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Considerable diversity abounds among sponges with respect to reproductive and developmental biology. Their ancestral sexual mode (gonochorism vs. hermaphroditism) and reproductive condition (oviparity vs. viviparity) however remain unclear, and these traits appear to
have undergone correlated evolution in the phylum. To infer ancestral traits and investigate
this putative correlation, we used DNA sequence data from two loci (18S ribosomal RNA
and cytochrome c oxidase subunit I) to explore the phylogenetic relationships of 62 sponges
whose reproductive traits have been previously documented. Although the inferred tree
topologies, using the limited data available, favoured paraphyly of sponges, we also investigated ancestral character-state reconstruction on a phylogeny with constrained sponge
monophyly. Both parsimony- and likelihood-based ancestral state reconstructions indicate
that viviparity (brooding) was the likely reproductive mode of the ancestral sponge.
Hermaphroditism is favoured over gonochorism as the sexual condition of the sponge ancestor under parsimony, but the reconstruction is ambiguous under likelihood, rendering the
ancestry of sexuality unresolved in our study. These results are insensitive to the constraint
of sponge monophyly when tracing the reproductive characters using parsimony methods.
However, the maximum likelihood analysis of the monophyletic hypothetical tree rendered
gonochorism as ancestral for the phylum. A test of trait correlation unambiguously favours
the concerted evolution of sexuality and reproductive mode in sponges (hermaphroditism/
viviparity, gonochorism/oviparity). Although testing ecological hypotheses for the pattern of
sponge reproduction is beyond the scope of our analyses, we postulate that certain physiological constrains might be key causes for the correlation of reproductive characters.
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Introduction
Sexual reproduction counts among the major forces driving
eukaryote evolution (Bernstein et al. 1981). Whereas in
unicellular eukaryotes of the genera Giardia and Trichomonas, evidence of sex comes from meiotic gene inventories
(Ramesh et al. 2005; Malik et al. 2008), sexuality in
multicellular organisms accounts for one of the most thoroughly characterised biological processes. However, one of
the conundrums of eukaryote sexuality is whether the
ancestral condition was gonochorism or hermaphroditism.
Haag (2007) proposed that mating types in unicellular
ancestors engendered the gonochoristic condition of multicellular organisms. However, ancestral land plants were
likely hermaphrodites (Barrett 2002), and hermaphroditic
strategies are also well represented in animals near the root
of Metazoa (Ghiselin 1969). A traditional view, thus deeply
rooted in the zoological literature, holds that early-branching metazoans were hermaphroditic, separate sexes being
acquired progressively through evolution (Ghiselin 1969).
But early theories on the evolution of the diverse life histories of metazoans, speciﬁcally invertebrates, were developed
in the absence of molecular phylogenetic methods
(McHugh & Rouse 1998).
Sexually reproducing metazoans can produce offspring
either by spawning or depositing unfertilised or fertilised
eggs (i.e. oviparity) or by brooding and nourishing the eggs
internally (i.e. viviparity). Both reproductive strategies are
often observed in marine benthic invertebrates (Vance
1973) and their occurrence justiﬁed using a wide array of
adaptive explanations (e.g. Ghiselin 1969; Strathmann &
Strathmann 1982). Besides the adaptive advantages of each
strategy, the link between sexuality and reproductive condition has been formally tested using parametric methods in
just a few instances (Heath 1977, 1979; Strathmann &
Strathmann 1982; McFadden et al. 2001; Kerr et al. 2011).
For example, hermaphroditism and brooding strategies are
demonstrably correlated in cnidarians (Heath 1977, 1979;
Strathmann & Strathmann 1982; McFadden et al. 2001;
Kerr et al. 2011), but this relationship is not applicable to
other groups, such as molluscs (Heller 1993). To assess the
origins and link between both strategies (sexuality and
reproductive condition) in ancestral metazoans, it is imperative to investigate other basal lineages in addition to
cnidarians, such as ctenophores and sponges.
Sponges are aquatic, sessile, diploblastic animals that lack
organs, with reproductive elements occurring throughout
the body. While gametogenesis in different sponge groups
occurs in a relatively similar fashion (Fell 1974, 1983;
Simpson 1984; Maldonado & Riesgo 2008, 2009; Ereskovsky 2010), embryogenesis is very diverse among sponge
groups, producing a plethora of larval forms (Maldonado &
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Bergquist 2002). Regarding sexual condition, sponges can
be either gonochoristic or hermaphroditic. All gonochoristic sponges investigated heretofore lack sexual dimorphism.
Among hermaphroditic sponges, simultaneous hermaphroditism (homogamy) is more common than sequential hermaphroditism (dichogamy). With respect to reproductive
condition, sponges can be either oviparous or viviparous.
In oviparous sponges, the gametes are released into the
water column, where embryonic development leads to the
formation of a free-living larva. In contrast, in viviparous
sponges, embryos are brooded in the sponge body until
their release as early zygotes or most commonly larvae (see
reviews by Fell 1974, 1983; Simpson 1984; Maldonado &
Riesgo 2008, 2009; Ereskovsky 2010).
Only recently, molecular data have been used to investigate sexuality and reproductive strategy in basal metazoans
(McFadden et al. 2001; Borchiellini et al. 2004; Kerr et al.
2011; Cardenas et al. 2012). In sponges, only the ancestry
of the reproductive strategy (i.e. oviparity/viviparity) has
been addressed, and solely for 24 taxa belonging to the
class Demospongiae (Borchiellini et al. 2004; Cardenas
et al. 2012). More importantly, these recent reconstructions
have not considered species for which the reproductive
condition differs from the general pattern observed in the
order.
Our objective was to elucidate the evolutionary history
of sexual and reproductive modes for sponges, and as a corollary, to assess whether the evolution of the sexual condition and reproductive condition is correlated in sponges.
For such purposes, we inferred a phylogeny using molecular data for 62 sponge species, most of them with known
reproductive data, following an exemplar approach (sensu
Prendini 2001), and then mapped reproductive characters
onto the tree to analyse ancestry and correlation. As there
is much debate about whether the phylum Porifera is a
monophyletic or polyphyletic taxon (Borchiellini et al.
2001, 2004; Lavrov et al. 2008; Philippe et al. 2009, 2011;
Sperling et al. 2009; Pick et al. 2010; Nosenko et al. 2013),
we mapped the reproductive characters on both competing
tree topologies and subsequently discussed the agreements
and mismatches.

