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Abstract. Because the taxonomy of marine sponges is based primarily on morphological
characters that can display a high degree of phenotypic plasticity, current classiﬁcations may
not always reﬂect evolutionary relationships. To assess phylogenetic relationships among
sponges in the order Verongida, we examined 11 verongid species, representing six genera and
four families. We compared the utility of morphological and molecular data in verongid
sponge systematics by comparing a phylogeny constructed from a morphological character
matrix with a phylogeny based on nuclear ribosomal DNA sequences. The morphological
phylogeny was not well resolved below the ordinal level, likely hindered by the paucity of
characters available for analysis, and the potential plasticity of these characters. The molecular phylogeny was well resolved and robust from the ordinal to the species level. We also
examined the morphology of spongin ﬁbers to assess their reliability in verongid sponge taxonomy. Fiber diameter and pith content were highly variable within and among species.
Despite this variability, spongin ﬁber comparisons were useful at lower taxonomic levels (i.e.,
among congeneric species); however, these characters are potentially homoplasic at higher
taxonomic levels (i.e., between families). Our molecular data provide good support for the
current classiﬁcation of verongid sponges, but suggest a re-examination and potential reclassiﬁcation of the genera Aiolochroia and Pseudoceratina. The placements of these genera highlight two current issues in morphology-based sponge taxonomy: intermediate character states
and undetermined character polarity.
Additional key words: 28S ribosomal subunit, ITS-2, spongin, Aplysina, Verongula

Marine sponges are recognized as a basal phylum
of metazoans (Hooper & van Soest 2002). The poriferan body plan is simple, consisting of a series of canals and chambers through which water is circulated.
These canals and chambers are lined by a single layer
of cells termed the choanoderm. Another single layer
of cells, the pinacoderm, separates the external environment from the internal sponge environment.
Between the pinacoderm and choanoderm is the
mesohyl, forming the main body of the sponge and
consisting of connective tissue, spongin ﬁbers, and
inorganic matter (e.g., spicules and sand particles,
Bergquist 1978). Adult sponges do not exhibit organization beyond the cellular level because these ‘‘tissue’’ layers lack basal laminae (Degnan et al. 2005).
Owing to this simplistic body plan and cellular organization, many sponge phenotypes are plastic and
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vary with respect to environmental, rather than genetic, factors (Niegel & Schmahl 1984; Palumbi 1984).
The low number of informative characters and high
degree of phenotypic plasticity found in sponge anatomy has hindered traditional taxonomic and systematic efforts (Hooper & van Soest 2002). Although the
limitations of a purely morphological sponge classiﬁcation system have been recognized for nearly half a
century (Levi 1957), current sponge classiﬁcations are
based primarily on morphological characters, often
using only one or two diagnostic characters to deﬁne a
taxon (Hooper & van Soest 2002).
Molecular data have been used more recently to
resolve the relationships among sponge taxa and can
have several advantages over morphological data
(Borchiellini et al. 2000). Nuclear ribosomal DNA
(rDNA) has been most commonly used in poriferan
phylogenetics, with the more conserved 18S rDNA
region used in the resolution of higher taxonomic
levels (e.g., paraphyly of sponges, Borchiellini et al.
2001), the variable 28S rDNA region used for lower
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taxonomic levels (e.g., inter-ordinal relationships,
Erpenbeck et al. 2004), and the highly variable internal transcribed spacer (ITS) regions used at the
lowest taxonomic levels (e.g., intra-speciﬁc variation,
Wörheide et al. 2002). In addition to rDNA, other regions of the poriferan genome are being explored for
their phylogenetic utility, including mitochondrial
DNA (Erpenbeck et al. 2002; Duran et al. 2004b;
Nichols 2005), microsatellite loci (Duran et al. 2002,
2004a), and nuclear protein-coding genes (Erpenbeck
et al. 2005).
In previous studies, the amount of congruence observed between molecular and morphological data
sets has varied among different types of molecular
data and among sponge taxa. An analysis of several
species of Chondrilla from Mediterranean and Atlantic populations using allozyme electrophoresis and
spicule dimensions found evidence for ﬁve distinct
species based on molecular evidence, with no consistent variation in spicule dimensions among the ﬁve
species (Klautau et al. 1999). A similar study of species of Chondrilla from Australia, using rDNA sequence data and spicule dimensions, found evidence
for three distinct species based on both molecular and
morphological evidence (Usher et al. 2004). Studies
of other sponge taxa using rDNA sequence data and
morphological data suggest some congruence between traditional classiﬁcations and rDNA phylogenies (Chombard et al. 1998; Alvarez et al. 2000).
These studies also demonstrate potential difﬁculties
in the assessment of the homology of morphological
characters (Alvarez et al. 2000) and suggest alternate
views of morphological character homology and
homoplasy based on DNA sequence data (Chombard et al. 1998). Predicting which morphological
characters accurately reﬂect evolutionary relatedness
(i.e., those exhibiting variation based on genetic
factors) and which characters do not has proven
difﬁcult in sponge taxonomy. The use of molecular
data in conjunction with traditional morphological
analyses may provide a means of elucidating which
morphological characters are homologous and diagnostic and which are homoplasic and uninformative
(Alvarez et al. 2000; Hart et al. 2004).
Based on morphological and biochemical analyses,
verongid sponges form a cohesive and distinct order
of marine sponges. Verongid sponges lack a mineral
skeleton and instead have a heavily collagenous mesohyl supported by spongin ﬁbers that exhibit a granulated ‘‘pith’’ interior and a laminated ‘‘bark’’
exterior (Bergquist 1978). These spongin ﬁber skeletons may either be anastomizing (reticulated) or dendritic (branching). Verongid sponges also produce a
suite of secondary metabolites, termed bromotyro-
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sine derivatives, found only within the order Verongida (Bergquist & Cook 2002). Although clearly
delineated from other sponge orders, the intraordinal relationships among verongid sponges are
less studied and more difﬁcult to resolve.
The order Verongida is comprised of four families,
distinguished almost exclusively by the structure and
composition of their spongin ﬁbers (Bergquist & Cook
2002). Aplysinidae is the largest verongid family, consisting of 26 species from three genera (Aplysina,
Verongula, and Aiolochroia), and is deﬁned by an
anastomizing ﬁber skeleton with both pith and bark
elements. Ianthellidae is the second largest verongid
family, consisting of 12 species from three genera
(Ianthella, Anomoianthella, and Hexadella), and is distinguished from other verongid families by the presence
of eurypylous choanocyte chambers. Aplysinellidae
consists of nine species from three genera (Aplysinella,
Porphyria, and Suberea) and is deﬁned by a dendritic
ﬁber skeleton with both pith and bark elements. Pseudoceratinidae consists of four species from a single genus (Pseudoceratina) and is deﬁned by a dendritic ﬁber
skeleton with only pith elements. Sponges within the
family Aplysinidae are primarily distributed in the
Caribbean and Mediterranean regions, whereas the
remaining three families are widespread in the IndoPaciﬁc region (Bergquist & Cook 2002).
To resolve the intra-ordinal relationships among
verongid sponges, we used both morphological and
molecular phylogenetic analyses of samples representing all four families, with a focus on Caribbean
species. To assess the taxonomic utility of spongin ﬁber characteristics, we analyzed variability in total ﬁber diameter and pith content within and among
species, and compared these results with the molecular phylogeny. We used three specimens of Chondrilla
nucula SCHMIDT 1862 (order Chondrosida, family
Chondrillidae) and three specimens of Smenospongia
aurea (HYATT 1878) (order Dictyoceratida, family
Thorectidae) as outgroup comparisons for our analyses. Recent molecular phylogenies of sponge orders
suggest that Chondrosida is the most closely related
order to Verongida (Nichols 2005), whereas traditional morphological systematics place Verongida
closest to the other ‘‘keratose’’ (spicule-free) orders:
Dictyoceratida and Dendroceratida (van Soest 1978).

