChondrosia sp. (Chondrillidae) 

SympagellaSympagella nux (Rossellidae) 

AcanthascusAcanthascus dawsoni (Rossellidae,) 

LeucosoleniaLeucosolenia sp. (Leucosoleniidae) 

Hadromerida a 

Halichondrida a 

Agelasida a 
Halichondrida a 
Hadromerida a 

Poecilosclerida a 

Halichondrida a 

'Lithistida' ' 

Halichondrida a 

Haplosclerida a 

|| Chondrosida 

|HEXACTINELLIDA A 

ICALCAREA A 

Fig.. 2: Majority rule (60%) consensus of the five reconstructed gene trees. The five trees consist of the 
maximumm likelihood tree, and the four Bayesian trees whose posterior probabilities are displayed on the 
branches:: Upper left: Partitions 'stemdoublet' + 'stemsingle' + 'loop' with the rate-prior fixed; lower left: 
partitionss 'stemdoublet' + 'stemsingle' + 'loop' with the rate-prior variable; upper right: partitions 'stemall' + 
'loop'' with the rateprior fixed; lower right: partitions 'stemall' + 'loop' with the rateprior variable. A dash ('-') 
indicatess a posterior probability of <50%), the asterisk ('*') indicates that such a clade is not existing for the 
particularr gene tree. See the text for more details. 
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TheonellaTheonella sp, ('Lithistida') have accumulated several autapomorphies in their sequences (a 
relativelyy unique amount for a non-haplosclerid taxon). The same applies to the sequence of Petrosia 
ficiforms,ficiforms, which was exceptionally variable compared to other haplosclerids. Several haplosclerid 
"synapomorphic""  positions in the data were compromised by Petrosia ficiformis, but the gene tree 
clearlyy supports a monophyletic assemblage of Haploslerida. 

Thee position of Chondrosia (Chondrosida) in this gene tree was ambiguous, the three-
parameterr analyses clustered this sequence as a sister group to the two Hexactinellida while maximum 
likelihoodd and the two parameter analyses grouped Chondrosia at the root of the Haplosclerida. Both 
hypothesess had low posterior probabilities. 

Wee performed a relative-rate test to compare the evolutionary rate of the Haplosclerida 
againstt the other demosponges. PHYLTEST found a significantly higher substitution rate in the 
Haploscleridaa clade (Lb = 0.1103) than in the Halichondrida / 'Lithistida' / Choristida / Hadromerida 
// Poeciloslerida / Agelasida branch (La = 0.04774, La - Lb = -0.0625382 Ö 0.0148799; Z = 4.20286 
ratee constancy is rejected at 5% level). 

Discussion n 

HaploscleridaHaplosclerida as a special case in demosponge molecular evolution? 

Thee analysed partial LSU fragment revealed major differences between certain demosponge groups. 
Whereass homogeneous structural patterns were common among the representative sequences of 
Halichondrida,, Hadromerida, Agelasida, Poecilosclerida and 'Lithistida' the Haplosclerida taxa had 
moree variable secondary structures. The substitution rate within the Haplosclerida was significantly 
higherr than the rates among all other demosponges. 

Haploscleridaa of our taxon set were monophyletic. Both the longer branches, (in comparison 
too other demosponge sequences), and the unique variations of structures (such as missing subdomains) 
providee evidence for different evolutionary patterns in the haplosclerid LSU. Major structural 
differencess in the D3 domain have been observed previously among different higher taxa (e.g. Nunn 
ett al., 1996), but to our knowledge such an agglomeration of structure variants next to relatively 
homogeneouss sister orders is unique among diploblasts. 