Materials and methods
Sampling methods
Taxon sampling was designed to cover nearly all sponge
species for which reproductive information is available
(Table 1). A total of 43 species were collected, preserved in
70–96% ethanol and stored at 20 °C for subsequent
DNA extraction. Data about species collection are given in
Table 1. Also, sequences from nineteen additional sponge
species and ﬁve putative outgroups—Capsaspora owzarzacki
(Filasterea), Monosiga brevicollis (Choanoﬂagellata), Nemato-
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Table 1 Species included in the phylogenetic analysis and information considered in the study. Voucher accession numbers [Museum
of Comparative Zoology (MCZ) at Harvard University] are given
for the species sequenced here, and GenBank accession numbers
for all the genes included in the analysis, being the sequences generated for this study in bold letters

Sponges
Class Hexactinellida
Order Hexactinosida
Aphrocallistes vastus*
Heterochone calyx*
Order Lyssacinosida
Oopsacas minuta*
Lophocalyx profundum
Rossella nodastrella
Class Demospongiae
Order Dictyoceratida
Hippospongia lachne*
Rhopaloeides odorabile*
Spongia ofﬁcinalis*
Order Verongida
Aplysina aerophoba*
Aplysina cavernicola*
Aplysina fulva
Hexadella pruvoti
Order Chondrosida
Chondrilla australiensis*
Chondrilla nucula*
Chondrosia reniformis*
Halisarca dujardini*
Order Haplosclerida
Amphimedon compressa*
Amphimedon erina*
Calyx podatypa*
Chalinula molitba
Ephydatia ﬂuviatilis*
Eunapius fragilis*
Haliclona elegans*
Haliclona oculata*
Haliclona sarai
Haliclona xena*
Petrosia ﬁciformis*
Spongilla lacustris
Siphonochalina siphonella*
Xestospongia muta*
Order Hadromerida
Cliona viridis*
Placospongia intermedia*
Spirastrella cunctatrix*
Tethya aurantium*
Tethya citrina*
Tethya nov. sp. 1
Tethya nov. sp. 2
Suberites domuncula*
Suberites ﬁcus*
Orden Halichondrida
Acanthella acuta*

MCZ
accession

DNA105724

GenBank accession
18S

COI

JX945605
AM886405.1

JX999081
FR848901

AF207844.1
AM886391.1
AM886386.1

FR848932
FR848926
FR848921

DNA106623

EU702419.1
JX945630
AY348888.1

NC_010215.1
EU644448.1
HQ830364.1

DNA105711
DNA105710
DNA106221
DNA105706

JX945612
JX945613
JX945641
JX945636

JX999079
JX999083
JX999063
JX999067

DNA106225
DNA106226
DNA105709

JX945640
EU702413.1
AY348876.1
EU702418.1

JX999064
JX999065
JX999074
EU237483.1

JX945626
JX945627
JX945624
JX945621
AY578146.1
AF121111.1
JX945607
AY348888.1
JX945632
JX945622
JX945623
DQ167161.1
JX945610
JX945625

NO
NO
JX999086
NO
DQ167174.1
JX999059
JX999087
EF655743.1
NO
JX999085
JX999088
DQ167176.1
JX999082
JX999069

DNA105701
DNA106621
DNA105704
DNA106628
DNA106629
DNA106632
DNA106631
DNA105717

JX945634
JX945628
JX945608
JX945619
JX945620
JX945629
JX945611
AJ620112.1
AF100947.1

JX999076
JX999089
NO
JX999070
EF558570.1
JX999072
JX999071
JX999078
AJ843891.1

DNA105714

JX945606

DNA106219
DNA106220
DNA106223
DNA106224
DNA105725
DNA106275
DNA105702
DNA105733
DNA105722
DNA106625
DNA106633

JX999080
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Table 1 Continued

Sponges

Axinella damicornis*
Axinella verrucosa*
Dictyonella incisa
Dragmacidon lunaecharta
Halichondria okadai*
Hymeniacidon perlevis*
Scopalina ruetzleri*
Orden Agelasida
Agelas clathrodes*
Agelas oroides*
Order Astrophorida
Geodia barretti*
Thenea muricata*
Order Poecilosclerida
Asbestopluma
occidentalis*
Lissodendoryx
colombiensis*
Crambe crambe*
Microciona prolifera*
Mycale laxissima*
Negombata magniﬁca*
Tedania ignis*
Class Calcarea
Clathrina clathrus
Sycon coactum*
Class Homoscleromorpha
Oscarella lobularis*
Corticium candelabrum*
Outgroups
Phylum Filasterea
Capsaspora owczarzaki
Phylum Choanoﬂagellata
Monosiga brevicollis
Phylum Cnidaria
Hydra vulgaris*
Nematostella vectensis*
Phylum Ctenophora
Mertensia ovum*

MCZ
accession

GenBank accession
18S

COI

DNA106624

JX945617
GQ466050.1
AY348880.1
JX945615
AB511881.1
HM035977.1
JX945609

NO
NO
JX999084
JX999077
EF217341.1
HM035985.1
JX999075

DNA105715

AY769087.1
JX945633

DQ075720.1
JX999060

DNA105734
DNA105738

JX945638
JX945618

JX999061
JX999068

DNA105732

JX945639

JX999062

DNA105719

JX945631

JX999090

DNA105712

EF654524.1
EF092268.1
JX945616
JX945635
AY737642.1

JX999091
AJ843888.1
EF519651.1
JX999092
DQ133897.1

DNA106230
DNA105723

JX945642
JX945637

NO
NO

DNA105708
DNA105720

HM118536.1
JX945614

JX999066
JX999073

AY363957.1

NO

AF174375.1

NC_004309.1

EU876570.1
AF254382.1

NO
DQ538494.1

AF293679.1

NO

DNA105721
DNA105707
DNA106232

DNA106476

Asterisks indicate that the reproductive information for each species can be found
in Table S2. Species with no reproductive information available were collected to
balance the information included in the data set.