Methods
Sample collection
We examined the verongid sponge species Aiolochroia crassa (HYATT 1878), Aplysina aerophoba
NARDO 1834, Aplysina cauliformis (CARTER 1882),
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Aplysina ﬁstularis (PALLAS 1766), Aplysina fulva
(PALLAS 1766), Aplysinella rhax (DE LAUBENFELS
1954), Ianthella basta (PALLAS 1766), Pseudoceratina
arabica (KELLER 1889), Verongula gigantea (HYATT
1875), Verongula reiswigi (ALCOLADO 1984), and
Verongula rigida (ESPER 1794). Additionally, we examined Smenospongia aurea (order Dictyoceratida)
and Chondrilla nucula (order Chondrosida) as outgroup species. Sponge samples were collected by
SCUBA at the Caribbean Marine Research Center,
Lee Stocking Island, Bahamas, during the summer of
2001 and fall of 2003; at the University of Guam
Marine Laboratory during the summer of 2000 and
2002; at the Coral Reef Research Foundation,
Koror, Palau, during the summer of 2003; at La
Tixera, Spain, during the summer of 2002; and at
Gray’s Reef National Marine Sanctuary, during the
summer of 2004 (Table 1). Each sponge was photographed in situ, and descriptive notes were taken
during the collection and processing of all sponge
samples. Samples were divided in half and preserved
separately in RNAlater (Ambion, Austin, TX)
for molecular analyses, and 70% ethanol, for
morphological analyses. Sponge identiﬁcations were
veriﬁed by Dr. M. Cristina Diaz (Smithsonian
Institution) using external morphology (shape, color, surface texture, and oscula) and skeletal characteristics (ﬁber diameter, pith content, mesh diameter,
and mesh area).

Spongin ﬁber analysis
Sponge samples preserved in 70% ethanol were
digested using a 50% bleach solution, then rinsed
with deionized water, and preserved in 95% ethanol.
Whole spongin skeletons were examined using light
microscopy for branching patterns and ﬁber arrangement. For each individual, ten separate spongin
ﬁbers were removed from the skeleton and examined
using light microscopy with 200 magniﬁcation
with a compound microscope. For each ﬁber, the
total diameter and pith diameter were measured.
Percentage pith was calculated by dividing the pith
diameter by the total ﬁber diameter. Before statistical
analyses, data were ranked-transformed to meet the
assumptions of normality and homogeneity of variances. Nested analyses of variance (individuals nested within species) were used to compare spongin
ﬁber measurements among species. To assess the
signiﬁcance of inter-speciﬁc differences, post hoc pairwise comparisons of mean differences were conducted with a Bonferroni correction (Sokal & Rohlf
1995).
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Morphological analysis
Thirteen traditional morphological characters (55
total character states) were used to construct a morphological character matrix. Field and specimen observations used as characters included growth form,
surface texture, aerophobicity, inclusion of debris in
the mesohyl, and oscular arrangement (Fig. 1A–F).
Other characters used in the analysis were determined
by light microscopy, including skeletal arrangement,
spongin ﬁber specialization (i.e., primary and/or secondary ﬁber structure; Bergquist 1978), and the presence/absence of spongocytes within spongin ﬁbers
(Fig. 1J–L). Information on choanocyte chamber
morphology (diplodal or eurypylous) and mesohyl
composition (heavy or light collagen content) was
taken from Hooper & van Soest (2002). Spongin ﬁber
diameter, pith diameter, and percentage pith data
from the spongin ﬁber analysis were coded into the
matrix with statistically different values representing
unique character states. A numerical coding scheme
was created for each morphological character (Table
2). From the coding scheme, a morphological matrix
was created for phylogenetic analysis (Table 3).