Ourr results may explain the inconsistencies between molecular (LSU) and morphological 
phylogeniess in Haplosclerida (McCormack et al., 2002). Their haplosclerid tree showed few 
agreementss with morphological expectations. To verify the poriferan origin of McCormack et al.'s 
sequencess we enlarged the data set by several other organismal eukaryotic sequences. We performed 
aa phylogenetic analysis of this "tree of life" as described in Erpenbeck et al. (2002) including other 
sequencess of McCormack et al., that were not used in our analysis. The resulting gene tree (not shown 
here)) grouped the haplosclerid taxa Callyspongia vaginalis, Niphates erecta, Xestospongia muta and 
X.X. testudinaria (all not included in the current analysis) outside the Porifera clade with long branches. 
Onee may assume that these particular sequences are contaminations from symbionts. Regarding 
thee results of our analysis it seems even more likely that the enhanced evolutionary rates of the 
Haploscleridaa lead to an erroneous phylogenetic signal. Therefore, in our opinion, the LSU fragment 
iss not suitable for reconstructing phylogenetic relationships of this order. 

Wee found evidence for a geographical G-C bias among the sampled Haliclona spp. from 
differentt habitat temperatures. Such bias has been studied mostly for unicellular organisms but to our 
knowledgee not for diploblastic Metazoa. Our data shows a positive correlation between sea water 
temperaturee and G-C content in the stem regions, although a larger sample size is needed for further 
support. . 
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PhylogeneticPhylogenetic implications 

Wee used a consensus (super-) tree to combine the potential phylogenetic implications from the current 
analyses.. It is evident that a three-partition analysis might be over-parameterized for this limited 
characterr set. An analysis, using the stem region only, under the 'doublet' model (not shown) resulted 
inn a completely unresolved tree. Over-parameterization resulted in lower posterior probabilities. The 
doublet-modell  for the pairing rRNA nucleotides obviously decreased the resolution power of the data 
set.. This became particularly obvious in analyses where the rate multiplier was not enforced (fixed 
rate-prior).. The use of extensive partitioning diminished phylogenetic signal in this case rather than 
preservingg it. 

Nevertheless,, the results of this analysis provide us with additional insight in the evolutionary 
patternss of such a taxonomically challenging group as the Porifera. One of the more recent and most 
comprehensivee demosponge morphological-phylogenetic analyses favoured a close relationship 
betweenn Poecilosclerida, Haplosclerida and Halichondrida, leaving Hadromerida as a member of 
aa separate clade of aster-bearing demosponges (Van Soest, 1991). In contrast, molecular analyses 
onn smaller taxon sets yielded evidence for a close relationship between some Hadromerida and 
Halichondridaa (LSU D1-D2 domains: Chombard and Boury-Esnault (1999); McCormack and 
Kellyy (2002)). While representative taxa of important orders e.g., the aspicular 'Keratosa', were not 
includedd in this analysis and some orders were clearly underrepresented (e.g., Poecilosclerida and 
Chondrosida)) our analysis of an enlarged taxon set supports those findings. Hadromerid taxa Suberites 
andd Aaptos (Suberitidae) clustered with the Halichondriidae contrary to the hypothesis of Van Soest 
ett al. (1990), while the Haplosclerida clustered clearly outside this Halichondrida / Hadromerida 
clade,, partly in contrast to comprehensive phylogenies in Van Soest (1987) and Van Soest (1991). 

Molecularr data from several regions of the LSU gene indicated non-monophyly of 
Halichondrida.. First molecular evidence for Halichondrid non-monophyly arose by the analyses 
off  Lafay et al. (1992) and Chombard et al. (1997). They suggested a close relationship of Axinella 
(Halichondrida)) to Agelas (Agelasida). Such relationships also found support from analyses of 
secondaryy metabolite content (Braekman et al., 1992; Costantino et al., 1996; Van Soest and 
Braekman,, 1999). However, as all the DNA data sets are also based on LSU studies one cannot 
considerr them as fully independent. Additional gene trees e.g. from mitochondrial genes or nuclear 
proteinss are needed to evaluate the LSU gene tree. 
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Appendix x 
Sampless used in this analysis with Genbank accession numbers. The POR numbers refer to vouchers held in 
thee Zoological Museum Amsterdam. 