stella vectensis and Hydra vulgaris (Cnidaria), and Mertensia
ovum (Ctenophora)—were retrieved from NCBI (Table 1).
Reproductive data
Reproductive data for 50 sponge species, two cnidarians
and one ctenophore were obtained from the literature or
derived from personal observations (Table S1). We
collected data regarding (i) sexuality (or sexual mode) or
how investment in sex function is partitioned within an
organism; and (ii) reproductive condition, which concerns
the manner in which reproduction or mating occurs, via
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A

B

C
D

Fig. 1 Reproductive strategies in Porifera: —A–C: sexual mode, —C–D: reproductive condition. —A. Gonochorism in Raspaciona aculeata.
Oocytes are homogenously distributed throughout the entire mesohyl (scale bar 100 lm). —B. Gonochorism in Axinella damicornis. The
spermatic cysts (black arrowheads) occupy large areas of the sponge mesohyl (scale bar 100 lm). —C. Hermaphroditism and viviparity in
Corticium candelabrum. Oocytes (white arrowhead) and spermatic cysts (black arrowheads) co-occur with early-stage embryos (black arrows)
(scale bar 500 lm). —D. Brooding (viviparity) in Niphates erecta. Embryos (black arrows) and larvae (white arrows) are incubated in
brooding chambers.

internal fertilisation, broadcast spawning or brooding (Kerr
et al. 2011). We deﬁned sexuality as a binary character,
gonochorism vs. hermaphroditism (Fig. 1). As the coding
of sexuality and reproductive condition as binary characters
can be difﬁcult in some instances due to limiting published
data, we took into account only long-term studies, in which
sex reversals in the sponges were not reported. In some
species, when most individuals (even if not all) in the
studied population exhibited both sexes, we coded them as
hermaphroditic, following Fell (1983). Similarly, when a
population is predominantly hermaphroditic with few
gonochoric individuals, the latter ones have been suggested
to be transitional stages of successive hermaphrodites. The
reproductive condition was also coded as binary, oviparity
vs. viviparity (Fig. 1). Here, we considered all the broadcasting species, regardless of fertilisation occurring internally or externally, as oviparous and all the brooding
species as viviparous, because discerning between ovoviviparity and viviparity proved difﬁcult in many instances.
DNA ampliﬁcation
Total genomic DNA was extracted from tissue sample
using the DNeasy Tissue Kit (Qiagen, Valencia, CA,
USA), eluting twice with 100 lL of buffer. Molecular
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markers included a fragment of the mitochondrial gene
cytochrome c oxidase subunit I (COI) and one nuclear
ribosomal gene (complete or partial 18S rRNA). The complete 18S rRNA (ca. 1.8 kb) was ampliﬁed in three overlapping fragments of about 950, 900 and 850 bp each, using
primer pairs 1F–5R, 3F–18Sbi and 18Sa2.0–9R (primer
sequences are listed in Table S2). Additional primer pairs
were used when the previous pairs failed to amplify the
fragment: 1F–4R internal to 1F–5R, 3F-5R internal to 3F–
18Sbi, 4F-18Sbi internal to 3F–18Sbi, 4F–7R internal to
3F–9R and 5F–9R internal to 4F–9R. A fragment of
680 bp of the COI gene was ampliﬁed using the primers
LCO1490 and HCO2198, developed by Folmer et al.
(1994).
Polymerase chain reactions (PCRs) of 18S rRNA were
performed using AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA, USA) and COI with HotMaster
Taq (5PRIME, Hamburg, Germany) and a GeneAmp Multicycler Ep gradient (Eppendorf, Hamburg, Germany).
PCR programme for 18S rRNA involved an initial denaturation step (5 min at 95 °C) followed by 35 or 40 cycles
including denaturation at 95 °C for 30 s, annealing (ranging from 40 °C to 50 °C) for 30 s or 1 min and extension
at 72 °C for 1 min, with a ﬁnal extension step at 72 °C for
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7 min. For COI, the PCR started with an initial denaturation step (3 min at 94 °C) followed by 49 cycles including
denaturation at 95 °C for 30 s, annealing (ranging from
40 °C to 45 °C) for 30 s and extension at 65 °C for 3 min,
with a ﬁnal extension step at 65 °C for 7 min. PCR
products were puriﬁed using 1/3 dilutions of ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA) and bidirectionally
sequenced with the same primer pairs used for ampliﬁcation and ABI BigDye Terminator (Applied Biosystems).
The sequencing reactions involved an initial denaturation
step (5 min at 95 °C) and 30 cycles (95 °C for 10 s, 50 °C
for 5 s and 60 °C for 4 min). The BigDye-labelled PCR
products were cleaned using Performa DTR Plates (Edge
Biosystems, Gaithersburg, MD, USA). The sequence reaction products were then analysed using an ABI Prism
3730xl Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA).
Chromatograms were visualised and sequences were
assembled in Sequencher v.4.7 (Gene Codes Corporation,
Ann Arbor, MI, USA). These were compared against the
GenBank database with the BLAST algorithm (Altschul
et al. 1997). All new sequences have been deposited in
GenBank (see Table 1 for accession numbers).
Phylogenetic analyses
Bayesian inference (BI) and maximum likelihood (ML)
analyses were conducted on static alignments. Sequences
were aligned using MUSCLE ver. 3.6 (Edgar 2004) with