DNA extraction and PCR ampliﬁcation
Genomic DNA from 44 sponge samples (representing 13 species; Table 1) preserved in RNAlater
(Ambion) was extracted using the Wizard Genomic
DNA Puriﬁcation Kit (Promega, Madison, WI) and
cleaned using the Wizard DNA Clean-Up System
(Promega), following the manufacturer’s protocol.
The sponge-speciﬁc oligonucleotide primers SP58bF
and SP28cR (Thacker & Starnes 2003) were used to
amplify a segment of nuclear ribosomal DNA corresponding to the second ITS (ITS-2) region (214–
268 bp) and the 50 end of the 28S subunit (350–
358 bp) for all verongid and outgroup samples. The
total PCR reaction volume was 50 mL, including
25 pmol of each primer, 10 nmol of each dNTP, 1
MasterTaq PCR Buffer (Eppendorf), and 1 TaqMaster additive (Eppendorf, Westbury, NY). Thermocycler reaction conditions were an initial
denaturing time of 2 min at 941C, followed by the
addition of 0.5 U MasterTaq DNA polymerase
(Eppendorf), then 34 cycles of 0.5 min at 941C,
0.5 min at 541C, and 1.5 min 721C, and a ﬁnal extension time of 2 min at 721C. PCR reactions were repeated in triplicate to increase amplicon yield; pooled
PCR reactions were gel-puriﬁed and cleaned using
the Wizard PCR Preps System (Promega) following
the manufacturer’s protocol. PCR products were
cloned using the pGEM-T Easy Vector System
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Table 1. Classiﬁcation, collection location, and GenBank accession numbers for sponge samples used in this study.
Numbers in parentheses identify multiple individuals of a single species collected from the same location.
Order
Verongida

Family
Aplysinidae

Genus

Species

Aplysina

aerophoba

Aplysina

cauliformis

Aplysina

ﬁstularis

Aplysina

fulva

Aiolochroia

crassa

Verongula

gigantea

Verongula

reiswigi

Verongula

rigida

Pseudoceratinidae

Pseudoceratina

arabica

Ianthellidae

Ianthella

basta

Aplysinellidae

Aplysinella

rhax

Chondrosida

Chondrillidae

Chondrilla

nucula

Dictyoceratida

Thorectidae

Smenospongia

aurea

ID code
LT-S(1)
LT-S(2)
WM-B
BW-B
SR-B
WH-B
WH-B(1)
WH-B(2)
RG-B
BP-B
NN-B
WM-B
SR-B
BP-B
NN-B(1)
NN-B(2)
BW-B(1)
BW-B(2)
WH-B
WH-B
BP-B(1)
BP-B(2)
WH-B(1)
WH-B(2)
WH-B(3)
WH-B(1)
WH-B(2)
RG-B
NL-P(1)
NL-P(2)
NB-P(1)
NB-P(2)
SM-G(1)
SM-G(2)
SM-G(3)
NP-P
KC-P
WC-P
MS-GR
RT-GR
TI-BE
RG-B
WM-B
SR-B

Location

GenBank no.
f

La Tixera, Spain
La Tixera, Spainf
Washing Machineb
Bock Wallb
Shark Rockb
White Horseb
Washing Machineb
Washing Machineb
Rainbow Gardensb
Big Pointb
North Norman’sb
Washing Machineb
Shark Rockb
Big Pointb
North Norman’sb
North Norman’sb
Bock Wallb
Bock Wallb
White Horseb
White Horseb
Big Pointb
Big Pointb
White Horseb
White Horseb
White Horseb
White Horseb
White Horseb
Rainbow Gardensb
Ngeruktabl Lakec
Ngeruktabl Lakec
Neco Bayc
Neco Bayc
Sponge Moundd
Sponge Moundd
Sponge Moundd
Ngerikuul Passc
KB Channelc
Wonder Channelc
Monitoring Site Ie
R2 Towere
Trunk Islanda
Rainbow Gardensb
Washing Machineb
Shark Rockb

DQ411443
DQ411444
DQ411442
DQ411440
DQ411438
DQ411441
DQ411439
DQ411436
DQ411435
DQ411437
DQ411433
DQ411432
DQ411434
DQ411431
DQ411420
DQ411423
DQ411422
DQ411421
DQ411424
DQ411449
DQ411450
DQ411451
DQ411457
DQ411455
DQ411456
DQ411454
DQ411452
DQ411453
DQ411445
DQ411446
DQ411447
DQ411448
DQ411425
DQ411426
DQ411427
DQ411429
DQ411428
DQ411430
DQ411462
DQ411461
DQ411463
DQ411460
DQ411459
DQ411458

a

Bermuda.
Lee Stocking Island, Bahamas.
c
Palau.
d
Guam.
e
Gray’s Reef National Marine Sanctuary.
f
Spain.
b

(Promega); plasmids were harvested using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA).
Three separate clones were sequenced for one sam-

ple from specimens of A. cauliformis, A. ﬁstularis,
and A. fulva to screen for multiple copies of the ITS-2
region. For subsequent analyses, a consensus
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Fig. 1. Photographs and micrographs of representative sponge morphological characters. A. The verongid sponge
Aplysina ﬁstularis exhibited the tubular growth form. B. The verongid sponges Aplysina cauliformis (left) and Aplysina
fulva (right) exhibiting the rope-like growth form. C. The verongid sponge Verongula gigantea displaying the turbinate
growth form. D. The dictyoceratid sponge Smenospongia aurea displaying the ramose growth form and pitted surface
texture. E. Verongula gigantea displaying the honeycomb surface texture. F. The verongid sponge Aiolochoria crassa
displaying the conulose surface texture. G, H. Spongin ﬁbers of A. ﬁstularis and A. crassa, respectively, showing pith (pi)
and bark (bk) elements. I. Spongin ﬁbers of Ianthella basta showing spongocytes (sp). J, K. Reticulated ﬁber skeleton of
V. gigantea and A. ﬁstularis, respectively. L. Dendritic (i.e., branching) ﬁber skeleton of A. crassa.

sequence was created incorporating information
from all clones, with polymorphic sites coded using
IUPAC multiple base pair codes (e.g., clone 1 with
‘‘C’’1clone 2 with ‘‘T’’ 5 consensus with ‘‘Y’’).
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Forward and reverse sequencing reactions were
performed for each sample at the University of
Alabama at Birmingham Center for AIDS Research
DNA Sequencing Core Facility.
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Table 2. Morphological characters and character states used to create the morphology matrix and indices of congruence
for each character when mapped onto the molecular phylogeny (CI, consistency index; RI, retention index). Spongin ﬁber
diameter, pith diameter, and pith percentage data are from the spongin ﬁber analysis (see Fig. 2). —, unused character
states.
Character