Orde r r 

Agelasid a a 

Chondrosid a a 

Hadromerid a a 

Hadromerid a a 

Hadromerid a a 

Hadromerid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Halichondrid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Haplosclerid a a 

Famil y y 

Agelasida e e 

Chondrillida e e 

Clionaida e e 

Suberitida e e 

Suberitida e e 

Suberitida e e 

Axinellida e e 

Axinellida e e 

Desmoxyida e e 

Desmoxyida e e 

Dictyonellida e e 

Dictyoneilida e e 

Dictyonellida e e 

Dictyonellida e e 

Dictyonellida e e 

Dictyonellida e e 

Halichondriida e e 

Halichondriida e e 

Halichondriida e e 

Halichondriida e e 

Callyspongiida e e 

Callyspongiida e e 

Chalinida e e 

Chalinida e e 

Chalinida e e 

Chalinida e e 

Chalinida e e 

Chalinida e e 

Niphatida e e 

Niphatida e e 

Nipnatida e e 

Niphatida e e 

Petrosiida e e 

Petrosiida e e 

Petrosiida e e 

Taxo n n 

AgelasAgelas oroides 

ChondrosiaChondrosia sp. 

SpheciospongiaSpheciospongia sp. 

AaptosAaptos svberitoides 

SuberitesSuberites neus 

SuberitesSuberites suberia 

AxinellaAxinella damicornis 

AxinellaAxinella verrucosa 

DidiscusDidiscus oxeata 

MyrmekiodermaMyrmekioderma granulata 

AcanthellaAcanthella acuta 

DictyonellaDictyonella sp. 

LiosinaLiosina paradoxe 

ScopatinaScopatina lophyropoda 

StylissaStylissa flabelliformis 

Svenzeazeai Svenzeazeai 

AmorphinopsisAmorphinopsis excavans 

AxinyssaAxinyssa aplysinoides 

HalichondriaHalichondria (Halichondria) panicea 

HymeniacidonHymeniacidon perlevis 

CallyspongiaCallyspongia (Callyspongla) multiformis 

CallyspongiaCallyspongia (Cladochalina) plicifera 

HaliclonaHaliclona cinerea 

HaliclonaHaliclona (Haliclona) oculata 2 

HaliclonaHaliclona (Haliclona) oculata 1 

HaliclonaHaliclona (Gellius) toxius 

HaliclonaHaliclona (Halichoclona) vansoesti 

HaliclonaHaliclona (Soestella) xena 

AmphimadonAmphimadon compressa 

AmphimedonAmphimedon paraviridis 

NiphatesNiphates olemda 

PachychalinaPachychalina sp. 

AcanthostrongylophoraAcanthostrongylophora ashmorica 

AcanthostrongylophoraAcanthostrongylophora ingens 

NeopetrosiaNeopetrosia subtriangularis 

Acc.Nr . . 