default parameters.
BI analyses were performed using MrBayes ver. 3.1.2
(Huelsenbeck & Ronquist 2005) with a unique GTR model
of sequence evolution (Tavare 1986) with corrections for a
discrete gamma distribution and a proportion of invariant
sites (GTR + Γ + I; Yang 1996) speciﬁed for each partition, as selected in jModelTest ver. 0.1.1 (Posada 2008)
under the Akaike Information Criterion (Posada & Buckley
2004). Two runs, each with three hot chains and one cold
chain, were conducted in MrBayes for 20 million generations, sampling every 2000th generation, using random
starting trees. The analysis was performed twice, and 25%
of the runs were discarded as burn-in after checking for
stationarity with Tracer v.1.5. (Rambaut & Drummond
2007). The remaining trees were combined to ﬁnd the
maximum a posteriori probability estimate of phylogeny.
ML analyses were conducted using RAxML ver. 7.2.7
(Stamatakis 2006) on 24 CPUs of a cluster at Harvard
University, FAS Research Computing (odyssey.fas.harvard.
edu). For the maximum likelihood searches, a unique GTR
model of sequence evolution with corrections for a discrete
gamma distribution (GTR+ Γ) was speciﬁed for each data
partition, and 500 independent searches were conducted.
Nodal support was estimated via the rapid bootstrap algo-
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rithm (1000 replicates) using the GTR-CAT model (Stamatakis et al. 2008). Bootstrap resampling frequencies were
thereafter mapped onto the optimal tree from the independent searches.
Ancestral state reconstruction
Given topological similarity between the BI and ML trees,
we performed ancestral state reconstructions on the ML
topology (henceforth, hypothesis 1) using Mesquite ver.
2.75 (Maddison & Maddison 2011). All ingroup taxa were
coded for the two binary reproductive characters: hermaphroditism vs. gonochorism and oviparity vs. viviparity, as discussed above. We then performed an ancestral characterstate reconstruction with equally weighted unordered states
under parsimony and a maximum likelihood reconstruction
using a Markov 2-state one-parameter model (Lewis 2001).
The choice of the 2-state one-parameter model reﬂects our
agnostic approach to ancestral state optimisation, insofar, as
we do not have any external evidence for differentially
weighting directionality or frequency of reproductive character-state changes across poriferan phylogeny. For this
reason, we implemented the simplest possible likelihood
model for inferring ancestral states in binary characters
with a single parameter for symmetric state changes.
Given ongoing debate on the status of poriferan monophyly, we analysed the distribution of reproductive characters not only on the tree topology favoured by our data,
but also on a competing topology showing sponge monophyly (henceforth, hypothesis 2), as suggested in other
studies (e.g. Pick et al. 2010; W€
orheide et al. 2012; Nosenko et al. 2013). For this topology, we ran RAxML ver.
7.2.7 (Stamatakis 2006) with the same parameters as before,
but we implemented a constrained monophyletic backbone
for Porifera proposed by Nosenko et al. (2013): [(Calcarea + Homoscleromorpha) (Demospongiae + Hexactinellida)]. We then coded sexuality and reproductive condition
as in the previous analyses, and reconstructed their ancestral states using parsimony and maximum likelihood models
with Mesquite ver. 2.75 (Maddison & Maddison 2011), as
in the previous analysis.
Statistical analysis of trait evolution
To investigate reproductive trait evolution, we tested for
correlation of character states for both reproductive traits
(i.e. sexuality and reproductive condition) in our phylogeny
using BayesTraits ver. 1.0 (Pagel 2007). We tested two
models of character evolution, the discrete independent
model and the discrete dependent model, and analysed trait
evolution under maximum likelihood. One hundred likelihood optimizations were run for each model.
We also analysed a smaller 54-taxon data set, in which
11 terminals lacking reproductive data were removed
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among the three other major sponge clades were not
recovered with robust support (Fig. 2). In the BI analysis,
homoscleromorphs and calcareous sponges were sister
groups (Figs S1 and S2).
Within Demospongiae, we recovered the four clades
(G1–4) initially proposed by Borchiellini et al. (2004) and
subsequently named by Cardenas et al. (2012), with high
support for both ML and BI (Fig. 2). Clades G1 (Keratosa)
and G2 (i.e. subclass Verongimorpha, former Myxospongiae) were sister groups, although the relationship showed
low support in both analyses (Fig. 2, Figs S1 and S2). G2
included members of the orders Verongida and Chondrosida. Chondrosida included the former order Halisarcida
(see also Ereskovsky et al. 2011), with Chondrosia reniformis
sister to the remaining species (Fig. 2). Clade G3 comprising the former order Haplosclerida (referred to as Haploscleromorpha in Cardenas et al. 2012) was found to be the
sister group of clade G4 (referred to as Heteroscleromorpha in Cardenas et al. 2012) (Fig. 2). The latter comprised
six monophyletic groups, reﬂecting only partially the traditional demosponge orders (Agelasida, Astrophorida, Hadromerida, Halichondrida and Poecilosclerida), and