1. Growth form
2. Surface texture

Character states
0

1

2

Mound
Smooth

Tubular
Finely
conulose
No
Dendritic
No

3

Congruence
4

5

6

Rope-like Turbinate
Fan
Encrusting Massive
Conulose Ridged Honeycomb
Pitted
—

3. Aerophobic
Yes
—
4. Fiber skeleton Reticulated
Absent
5. Debris in
Yes
—
mesohyl
6. Fiber
Primary
Primary/
Absent
specialization
secondary
7. Oscular
Single
Row
Staggered
arrangement
Diplodal Eurypylous Aphodal
8. Choanocyte
chambers
9. Spongocytes
Yes
No
—
in ﬁbers
10. Collagen in
Heavy
Light
—
mesohyl
11. Fiber
A
B
CDE
diameter
12. Pith
A
B
C
diameter
13. Pith percentage
A
B
C

Sequence analysis and alignment
Forward and reverse sequences were compared using Sequencher (Gene Codes, Ann Arbor, MI) to ensure the accuracy of sequencing results, yielding a

CI

RI

0.75
0.67

0.33
0.50

—
—
—

—
—
—

—
—
—

—
—
—

1.00
0.67
1.00

1.00
0.50
0.00

—

—

—

—

1.00

0.00

Apical

Random

—

—

0.50

1.00

—

—

—

—

1.00

0.00

—

—

—

—

1.00

0.00

—

—

—

—

1.00

0.00

F

G

H

—

0.83

0.50

D

E

F

G

1.00

1.00

D

E

F

—

1.00

1.00

ﬁnal consensus sequence. Consensus sequences were
aligned in Clustal X (Thompson et al. 1997) using ﬁve
different gap opening and gap extension costs (8/2,
8/4, 20/2, 24/4, and 24/6) to assess the effects of
alignment parameters on tree topology (Hedin &

Table 3. Morphological character matrix used in phylogenetic analysis. Dashes (—) represent missing or unavailable
character states.
Species

Aiolochroia crassa (n 5 5)
Aplysina aerophoba (n 5 2)
Aplysina cauliformis (n 5 3)
Aplysina ﬁstularis (n 5 3)
Aplysina fulva (n 5 3)
Aplysinella rhax (n 5 3)
Ianthella basta (n 5 3)
Pseudoceratina arabica (n 5 4)
Smenospongia aurea (n 5 3)
Verongula gigantea (n 5 3)
Verongula reiswigi (n 5 3)
Verongula rigida (n 5 3)
Chondrilla nucula (n 5 3)

Character number
1

2

3

4

5

6

7

8

9

10

11

12

13

0
0
2
1
2
6
4
2
0
3
1
0
5

3
0
0
0
0
2
1
3
4
5
5
5
0

0
0
0
0
0
0
0
0
1
0
0
0
1

1
0
0
0
0
1
0
1
0
0
0
0
2

1
1
1
1
1
1
1
0
1
1
1
1
1

0
0
0
0
0
0
0
0
1
0
0
0
2

3
3
1
0
2
3
4
4
3
0
4
3
4

0
0
0
0
0
0
1
0
0
0
0
0
2

1
1
1
1
1
1
0
1
1
1
1
1
1

0
0
0
0
0
0
0
0
1
0
0
0
0

1
5
4
4
3
0
2
2
—
2
2
4
—

0
4
5
5
5
—
3
6
—
2
1
3
—

3
2
5
5
5
—
4
0
—
3
1
1
—
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Table 4. Nested analyses of variance for total ﬁber diameter, pith diameter, and pith percentage. All three ﬁber characteristics displayed signiﬁcant variation among and within sponge species. Analyses were performed on rank-transformed data with individuals nested within species.
Variable

Source

Sum of squares

df

Mean square

F-ratio

p

Fiber diameter

Species
Individual (within species)
Error

7,941,465
212,228
381,246

10
27
342

794,147
7860
1115

712.396
7.051

o0.001
o0.001

Pith width

Species
Individual (within species)
Error

3,179,937
140,330
235,509

9
25
315

353,326
5613
748

472.584
7.508

o0.001
o0.001

Pith percentage

Species
Individual (within species)
Error

2,901,586
334,636
329,891

9
25
315

322,398
13,385
1047

307.846
12.781

o0.001
o0.001

Maddison 2001; Arnedo et al. 2004). Three specimens of C. nucula (order Chondrosida, family Chondrillidae) and three specimens of S. aurea (order
Dictyoceratida, family Thorectidae) were used as
outgroup comparisons for all alignments. An elision
matrix was created in BioEdit (Hall 2000) by combining all alignments (Wheeler et al. 1995). Topological congruence was calculated as the number of
nodes in common between the consensus tree of
each alignment and the elision matrix. The gap opening/gap extension alignment most closely resembling
the topology produced by the elision matrix (opening
cost: 24, extension cost: 4) was chosen for subsequent
phylogenetic analyses. This ﬁnal alignment is available from the authors upon request.

(Kumar et al. 2004) with the Kimura two-parameter
model of nucleotide substitution. Data were resampled using 1000 bootstrap replicates. To compare the
congruence between the morphological and molecular phylogenies, a partition homogeneity test (PHT)
was conducted in PAUP4.0. Additionally, each
morphological character was mapped onto the
molecular phylogeny in MacClade 3.07 (Maddison
& Maddison 1997). Congruence between each character and the molecular phylogeny was evaluated by
examining the degree of homoplasy (consistency index; CI) and synapomorphy (retention index; RI).