AY319311 1 

AJ00591 6 6 

AY319310 0 

AY319308 8 

AY026381 1 

AY319309 9 

AY319314 4 

AY319312 2 

AY319320 0 

AY319319 9 

AY319322 2 

AY319325 5 

AY319318 8 

AY319323 3 

AY319316 6 

AF441349 9 

AY319313 3 

AY319324 4 

AY319315 5 

AY319317 7 

AF441344 4 

AF441343 3 

AF441339 9 

AF441330 0 

identica l l 

AF441342 2 

AF441346 6 

AY319327 7 

AF441351 1 

AF441350 0 

AF441353 3 

AF441352 2 

AF441354 4 

AY319326 6 

AF441341 1 

Samplin gg /sourc e 

Blanes/Spai n n 

GENBAN K K 

Sulawesi/Indonesi a a 

Sulawesi/Indonesi a a 

GENBAN K K 

Nort hh Sea 

Roscoff/Franc e e 

Turke y y 

Curaca o o 

Sulawesi/Indonesi a a 

Blanes/Spai n n 

Oman n 

Sulawesi/Indonesi a a 

Blanes/Spai n n 

Sulawesi/Indonesi a a 

GENBAN K K 

Oman n 

Sulawesi/Indonesi a a 

Roscoff/Franc e e 

Roscoff/Franc e e 

GENBAN K K 

GENBAN K K 

GENBAN K K 

GENBAN K K 

Netherland s s 

GENBAN K K 

GENBAN K K 

Netherland s s 

GENBAN K K 

GENBAN K K 

GENBAN K K 

GENBAN K K 

GENBAN K K 

Sulawesi/Indonesi a a 

GENBAN K K 

autho rr  / Z M A numbe r 

thi ss  paper / POR 14435 

Mclnemeyetal.199 9 9 

thi ss  paper/PO R 17497 

thi ss  paper/PO R 17498 

Medin aa et a). 2001 

thi ss  paper / POR 9726 

thi ss  paper / POR 14097 

thi ss  paper/PO R 9187 

thi ss  paper / POR 14326 

thi ss  paper / POR 14530 

thi ss  paper / POR 14589 

thi ss  paper / POR 14614 

hi ss  paper / POR 14499 

hi ss  paper / POR 14434 

thi ss  paper / POR 14486 

McCormac kk et al . 2002* 

thi ss  paper / POR 14627 

thi ss  paper/PO R 14502 

thi ss  paper/PO R 14125 

thi ss  paper/PO R 14140 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

thi ss  paper/PO R 17501 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

thi ss  paper/PO R 17504 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

thi ss  paper/PO R 17500 

McCormac kk et al . 2002** 
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Hapiosclerid a a 

Hapiosclerid a a 

Hapiosclerid a a 

"Lithistida " " 

"Lithistida " " 

"Lithistida " " 

"Lithistida " " 

"Lithistida " " 

Poecilosclerid a a 

Poecilosclerid a a 

Leucosolenid a a 

(Calcarea ) ) 

Lyssacinosid a a 

(Hexactinellida ) ) 

Lyssacinosid a a 

{Hexactinellida ) ) 

Petrosiida e e 

Petrosiida e e 

Phloeodictyida e e 

Corallistida e e 

Theonellida e e 

Theonellida e e 

Theonellida e e 

Vetulinida e e 

Mycalida e e 

Mycalida e e 

Leucosoleniida e e 

Rossellida e e 

Rossellida e e 

PetrosiaPetrosia ficiformis 

XestospongiaXestospongia caminata 

AkaAka coralliphaga 

CorallistesCorallistes sp. 

DiscodermiaDiscodermia dissoluta 

TheonellaTheonella sp.1 

TheonellaTheonella sp.2 

VetulinaVetulina sp. 

MycalBMycalB (Carmia) fibrexilis 

MycateMycate (Navtculina) flagellifera 

LeucosoleniaLeucosolenia sp. 

AcanthascusAcanthascus dawsoni 

SympageltaSympagelta nux 

AF441347 7 

AF44134 8 8 

AF44134 5 5 

AJ00591 3 3 

AJ00591 4 4 

AJ00591 7 7 

AJ00591 8 8 

AJ00591 5 5 

AY02637 6 6 

AY31932 1 1 

AY02637 2 2 

AY02637 9 9 

AJ00591 2 2 

G E N B A N K K 

GENBAN K K 

G E N B A N K K 

G E N B A N K K 

GENBAN K K 

G E N B A N K K 

G E N B A N K K 

G E N B A N K K 

GENBAN K K 

Sulawesi/Indonesi a a 

G E N B A N K K 

G E N B A N K K 

G E N B A N K K 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

McCormac kk et al . 2002 

Mclnerneyetal.199 9 9 

Mclnemeye tt  al.1999 

Mclneme yy et al.1999 

Mclnemeyetal.199 9 9 

Mclnerneyetal.199 9 9 

Medin aa et al . 2001 

thi ss  paper/PO R 17503 

Vledin aa et al . 2001 

Medin aa etal . 2001 * * * 

Mclnerneyetal.199 9 9 

** as Pseudaxinella 

"" as Xestospongia 
** * * as Rhabdocalyptus 

AAr AAr 
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