(Table 1) to test the potential effect of missing traits for
some taxa. We reanalysed the reduced data set with the
same models and optimality criterion in BayesTraits ver.
1.0.

Results
Phylogenetic reconstruction of the phylum Porifera
The total data set contained 62 sponge species and ﬁve
outgroup taxa. The aligned small ribosomal subunit data
set comprised 2222 characters, and the cytochrome c oxidase subunit I data set included 675 characters (Table 1).
The phylogenetic analyses of the data set (a total of 2897
characters with 1249 invariable sites) analysed using maximum likelihood (ML) and Bayesian inference (BI) provided
similar topologies (Fig. 2 and Figs S1 and S2). Using the
protozoans Capsaspora owzcarzaki and Monosiga brevicollis as
outgroups, the recovered topologies resulted in metazoan
monophyly and poriferan paraphyly (Fig. 2), with the latter
divided into four major clades: Hexactinellida, Calcarea,
Homoscleromorpha and Demospongiae.
The earliest branching sponge group was Hexactinellida
in both ML and BI analyses (Fig. 2), but the relationships

Capsaspora owczarzaki

Monosiga brevicollis
100
1
100
1

*

100
1

100
1

100
1
99
1

77
0.99

Heterochone calyx
Oopsacas minuta
Lophocalyx profundum
Rosella nodastrella

Aphrocallistes vastus

Hexactinellida

Clathrina clathrus
Sycon coactum

Calcarea
Homoscleromorpha

G1
G2

G3

Demospongiae

Oscarella lobularis
Corticium candelabrum
Rhopaloeides odorabile
100
100
Hippospongia lachne
100
Spongia officinalis
100
Hexadella pruvoti
99
Aplysina fulva
100
1
Aplysina
aerophoba
1
100
96
Aplysina cavernicola
1
0.99
Chondrosia reniformis
72
Halisarca dujardini
100
0.99
100
Chondrilla nucula
1
Chondrilla australiensis
Calyx podatypa
69
Haliclona
sarai
100
92
0.98
100
Amphimedon compressa
1
1
1
Amphimedon erina
52
89
Petrosia ficiformis
0.97
0.99
Xestospongia muta
75
87
Haliclona xena
0.83
0.99
Siphonochalina siphonella
91
1 56
Haliclona oculata
66
56
Chalinula molitba
0.99
0.99
0.99
Haliclona elegans
Scopalina ruetzleri
72
100 Ephydatia fluviatilis
0.99
Spongilla lacustris
1
92
Eunapius fragilis
0.99
63
83
Dictyonella incisa
0.98
1
93
Acanthella acuta
Dragmacidon lunaecharta
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Fig. 2 Strict consensus tree of the maximum likelihood and Bayesian inference phylogenetic analyses using the combined data set (18S
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group relationship between Calcarea and Homoscleromorpha recovered with a pp = 0.82 with Bayesian inference.
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corresponded to the clades obtained by Morrow et al.
(2012). The ﬁrst clade comprised the species Scopalina
ruetzleri (family Scopalinidae, order Halichondrida) and
three species of the family Spongillidae (Fig. 2), which
were sister groups (this clade corresponds to clades C13
and C14 in Morrow et al. 2012). The following clade
contained species of the orders Halichondrida (families
Dictyonellidae and Axinellidae) and Astrophorida (families
Geodiidae and Pachastrellidae) and corresponds to the
clade containing C9, C10 and C11 in Morrow et al. (2012).
Nevertheless, it should be kept in mind that Halichondrida
and Astrophorida are very large and internally diverse taxa,
which may have been underestimated in both our sampling
and others previously published. The sequence corresponding to the axinellid Dragmacidon lunaecharta was found
close to Astrophorida (Fig. 2). The order Agelasida clustered with some species that, prior to the molecular phylogenetic inference, had traditionally been considered in the
genus Axinella, and now all together form a clade different
from that oftrue axinidellids and equivalent to that containing C6 in Morrow et al. (2012). The families Tethyidae, Clionidae, Spirastrellidae and Placospongiidae (all
belonging to the order Hadromerida, and recovered also in
clade C3 in Morrow et al. 2012) clustered together in a
clade sister to the ‘Agelasida+ ex-axinellids’ clade (Fig. 2).
Finally, two other clades were recovered as sister groups:
the ﬁrst one comprised some species from the traditional
orders Halichondrida (Halichondria okadai and Hymeniacidon
perlevis) and Hadromerida (family Suberitidae: Suberites domuncula and S. ﬁcus); the second consisted entirely of members of the order Poecilosclerida (Fig. 2). These two clades
were also equivalent to clades C1 and C5 in Morrow et al.
(2012), respectively.
Ancestral reconstruction of reproductive traits
Hypothesis 1. As bootstrap support values and posterior
probabilities are low for deep nodes (relationships
between the four Porifera classes and with the rest of
metazoans), there remain grounds for contention over the
ancestral stages inferred in the analyses for the sexual and
reproductive conditions. According to the parsimony
reconstruction, the ancestral states of sexual and reproductive conditions for metazoans were hermaphroditism and
viviparity, respectively (Fig. 3). The maximum likelihood
analysis was equivocal as to the ancestral state of sexuality
for metazoans (Fig. 4), but recovered viviparity as the
metazoan ancestral condition. For Porifera, hermaphroditism and viviparity were optimised as the ancestral state in
the parsimony analysis (Figs 3 and 5). In the maximum
likelihood reconstruction, both gonochorism and hermaphroditism showed equal probabilities as the ancestral
sexual condition of sponges; however, regarding reproduc-
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tive strategy, viviparity was unequivocally ancestral for the
phylum (Fig. 4).
For demosponges (clade containing subclades G1–4), the
reconstruction of gonochorism vs. hermaphroditism was
unequivocal in the parsimony analysis, gonochorism being
the ancestral character state (Fig. 3), also showing a slightly
higher probability in the maximum likelihood reconstruction (Fig. 4). The analyses show that hermaphroditism was
acquired independently by Halisarcidae, the members of
Haplosclerida (excluding the petrosiids P. ﬁciformis and X.
muta and also Haliclona elegans) and the subclades Scopalinidae, Clionidae, Suberitidae, and Poecilosclerida (Figs 3
and 4).
Viviparity was the exclusive condition found in Hexactinellida, Calcarea and Homoscleromorpha (Figs 3–5) and
was favoured as the ancestral condition for Demospongiae
in both maximum likelihood and parsimony analyses, in
spite of the lability of this character in the internal nodes
of Demospongiae (Figs 3–5). Oviparity was acquired independently in several groups: by clade G2, within clade G3
(here represented by the petrosiids P. ﬁciformis and X.
muta), and at the base of the clade containing groups
Axinellidae, Dyctionellidae, Astrophorida, Agelasida,
Tethyidae, Clionidae, Spirastrellidae and Placospongiidae
(Figs 2–4). The reproductive condition reverted to viviparity in Halichondriidae and Poecilosclerida (Figs 2–4). The
viviparity of the species Halisarca dujardini (included in
clade G2) was better explained as a reversion to the ancestral condition, whereas the strategy of Suberitidae (clade
G4e) most parsimoniously ﬁtted with a reversion to oviparity (Fig. 4).
Hypothesis 2. When we traced the ancestry of both characters on a tree topology enforcing sponge monophyly,
hermaphroditism appeared as the ancestral sexual condition
for metazoans using parsimony (Fig. 5) and gonochorism
using maximum likelihood (Fig. 6). Regarding the ancestral
reproductive strategy, the parsimony analysis was equivocal
on the reconstruction of either oviparity or viviparity as
ancestral (Fig. 5), while the maximum likelihood analysis
favoured viviparity as ancestral (Fig. 6). Under parsimony,
the ancestor of sponges was inferred to be hermaphroditic
(Fig. 5), whereas early in the evolution of demosponges,
sexuality switched to gonochorism (Fig. 5). Later in the
evolution of demosponges, independent reversals to
hermaphroditism occurred (in Poecilosclerida, Halisarcidae,
Thoosidae, the halichondriid Hymeniacidon perlevis, and
some petrosiids within Haplosclerida; Fig. 5). In contrast,
under maximum likelihood, the ancestor of sponges was
inferred to be gonochoristic, like the ancestor of demosponges (Fig. 6). Hermaphroditism was in turn acquired
independently by Poecilosclerida, Halisarcidae, Thoosidae,