Results
Spongin ﬁber analysis

Phylogenetic analysis
The morphology matrix and DNA sequence alignment were analyzed using the maximum parsimony
(MP) criterion in PAUP4.0 (Swofford 1998). In all
data sets, gaps were treated as missing data, because
treating gaps as ﬁfth character states did not signiﬁcantly affect the topology of the resulting phylogenies. For each data set, a heuristic search was
performed with 100 random additions, a maximum
of ten trees retained at each step, and an overall maximum of 1000 trees. The stepwise addition and tree
bisection reconnection algorithms were implemented
with default settings. The data were resampled using
100 bootstrap replicates. The DNA sequence alignment was also analyzed using the maximum likelihood (ML) criterion in PAUP4.0. MODELTEST
3.06 (Posada & Crandall 1998) was used to select a
model of DNA substitution. ML analysis was performed using a heuristic search; data were resampled
using 100 bootstrap replicates. Neighbor-joining
(NJ) analysis was performed using MEGA 3.1
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Verongid sponges displayed a wide range of ﬁber
diameters, pith diameters, and pith percentages
(Table 4, Fig. 2). Among the Caribbean species of
Aplysina, members of Aplysina fulva had a signiﬁcantly greater ﬁber diameter than those of both Aplysina ﬁstularis (po0.001) and Aplysina cauliformis
(po0.001). The absolute pith diameter and percentage of total ﬁber diameter were not signiﬁcantly
different among the three species of Aplysina. The
Mediterranean species Aplysina aerophoba was clearly differentiated from the Caribbean species of Aplysina and exhibited a signiﬁcantly lower ﬁber diameter
(po0.001), a higher pith diameter (po0.001), and a
higher pith percentage (po0.001) than the three Caribbean species of Aplysina. Specimens of Aiolochroia
crassa had signiﬁcantly larger ﬁber and pith diameters than all other verongid species, except Aplysinella
rhax (po0.001), but the same pith percentage as
Verongula gigantea (p 5 1.00). Among the species
of Verongula, specimens of Verongula reiswigi and
V. gigantea had a larger ﬁber diameter than those
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Sponge Species
of Verongula rigida (po0.001), and all three species
varied signiﬁcantly in pith diameter (po0.05). Individuals of V. reiswigi and V. rigida displayed no signiﬁcant difference in pith percentage (p 5 1.00), both
signiﬁcantly larger than in V. gigantea (po0.001). In
Pseudoceratina arabica, ﬁber diameter was similar to
that in V. reiswigi (p 5 1.00), but with the highest pith
percentage of all verongid species (po0.001). Members of Ianthella basta had a ﬁber diameter similar to
that of V. gigantea (p 5 1.00) and a pith diameter
similar to that in V. rigida (p 5 0.556). In A. rhax, a
signiﬁcantly larger ﬁber diameter was exhibited than
in all other verongid species (po0.001); however,
sand grains covering the ﬁber surface prevented the
measurement of pith content in this species.

Morphological phylogeny
Phylogenetic analysis of the morphological character matrix produced a single most parsimonious

Fig. 2. Comparisons of mean spongin
ﬁber diameter (A), pith diameter (B),
and pith content as a percentage of
total diameter (C) for 11 verongid
sponge species. Numbers in parentheses
indicate the number of individuals
examined. For each individual, ten
separate ﬁbers were measured. Error
bars represent 71 SE. For each
comparison, different letters above bars
represent signiﬁcantly different means.
Pith content was not discernable for
Aplysinella rhax ().

tree (tree length 5 71, CI 5 0.5634, homoplasy index
[HI] 5 0.4366, RI 5 0.8063; Fig. 3). All 13 characters
in the data set were parsimony informative. Verongid
sponges and Chondrilla nucula formed a monophyletic clade (94% bootstrap support) with respect to
Smenospongia aurea. Within the verongid1C. nucula
clade, A. fulva and A. cauliformis formed a weakly
supported monophyletic clade (50% bootstrap support), and all species, except A. ﬁstularis and V. rigida,
formed monophyletic species-level clades with moderate to strong bootstrap support (70–100%).

Molecular phylogeny
The overall alignment of the ITS-2/28S rDNA region contained 638 bp, with 355 variable characters,
of which 347 were parsimony informative. The
aligned ITS-2 region of rDNA (278 bp; 78.78% parsimony-informative characters) exhibited a higher
percentage of parsimony-informative characters
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Aiolochroia crassaNN-B(1)
Aiolochroia crassaNN-B(2)
Aiolochroia crassaBW-B(1)
Aiolochroia crassaBW-B(2)
Aiolochroia crassaWH-B
81 Aplysina aerophobaLT-S(1)
Aplysina aerophobaLT-S(2)
Aplysina cauliformisWM-B
Aplysina cauliformisBW-B
50 Aplysina cauliformisSR-B
Aplysina cauliformisWH-B
Aplysina fulvaNN-B
77 Aplysina fulvaWM-B
Aplysina fulvaSR-B
Aplysina fulvaBP-B
Aplysina fistularisWM-B(1)
Aplysina fistularisWM-B(2)
Aplysina fistularisRG-B
Aplysina fistularisBP-B
Aplysinella rhaxNP-P
85
Aplysinella rhaxKC-P
Aplysinella rhaxWC-P
Ianthella bastaSM-G(1)
99
Ianthella bastaSM-G(2)
Ianthella bastaSM-G(3)
Pseudoceratina arabicaNL-P(1)
96 Pseudoceratina arabicaNL-P(2)
Pseudoceratina arabicaNB-P(1)
Pseudoceratina arabicaNB-P(2)
Verongula giganteaWH-B
87 Verongula gigantea
BP-B(1)
Verongula giganteaBP-B(2)
Verongula reiswigiWH-B(1)
63
Verongula reiswigiWH-B(2)
Verongula reiswigiWH-B(3)
Verongula rigidaWH-B(1)
Verongula rigidaWH-B(2)
Verongula rigidaRG-B
Chondrilla nuculaMS-GR
100
Chondrilla nuculaRT-GR
Chondrilla nuculaTI-BE
70

94

Smenospongia aureaRG-B
Smenospongia aureaWM-B
Smenospongia aureaSR-B
1 change

Order
Verongida

Outgroup
(Order Chondrosida)

Outgroup
(Order Dictyoceratida)

Fig. 3. Phylogeny resulting from maximum parsimony analysis of the morphology matrix. Numbers on nodes represent
bootstrap percentages after 100 replicates. The scale bar depicts the number of character changes associated with
horizontal branch distance.

compared with the aligned 50 end of the 28S subunit
(360 bp; 35.56% parsimony-informative characters).
All verongid species exhibited 33.5–40.0% sequence
divergence from outgroup taxa in the ITS-2 region
and 15.0–19.4% sequence divergence from outgroup
taxa in the partial 28S subunit.
Low levels of intragenomic variation were revealed
by screening multiple clones per individual sample of
the Caribbean species of Aplysina. In A. cauliformis
and A. fulva, a similar number and percentage of
polymorphic sites in the ITS-2 region and partial 28S
subunit was exhibited; however, specimens of A. ﬁstularis exhibited a higher number and percentage of
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polymorphic sites than those of A. cauliformis and
A. fulva in the ITS-2 region, and no polymorphic sites
in the partial 28S subunit (Table 5).
Phylogenetic analysis of the ITS-2/28S segment by
MP, ML, and NJ analyses produced trees with
nearly identical branching patterns (Fig. 4). MP
analysis produced one most parsimonious tree
(tree length 5 637, CI excluding uninformative
characters 5 0.7917, HI excluding uninformative
characters 5 0.2083, RI 5 0.9447). The best-ﬁt ML
model selected by hierarchical likelihood ratio tests
was Tamura–Nei (Tamura & Nei 1993) with a g distribution of substitution rates among sites (TrN1G).
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Aplysina fistularisRG-B
Aplysina fistularisWM-B(2)
Aplysina cauliformisSR-B
Aplysina fistularisBP-B
Aplysina fistularis WM-B(1)

Aplysina cauliformis WH-B
85/62/97 Aplysina cauliformis
BW-B

76/75/65

Aplysina cauliformis WM-B

Aplysinidae (Aplysina)

Aplysina fulva BP-B

100/78/100 Aplysina fulva NN-B
Aplysina fulva WM-B(2)

55/**/64

Aplysina fulva SR-B
Aplysina aerophoba LT-S(2)
87/85/99

52/**/78

Aplysina aerophoba LT-S(1)

Pseudoceratina arabica NB-P(1)
100/100
100 Pseudoceratina arabica NB-P(2)
Pseudoceratina arabica NL-P(1)
Pseudoceratina arabica NL-P(2)

85/59
99

Verongula gigantea WH-B
Verongula gigantea BP-B(2)

89/82/91

Verongula gigantea BP-B(1)
79/63/99

Verongula reiswigi WH-B(1)

Aplysinidae (Verongula)
+
Pseudoceratinidae

Verongula reiswigi WH-B(3)
99/85/100 Verongula reiswigi
WH-B(2)

100/**/99

Verongula rigida WH-B(2)
Verongula rigida WH-B(1)

56/54/**

Verongula rigida SR-B
Aiolochroia crassa NN-B(1)
63/94/54
100/94/100

Aiolochroia crassa BW-B(1)
Aiolochroia crassa NN-B(2)
Aiolochroia crassa BW-B(2)
Aiolochroia crassa WH-B

57/**/84

Ianthella basta SM-G(3)
100/100/100

Ianthella basta SM-G(2)
Ianthella basta SM-G(1)

**/**/59

(Aiolochroia)
+
Ianthellidae
+
Aplysinellidae

Aplysinella rhax WC-P

99/70/99 Aplysinella rhax KC-P
77/**/65 Aplysinella rhax NP-P
C. nucula TI-BE
100/100/100 C. nucula MS-GR
C. nucula RT-GR
S. aurea RG-B
100/100/100 S. aurea WM-B
93/**/75 S. aurea SR-B

Outgroup
(Order Chondrosida)
Outgroup
(Order Dictyoceratida)

Fig. 4. Phylogeny resulting from neighbor-joining analysis of the ITS-2/28S rDNA segment. Numbers on nodes represent
maximum parsimony/maximum likelihood/neighbor-joining bootstrap percentages after 100, 100, and 1000 replicates,
respectively. Bootstrap values o50% are denoted with a double asterisk (). The scale bar depicts the number of
character changes associated with horizontal branch distance. Subscript text next to species names refers to the collection
location; numbers in parentheses identify multiple individuals of the same species from the same site.
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Smenospongia aurea

A

Aiolochroia crassa

Smenospongia aurea

B

Aiolochroia crassa
Ianthella basta

Ianthella basta

Aplysinella rhax

Aplysinella rhax

Aplysina fulva

Aplysina fulva
Aplysina fistularis

Aplysina fistularis

Aplysina cauliformis

Aplysina cauliformis

Aplysina aerophoba

Aplysina aerophoba
A
B
CDE
F
G
H
Equivocal

Pseudoceratina arabica
Verongula gigantea
Reticulated
Dendritic
No Fibers
Equivocal

Verongula rigida
Verongula reiswigi
Chondrilla nucula
Smenospongia aurea

C

Aiolochroia crassa

Verongula gigantea
Verongula rigida
Verongula reiswigi
Chondrilla nucula
Smenospongia aurea

D

Aiolochroia crassa

Ianthella basta

Ianthella basta
Aplysinella rhax

Aplysinella rhax

Aplysina fulva

A
B
C
D
E
F
G
Equivocal

Pseudoceratina arabica

Aplysina fulva

Aplysina fistularis

Aplysina fistularis

Aplysina cauliformis

Aplysina cauliformis

Aplysina aerophoba

Aplysina aerophoba

Pseudoceratina arabica
Verongula gigantea
Verongula rigida
Verongula reiswigi
Chondrilla nucula

A
B
C
D
E
F
Equivocal

Pseudoceratina arabica
Verongula gigantea
Verongula rigida
Verongula reiswigi
Chondrilla nucula

Fig. 5. Morphological characters mapped onto the consensus molecular phylogeny include: spongin ﬁber branching
pattern (A), ﬁber diameter (B), pith diameter (C), and pith percentage (D). Labels for character states represent the
signiﬁcantly different groups illustrated in Fig. 2. The color of terminal nodes indicates the current morphological state of
each character for each taxon and the color of supporting branches indicates the predicted ancestral states of each
character. White coloration refers to missing or unavailable data (-), and black dotted coloration refers to equivalent
ancestral character states (Eq).