107

Ancestral sexuality and reproductive condition in sponges



A. Riesgo et al.

Heterochone calyx
Aphrocallistes vastus
Oopsacas minuta
Lophocalyx profundum
Rosella nodastrella
Mertensia ovum
Hydra vulgaris
Nematostella vectensis
Clathrina clathrus
Sycon coactum
Oscarella lobularis
Corticium candelabrum
Rhopaloeides odorabile
Hippospongia lachne
Hexadella pruvoti
Aplysina fulva
Aplysina aerophoba
Aplysina cavernicola
Chondrosia reniformis
Halisarca dujardini
Chondrilla nucula
Chondrilla australiensis
Calyx podatypa
Haliclona sarai
Amphimedon erina
Amphimedon compressa
Xestospongia muta
Haliclona xena
Siphonochalina siphonella
Haliclona oculata
Chalinula molitba
Haliclona elegans
Scopalina ruetzleri
Eunapius fragilis
Spongilla lacustris
Acanthella acuta
Dictyonella incisa
Dragmacidon lunaecharta
Thenea muricata
Geodia barretti
Axinella verrucosa
Axinella damicornis
Agelas clathrodes
Agelas oroides
Placospongia intermedia
Cliona viridis
Spirastrella cunctatrix
Tethya aurantium
Tethya sp. nov. 2
Tethya sp. nov. 1
Tethya citrina
Halichondria okadai
Hymeniacidon perlevis
Suberites domuncula

Hermaphroditic
Gonochoristic

Mycale laxissima
Asbestopluma occidentalis
Crambe crambe
Microciona prolifera

Oviparous
Viviparous

Lissodendoryx colombiensis
Tedania ignis

Parsimony

Unknown

Fig. 3 Parsimony ancestral character-state reconstruction for both sexuality and reproductive condition.

the halichondriid Hymeniacidon perlevis and some petrosiids
within Haplosclerida (Fig. 6).
Viviparity was reconstructed as the ancestral reproductive
condition for sponges in both parsimony and maximum
likelihood analyses. Independent acquisitions of oviparity
occurred in the clade containing most G4 groups (Fig. 5),
except in freshwater sponges, which remained viviparous
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(i.e. Spongillidae). Also, in clade G2, oviparity characterised
two groups, Verongida and Chondrosida, but the analysis
still rendered viviparity as the ancestral state (Fig. 5).
Statistical analysis of trait evolution
Under an unconstrained tree topology (Figs 3 and 4), the
correlation test recovered signiﬁcant association of the two
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Fig. 4 Maximum likelihood ancestral character-state reconstruction for both sexuality and reproductive condition.

binary reproductive characters, hermaphroditism and viviparity and gonochorism and oviparity (likelihood
ratio = 15.332; P = 0.0040). The reduced 54-taxon data set
wherein reproductive data were available for at least one
character in all terminals similarly favoured a signiﬁcant correlation between the two traits (LR = 14.533; P = 0.0057).
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The correlation was weakly upheld under an alternative
tree topology (Figs 5 and 6) with enforced sponge monophyly (likelihood ratio = 8.741; P = 0.0678). However,
exclusion of terminals with complete lack of reproductive
character data recovered a strongly signiﬁcant correlation
(likelihood ratio = 16.770; P = 0.0021).
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Fig. 5 Parsimony ancestral character-state reconstruction for both sexuality and reproductive condition on the monophyletic hypothesis
obtained by constraining the monophyly of sponges (arrow) on the tree topology resulting from our maximum likelihood analysis
(Figure S1).

Discussion
Insights into sponge phylogeny
Phylogenetic reconstruction for the phylum Porifera has
proven difﬁcult with both molecular and morphological
characters (reviewed in Cardenas et al. 2012; W€
orheide
et al. 2012). Both the position of Porifera within Metazoa
and the relationships among the four major lineages of
sponges are contingent upon different molecular markers
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and evolutionary models used to infer phylogeny (e.g. Borchiellini et al. 2001, 2004; Dunn et al. 2008; Lavrov et al.
2008; Hejnol et al. 2009; Philippe et al. 2009, 2011;
Sperling et al. 2009; Pick et al. 2010; Nosenko et al. 2013).
Sponge paraphyly has commonly been reported when using
ribosomal (e.g. Borchiellini et al. 2001, 2004), nuclear
housekeeping (e.g. Sperling et al. 2009) and mitochondrial
markers (e.g. Lavrov et al. 2008). Sponge monophyly has
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Fig. 6 Maximum likelihood ancestral character-state reconstruction for both sexuality and reproductive condition on the monophyletic
hypothesis obtained by constraining the monophyly of sponges (arrow) on the tree topology resulting from our maximum likelihood
analysis (Figure S1).