ML and NJ analyses produced similarly well-resolved phylogenies. The major discrepancies between
the three recovered phylogenies involved a monophyletic clade containing the genera Aiolochroia,
Ianthella, and Aplysinella supported weakly by MP

Invertebrate Biology
vol. 126, no. 3, summer 2007

(57%) and moderately by NJ (84%), but not recovered in ML analysis.
Verongid sponges formed a very well-supported
monophyletic clade in both MP and NJ analyses;
however, ML analysis grouped the outgroup species
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Table 5. Number of clones screened, number of different copies of the second internal transcribed spacer (ITS-2)/28S
subunit found, and number (percentage) of variable bases among replicate clones of Aplysina spp.
Species

Aplysina cauliformis
Aplysina ﬁstularis
Aplysina fulva

Number of clones
screened
3
3
3

Number
of copies
3
3
2

C. nucula with the ingroup verongid species (100%).
Within the verongid clade, the genera Aplysina,
Verongula, and Pseudoceratina formed a clade with
weak bootstrap support in MP (52%) and moderate
bootstrap support in NJ (78%) analyses. Within this
clade, the genera Verongula and Pseudoceratina
formed a clade supported by MP, ML, and NJ analyses (85%, 59%, 99%, respectively, and hereafter).
Within the genus Verongula, the species V. gigantea
formed a well-supported clade (89%, 82%, 91%)
separate from V. reiswigi and V. rigida. Verongula
rigida formed a weakly supported clade (56%, 54%,
o50%), but V. reiswigi did not form a monophyletic
clade. Within the genus Aplysina, the Mediterranean
species A. aerophoba formed a well-supported clade
(87%, 85%, 99%) basal to the three Caribbean species. Three of the four individuals of
A. cauliformis formed a moderately supported clade
in all analyses (76%, 75%, 65%), while A. fulva
formed a weakly supported clade in the MP and NJ
analyses (55%, 64%). Aplysina ﬁstularis did not form
a monophyletic clade under any criteria. Well-supported species-level monophyletic clades were recovered for A. crassa (100%, 94%, 100%), I. basta
(100%, 100%, 100%), and A. rhax (99%, 70%, 99%).
Phylogenies reconstructed from morphological
and molecular data exhibited statistically different
topologies (PHT; po0.03). The mapping of individual morphological characters onto the molecular
phylogeny resulted in a wide range of CI and RI
values (Table 2). Of the morphological characters
examined, the spongin ﬁber data were the most
informative, delineating closely related verongid
species and providing the best ﬁt to the molecular
phylogeny (Fig. 5).

Discussion
Although the morphological character matrix
produced a poorly resolved phylogeny of verongid
sponges, rDNA sequence data produced a wellresolved and highly informative phylogeny. In the
morphological phylogeny, verongid sponges were
clearly differentiated from one outgroup species,

Number of variable bases (%)
ITS-2 region (229 bp)

Partial 28S subunit (425 bp)

2 (0.87%)
5 (2.18%)
2 (0.87%)

2 (0.47%)
0 (0.00%)
4 (0.94%)

but formed a clade with the other outgroup species
and were thus paraphyletic. Eight of the 11 ingroup
species formed monophyletic clades; however, the relationships among species, genera, and families were
not well resolved. This high species-level resolution
indicates the ability of morphological characters to
distinguish species; however, the lack of resolution at
the genus and family levels indicates the inability of
this morphological data set to reconstruct phylogenetic history and relationships among these species.
The low intra-ordinal resolution of the morphological phylogeny is not surprising, given the paucity of
characters available for analysis and the potential
plasticity and homoplasy of these characters. Although characters such as growth form and oscular
arrangement are often used to distinguish between
congeneric sponge species (van Soest 1978), homoplasic sponge morphotypes are common, as similar
growth forms are found in distantly related sponge
taxa (Hooper & van Soest 2002) and many sponge
species exhibit different morphotypes with respect to
environmental conditions (Niegel & Schmahl 1984;
Palumbi 1984). Additionally, several morphological
character states were found only in one species, providing no phylogenetic information beyond the cohesive nature of the species. Owing to these
considerations, the ability of currently identiﬁed
morphological characters to reconstruct the phylogenetic history of verongid sponges appears to be
limited. In contrast, the phylogenies produced from
rDNA sequence analyses were robust and well resolved from the ordinal to the species level.
We observed a high degree of variability in spongin
ﬁber diameter, pith diameter, and pith percentage
within and among species. The large amount of intraspeciﬁc variation implies that multiple measurements
and careful analysis must accompany any spongin
ﬁber examination. However, the degree of variation
that we report is consistent with previous accounts of
spongin ﬁber measurements (Wiedenmayer 1977; van
Soest 1978; Zea 1987) that describe large ranges of
ﬁber diameter and pith diameter within species.
Despite this high degree of variation, the spongin
ﬁber data distinguished several verongid species.
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Some comparisons contradicted the molecular phylogeny; for example, the large sequence divergence
between Aiolochroia crassa and Verongula gigantea
was reﬂected in their differing total ﬁber diameters
(Fig. 5B), but not in their similar pith percentages
(Fig. 5D). Other spongin ﬁber data supported conclusions reached from molecular data. For example,
members of the Mediterranean species Aplysina
aerophoba had signiﬁcantly smaller and more strongly pithed ﬁbers than the three Caribbean species of
Aplysina, results that agree with the rDNA phylogeny (Fig. 5A,B), which clearly delineates A. aerophoba
from other species of Aplysina but offers less compelling evidence for distinctions among the Caribbean species of Aplysina. Similarly, the high percentage
sequence similarity between Verongula reiswigi and
Verongula rigida is reﬂected in their similar pith percentages (Fig. 5D). Overall, the results indicate that
spongin ﬁbers exhibit a high degree of intra-speciﬁc
variability and appear to be most useful for distinguishing congeneric verongid species; comparisons of
spongin ﬁber data between distantly related verongids can be homoplasic.
Wörheide et al. (2004) surveyed marine sponges
for intragenomic polymorphisms (IGPs) within
rDNA ITS regions. These authors reported that
IGPs were infrequent; however, the incidence and
extent of IGPs were unpredictable and varied considerably among taxa. Although Wörheide et al.
(2004) demonstrated the phylogenetic utility of the
ITS regions when IGP levels are moderate, they also
cautioned against the use of ITS regions without
screening for IGPs. Concordantly, we screened multiple clones from the three Caribbean species of
Aplysina and found low frequencies of IGPs
(Table 5). Although all three species exhibited multiple copies of ITS-2 and 28S, low levels of variation in
Aplysina cauliformis and Aplysina fulva (o1%) may
be a result of PCR or sequencing error, as polymorphisms were found in both DNA regions. Of the
three species, Aplysina ﬁstularis appears most likely
to harbor variable copies of the ITS-2 region, exhibiting high variability among copies in the ITS-2 region (42%) and no variation in the 28S region,
possibly contributing to the paraphyly of this species
in our phylogenetic analyses. Overall, the incidence
of IGPs was low and did not signiﬁcantly affect the
branching pattern of our rDNA phylogeny.
Our molecular phylogenetic analysis of Verongida
provided good support for the current classiﬁcation
of this order (Hooper & van Soest 2002). Sequence
data supported Verongida as a separate and distinct
sponge order in two of the three phylogenetic analyses, with only ML analysis not supporting the
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monophyly of Verongida by including Chondrilla
nucula in the clade. Similarly, Nichols (2005) reported a close phylogenetic association between the
orders Verongida and Chondrosida. All verongid
genera were strongly supported by the molecular
data. Phylogenetic analyses were largely congruent
with species-level taxonomy, although there were low
levels of genetic variation among the three Caribbean
species of Aplysina (0.00–0.47%) and between two
species of Verongula (0.00–0.47%), resulting in the
paraphyly of A. cauliformis (only three of the four
individuals form a monophyletic clade) and A. ﬁstularis, and the paraphyly of V. reiswigi and V. rigida
(Fig. 4). Similar low levels of genetic divergence have
been reported previously for Caribbean species of
Aplysina using ITS-2 and 18S rDNA sequence data
(Schmitt et al. 2005). These low and inconsistent levels of genetic variation suggest that these species may
represent recent speciation events and/or exhibit infrequent residual gene ﬂow among species via hybridization. Further sampling of Aplysina and Verongula
from geographically distant populations and exploration of new, more variable nuclear and mitochondrial markers will be needed to fully assess the
potential for hybridization within these two genera.
The major discrepancy between the rDNA phylogenies and current verongid sponge classiﬁcation involves the placement of the genus Aiolochroia and the
legitimacy of the family Pseudoceratinidae. The species A. crassa was recently renamed (from Pseudoceratina crassa), given its own monospeciﬁc genus
Aiolochroia, and placed incertae sedis in the family
Aplysinidae with the genera Aplysina and Verongula
(Bergquist & Cook 2002). The uncertain placement
of the genus Aiolochroia is due to a ﬁber skeleton that
shows both dendritic and reticulated portions. Although A. crassa was initially described as possessing
a dendritic skeleton, recent observations found evidence of occasional reticulation among the ﬁbers,
which contain clear pith and bark elements. The removal of A. crassa from the genus Pseudoceratina is
supported by the molecular evidence in this study;
however, the placement of A. crassa within the family
Aplysinidae is not supported because A. crassa exhibits high levels of sequence divergence from other
members of Aplysinidae. Additionally, A. crassa
forms a monophyletic clade with the genera Ianthella (family Ianthellidae) and Aplysinella (family Aplysinellidae) in two of the molecular phylogenetic
analyses, providing preliminary evidence for a close
association between A. crassa and these two families.
A more thorough taxonomic sampling from all verongid families will be necessary to fully resolve the
familial placement of the genus Aiolochroia.

Verongid sponge phylogenetics
The family Pseudoceratinidae consists entirely of
the genus Pseudoceratina and is deﬁned by skeletal
ﬁber characteristics, which include a dendritic ﬁber
structure and ﬁbers composed entirely of pith, lacking laminar bark elements (Bergquist & Cook 2002).
Although these characteristics are unique among
verongid sponges, the molecular phylogenies presented here provide strong evidence for a close association between the genera Pseudoceratina and
Verongula. The genus Pseudoceratina groups within
the family Aplysinidae, suggesting that the unique
ﬁber skeleton that deﬁnes Pseudoceratina may be
more recently derived (Fig. 5A) than considered in
previous investigations (Bergquist & Cook 2002).
Many sponge taxa exhibit a morphological simplicity that provides few diagnostic characters for
systematic study and phylogenetic analysis (Nichols
2005). Although the importance of morphological
systematics is not to be underestimated (Wiens
2004), the relative weight of speciﬁc morphological
traits used to deﬁne taxa can be subjective and controversial, despite the existence of objective methods
for weighting traits (Goloboff 1993). Molecular studies provide a means of testing the predictions of traditional morphological systematics, and often shed
further insight into the interpretation of morphological characters (Alvarez et al. 2000; Borchiellini et al.
2004). This study demonstrates the ability of rDNA
sequence data to elucidate intra-ordinal relationships
within a sponge taxon exhibiting few diagnostic morphological traits. Although our results largely support the current classiﬁcation of Verongida, they also
highlight two issues associated with the morphologybased classiﬁcation of sponges: the placement of taxa
with intermediate characters (e.g., the placement
of the genus Aiolochroia) and the determination of
character polarity (e.g., the placement of the genus
Pseudoceratina). Additional sequencing of verongid
species not represented in this study and explorations
of new regions of DNA will further enhance our understanding of verongid sponge phylogenetics.
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