been recovered in recent analyses using protein-encoding
genes for a large diversity of sponges (Philippe et al. 2009,
2011; Pick et al. 2010), but not in others (Dunn et al. 2008;
Hejnol et al. 2009). It has recently been shown that even
for the same dense taxon sampling, to conclude monophyly
or paraphyly is a matter of a particular selection of genes, a
speciﬁc choice of outgroup representatives and/or technical
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limitations for model choice (Nosenko et al. 2013). In our
combined analysis using the concatenated alignments of
18S rRNA and COI, sponges were paraphyletic (Fig. 2)—
as in prior studies exploring the same markers—and
divided into four major clades: Hexactinellida, Calcarea,
Homoscleromorpha and Demospongiae. It is important to
note that this topology might reﬂect a long-branch attrac-
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tion artefact, as neither our taxon sampling nor our selection of molecular markers was suited to resolve whether
sponges are a monophyletic or paraphyletic taxon. Our
approach was intended to place in a common phylogenetic
context those sponge species whose reproductive biology
had been investigated to date, to infer evolution of reproductive characters in the phylum and each of its main
internal clades. To this end, we investigated character evolution using both an unconstrained topology and an alternative hypothesis whereupon the monophyly of Porifera
was enforced (discussed below).
In the unconstrained phylogenetic analyses, Hexactinellida
was recovered as the sister group to all other metazoans,
including the rest of the sponges (Fig. 2), a result consistent
with those by Borchiellini et al. (2001) using 18S rRNA and
Belinky et al. (2012) using ALG11. The basal position of
Hexactinellida seems to be driven by the signal obtained
from the small ribosomal subunit (18S rRNA), characterised
by insertions that form 1 or 2 helices, depending on the taxonomic order, that proved to be phylogenetically informative
(Voigt et al. 2008). The exclusion of these insertions resulted
in the recovery of a clade containing Hexactinellida and
Dictyoceratida (data not shown), as also obtained by Belinky
et al. (2012), a result with no morphological correspondence
that has to be interpreted cautiously. Therefore, the position
of Hexactinellida might be due to a long-branch attraction
artefact caused by the gene selection strategy (see Nosenko
et al. 2013), which could not be resolved using the data sets
obtained for our analyses. The clade Calcarea + Homoscleromorpha was recovered in our BI analysis, but without
enough support (pp = 0.82; Figs S1 and S2). A potential synapomorphy for this clade is the presence of two paralogous
genes for the protein collagen type IV (Boute et al. 1996;
Leys & Riesgo 2012), which initially was thought to occur
only in eumetazoans.
Within Demospongiae, we recovered the four clades
(G1–4) initially proposed by Borchiellini et al. (2004) and
subsequently reported in several partial reconstructions of
the class (Nichols 2005; Sperling et al. 2009; Erpenbeck
et al. 2012b; Morrow et al. 2012). In clade G3 (comprising
the order Haplosclerida; Borchiellini et al. 2004), even
though the internal relationships do not correspond to the
traditional haplosclerid suborders (see also McCormack
et al. 2002; Raleigh et al. 2007; Redmond et al. 2007, 2011;
Redmond & McCormack 2008), we found a well-supported
internal clade comprised of two species of petrosiids (Petrosia ﬁciformis and Xestospongia muta; belonging to the same
suborder within Haplosclerida), both gonochoristic and
oviparous, whereas the rest of the haplosclerids are viviparous (Fig. 2 and Table 1).
Within clade G4, the basally branching clade containing
species from the families Scopalinidae (traditionally within
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Halichondrida and related to dictyonellids) and Spongillidae (traditionally considered freshwater Haplosclerida)
remains puzzling from a morphological point of view, but
it has been reported recurrently when ribosomal and mitochondrial data sets are analysed (Nichols 2005; Erpenbeck
et al. 2007a,b, 2012a,b; Redmond et al. 2007; Voigt et al.
2008; Morrow et al. 2012). Such an intriguing result refutes
the traditional view of a relationship between Spongillidae
and Haplosclerida, presumed on the basis of skeletal features, a relationship that, on the other side, appears less
likely when reproductive features are also considered. The
sperm morphology of Spongillidae (e.g. Efremova & Papkovskaya 1980; Paulus & Weissenfels 1986; Paulus 1989)
differs greatly from that of the only species of marine Haplosclerida described at the ultrastructural level, Petrosia ﬁciformis (Maldonado and Riesgo, 2009), and presents
characters similar to those found in the poecilosclerid
Crambe crambe, such as the intracellular ciliary channel
(Riesgo & Maldonado 2009). However, there are no data
on the ultrastructure of the sperm of Scopalinidae, and this
character could be of importance to shed light on the true
afﬁnity of the group, although the structure of the spermatozoa in many cases reﬂects adaptive needs and not phylogenetic history (e.g. McHugh & Rouse 1998).
The relationships we found between the remaining
subclades of G4 have also been recovered before in several analyses (Chombard & Boury-Esnault 1999; McCormack & Kelly 2002; Erpenbeck et al. 2005, 2006, 2012a,b;
Nichols 2005; Kober & Nichols 2007; Gazave et al. 2010;
Morrow et al. 2012). Unfortunately, we were not able to
include the family Raspailiidae, which clustered with the
families Stelligeridae and true axinellids (Axinellidae) in
previous analyses (Erpenbeck et al. 2007b; Morrow et al.
2012), disrupting the monophyly of Poecilosclerida, as
recently deﬁned in the Systema Porifera (Hooper & van
Soest 2002). This relationship of Raspailiidae and axinellids (sensu lato), already vindicated from morphological
sponge classiﬁcations during most of the 20th century
(e.g. Levi 1973), is also supported from the reproductive
point of view. All known poecilosclerids are hermaphroditic and viviparous (except for Neoﬁbularia nolitangere; see
Hoppe and Reichert, 1987), whereas the few investigated
members of Raspailiidae are gonochoristic and oviparous
(Riesgo & Maldonado 2008), as are some former axinellids that have recently been transferred to Agelasida by
molecular studies
Ancestral state reconstruction of reproductive traits
Hermaphroditism was recovered as the ancestral sexual
state of Porifera in the parsimony analyses, irrespective of
sponge monophyly or paraphyly. However, the likelihood
analysis in the paraphyletic hypothesis was equivocal, ren-
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dering the ancestry unresolved, while in the monophyletic
hypothesis gonochorism appeared as ancestral. The few
reproductive data available for hexactinellids indicate a hermaphroditic and viviparous condition (see Leys et al. 2007).
Given that hexactinellids predominantly inhabit deep
waters, their reproductive dynamics are poorly studied.
Both Calcarea and Homoscleromorpha are also hermaphrodites and viviparous, and their reproduction is comparatively better understood than that of hexactinellids (for
reviews see Fell 1983; Simpson 1984; Maldonado & Riesgo
2008; Ereskovsky 2010). Nearly, all studies are consistent
on the reproductive traits of homoscleromorphs (for conﬂicting results on the homoscleromorph Oscarella tuberculata see Meewis, 1938; Tuzet and Paris, 1964). For
demosponges, the analyses agreed in gonochorism being
ancestral in the group, under both parsimony and maximum likelihood reconstructions and regardless the topology (paraphyletic/monophyletic sponges) used.
Hermaphroditism has preponderantly been considered
the ancestral state for metazoans, and this has been justiﬁed
using models of evolutionary ecology (see Ghiselin 1969
for details). Among these models, the low-density model,
which appears to predict the hermaphroditic condition
among sessile animals, invokes the advantage of being able
to mate with other members of the population when the
probability of encountering a suitable mate is low (Tomlinson 1966; Ghiselin 1969). Testing whether the ancestral
metazoan was sessile, and therefore if the low-density
model applied to it, is beyond the scope of this study. But
the explanation given by Ghiselin ﬁts well with the biology
of current sponges, given their lack of motility as adults
and concomitant low probability of directly encountering a
member of the opposite sex.
In our analysis, sexuality was observed to be homoplastic.
Indeed, Simpson (1984) suggested that sex determination
in sponges might be a labile character, and most likely not
determined genetically but physiologically. This view was
mostly driven by the few ﬁndings of hermaphroditic individuals among gonochoristic populations of sponges, and
also gonochoristic individuals in hermaphroditic species
(see Simpson 1984; for a review). In Halichondria sp. (Fell
and Jacob, 1979), a whole population was gonochoristic
1 year and mostly hermaphroditic the following year. Additionally, Spongilla lacustris, a dioecious species, experienced
sex reversals when colonising a new habitat (Gilbert and
Simpson, 1976), and Halisarca dujardini has been described
both as hermaphroditic (Chen 1976) and gonochoristic
(Ereskovsky 2000). It has thus been conjectured that inconsistencies in sex determination might be caused by adaptation to new habitats during colonisations, and therefore,
sexual determination might be inﬂuenced by sex ratio (Gilbert and Simpson, 1976).
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The reproductive condition only varied among demosponges, and many assumptions regarding the diversity of
sexual reproduction strategies in sponges were based on
this demosponge variability; however, in Hexactinellida,
Calcarea and Homoscleromorpha, viviparity is the only
reproductive condition known to date. Given that this
character appeared to be more variable among demosponge
orders, Levi (1956) used it, along with other features, to
deﬁne two demosponge subclasses Ceractinomorpha and
Tetractinomorpha (viviparous vs. oviparous, respectively).
However, these subclasses are no longer sustainable, for
they showing internal inconsistencies in character distribution. In general, it appears that the reproductive mode is a
homoplastic character, which disfavours its utility for phylogenetic reconstruction. Current demosponge classiﬁcation
is built upon four major clades (G1–4), all of which were
recovered in our phylogenetic analyses. Viviparity was the
ancestral condition for demosponges regardless of the
hypothesis or analysis method. Oviparity appears to have
been acquired independently by the petrosiids in clade G3
and the clades containing the groups Axinellidae, Dyctionellidae, Astrophorida, Agelasida, Tethyidae, Clionidae,
Spirastrellidae and Placospongiidae. The reproductive condition would have been reversed again to viviparity in Halichondriidae and Poecilosclerida and in the hadromerid
Stylocordyla borealis (Sara et al., 2002). These results are in
agreement with previous partial reconstructions of the origin of the reproductive condition in demosponges (Borchiellini et al. 2004; Cardenas et al. 2012).
Correlated evolution of sexual mode and reproductive
condition
Hermaphroditism and viviparity as well as gonochorism
and oviparity were strongly correlated in sponges, as it has
been previously demonstrated for cnidarians (Kerr et al.
2011). This result was found to be largely insensitive to
topological constraint or gaps in reproductive character
data. Hypotheses on the evolution of oviparity and viviparity have been postulated for many marine invertebrates
(e.g. Thorson 1946; Menge 1975; McHugh & Rouse 1998)
and also vertebrates (e.g. Andrews 2002). When investigating the incidence of particular reproductive strategies, it is
imperative to consider a complex of interrelated factors,
such as nutrient and oxygen availability, morphological
traits, temporal and spatial settlement patterns, mortality
rates of offspring and interactions between closely related
species. The knowledge required for conclusive hypothesis
testing of ecological or evolutionary advantages of each
reproductive condition is far from complete in sponges. In
other animals, ecological advantages of brooding (i.e. viviparity) have been conjectured for small-sized individuals,
for example. echinoderms and molluscs (see Menge 1975;
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Strathmann & Strathmann 1982; Hart et al. 1997). Strathmann (1986) suggested that colonies or animals with high
surface areas are preadapted for retention and ventilation
of brooded embryos, whereas brooding is less often
observed in large solitary animals. Indeed, oxygen is a limiting factor for egg masses and embryos of marine invertebrates. For instance, brooding female crabs adopt embryo
ventilation strategies not found in non-brooding species
(Fernandez et al., 2000). The need to ventilate brooded
embryos might explain why thin encrusting sponges, like
the poecilosclerid Crambe crambe, with large surface area,
are more often viviparous. Furthermore, hexactinellid, calcareous, and homoscleromorph sponges, which are usually
thin and/or bear a substantial aquiferous system and lax
mesohyls—permitting facile oxygenation of embryos—are
exclusively viviparous. It is also important to note that
other factors, such as phylogenetic history, should be considered as well. Nevertheless, it may be kept in mind that
surface area for oxygen exchange is more related to the
internal branching structure of the aquiferous system (often
unknown) than to the external body surface. For instance,
Spirastrella cunctatrix is an oviparous species, but its body
thickness does not differ from that of viviparous sponges
such as Crambe crambe. In contrast, very thick mesohyls
and/or more limited aquiferous systems, among other factors, might have led to oviparity in some cases, such as in
Petrosiidae (here represented by Xestospongia muta and
Petrosia ﬁciformis), Axinellidae, Dyctionellidae, Astrophorida, Clionidae and Tethyidae, as well as in the orders
Chondrosida and Verongida. Also, the poecilosclerid Neoﬁbularia nolitangere is reported to be gonochoristic and
oviparous (Hoppe & Reichert 1987). But N. nolitangere has
not always been placed within Poecilosclerida (Hajdu &
van Soest 2002), and recent molecular analyses by Erpenbeck et al. (2007a) have also placed the genus Neoﬁbularia
in a non-poecilosclerid clade, along with some clionids
(Hadromerida) and the genus Svenzea (Halichondrida).
Likewise, analyses by Mitchell et al. (2011) placed the closely related genera Neoﬁbularia and Biemna outside of Poecilosclerida and related to the halichondrid lineage.
Therefore, the ‘exceptional’ reproductive pattern of Neoﬁbularia within Poecilosclerida may be either a real exception
or a taxonomic misplacement. In turn, the appearance of
viviparity in sponges possessing a thick mesohyl (like those
in the orders Dendroceratida and Dictyoceratida) is conﬂicting with our hypothesis. However, viviparity in these
groups might be explained by the large aquiferous system
often observed in their members.

Conclusion
Competing hypotheses of sponge phylogeny both favour
character-state reconstructions wherein hermaphroditism
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and viviparity were ancestral for poriferans, with several
independent acquisitions of gonochorism and oviparity in
different clades (Figs 3–5), and a few subsequent reversals
to the ancestral condition in others. The evolutionary history of the two labile characters is strongly correlated,
likely due to comparable ecological pressures on different
sponge lineages.
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