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Abstract
Calcaronean sponges are acknowledged to be taxonomically difficult, and generally, molecular data does not support the current
morphology-based classification. In addition, molecular markers that have been successfully employed in other sponge taxa (e.g.,
COI mtDNA) have proven challenging to amplify due to the characteristics of calcarean mitochondrial genomes. A short
fragment of the 28S rRNA gene (C-region) was recently proposed as the most phylogenetically informative marker to be used
as a DNA barcode for calcareous sponges. In this study, the C-region and a fragment of the 18S rRNA gene were sequenced for a
wide range of calcareous taxa, mainly from the subclass Calcaronea. The resulting dataset includes themost comprehensive taxon
sampling of Calcaronea to date, and the inclusion of multiple specimens per species allowed us to evaluate the performance of
both markers, as barcoding markers. 18S proved to be highly conserved within Calcaronea and does not have sufficient signal to
resolve phylogenetic relationships within the subclass. Although the C-region does not exhibit a Bproper^ barcoding gap, it
provides good phylogenetic resolution for calcaronean sponges. The resulting phylogeny supports previous findings that the
current classification of the subclass Calcaronea is highly artificial, and with high levels of homoplasy. Furthermore, the close
relationship between the order Baerida and the genus Achramorpha suggest that the order Baerida should be abandoned.
Although the C-region currently represents the best available marker for phylogenetic and barcoding studies in Calcaronea, it
is necessary to develop additional molecular markers to improve the classification within this subclass.
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Introduction

During the last decade, molecular sequence data has contribut-
ed to clarify questions concerning the evolution of sponges and
their putative position at the base of the metazoan tree of life,
and has also provided important information on their system-
atics (Dohrmann et al. 2008; Philippe et al. 2009; Simion et al.
2017). Especially for the classes Demospongiae and
Hexactinellida, molecular data has provided new insight into

the deeper divisions among lineages, allowing the restoration
of taxa, deletion of polyphyletic taxa, and a more comprehen-
sive understanding of their phylogeny and classification
(Dohrmann et al. 2012; Redmond et al. 2013; Thacker et al.
2013; Morrow and Cárdenas 2015; Dohrmann et al. 2017). In
contrast, for the class Calcarea, molecular data has so far re-
vealed a poor congruence betweenmorphological classification
and the evolutionary history of taxa (Voigt and Wörheide
2016), which has led to the conclusion that the current classi-
fication of calcareous sponges is almost completely artificial
(Manuel et al. 2003; Dohrmann et al. 2006; Voigt et al. 2012).

The uncertainties of the phylogenetic relationships within
Calcarea are mainly related to (1) a high level of homoplasy in
the morphological characters used, i.e., features of the skele-
ton and aquiferous system (Manuel et al. 2003); (2) a mostly
typological classification (Erpenbeck and Wörheide 2007),
which is very problematic in cases where the type material
has been lost over time or never found again in the type local-
ity; and (3) a lack of well-defined morphological synapomor-
phies in most clades (Voigt et al. 2012). However, recent stud-
ies have shown the suitability of skeletal features and body
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anastomosis as synapomorphies with strong phylogenetic sig-
nal in the subclass Calcinea, namely within the order
Clathrinida (Valderrama et al. 2009; Rossi et al. 2011;
Klautau et al. 2013; Voigt et al. unpublished data).

Recently, new advances on understanding the phylogenetic
relationships within the subclass Calcinea, e.g., re-evaluation
of the order Clathrinida, re-definition of genera and families,
and erection of new genera, have been made with the use of
integrative approaches (see Klautau et al. 2013; Imešek et al.
2014; Azevedo et al. 2015; Klautau et al. 2016; Azevedo et al.
2017; Voigt et al. 2017). These integrative approaches are
necessary to uncover the natural system of calcareous
sponges, but it requires a good combination of morphological
characters and molecular markers. However, peculiarities
found in the mitochondrial genome of the calcareous sponges
make the use of mitochondrial markers particularly challeng-
ing in this taxonomic group (see Lavrov et al. 2013; Lavrov et
al. 2016). For instance, in the subclass Calcaronea, an unusual
architecture in the mitochondrial genome with almost all
genes located on individual, and likely linear, chromosomes,
and accelerated rates of sequence evolution, have been ob-
served. Significant variation of the coding sequences among
calcaroneans have also been found, especially in the specific-
ity of start and stop codons, sequence composition, genetic
code utilized, and codon usage (Lavrov et al. 2016). In con-
sequence, the traditional barcoding marker, i.e., the mitochon-
drial cytochrome oxidase subunit I (COI), which has been
widely used in other classes of Porifera, cannot be implement-
ed for calcareous sponges. Therefore, phylogenetic studies
have been mainly based on ribosomal markers such as 18S,
28S, and the internal transcribed spacer (ITS) region (Manuel
et al. 2003; Manuel 2004; Rossi et al. 2011; Voigt et al. 2012;
Wörheide et al. 2012; Klautau et al. 2013; Azevedo et al.
2015; Klautau et al. 2016; Azevedo et al. 2017). However,
the ITS region has proven unsuitable as a marker for phylo-
genetic studies in Calcaronea, due to the high level of intra-
specific and intragenomic variation found in this subclass
(Voigt and Wörheide 2016).

Voigt and Wörheide (2016) recently proposed the use of
the C-region of 28S as a standard barcoding marker for the
intragenus level. This marker comprised a short number of
characters (around 456 bp), but previous studies have shown
that analyses of this region alone obtained similar topologies
and resolution as analyses of 28S and 18S combined (around
4939 bp) for both subclasses of Calcarea (Dohrmann et al.
2006; Voigt et al. 2012). In the case of Calcinea, the C-
region has been recently used showing a good resolution in
DNA barcoding approaches, especially to study the diversity
in a geographical region (Voigt and Wörheide 2016; Voigt et
al. 2017). However, for Calcaronea, this marker has been ap-
plied only on a limited dataset (Voigt and Wörheide 2016). In
their study, only one specimen per species was included,
which meant that the existence of a Bbarcoding gap,^ by

comparing intra- and interspecific variations between taxa,
could not be evaluated. In addition, several authors have
pointed out that a major taxonomic and geographical coverage
is needed for this group in order to clarify its systematics and
phylogeny (Erpenbeck and Wörheide 2007; Klautau et al.
2016; Voigt and Wörheide 2016).

Therefore, in the present study, we evaluated the perfor-
mance of the 28S C-region and 18S as barcodingmarkers with
an extended dataset of the subclass Calcaronea. The inclusion
of multiple specimens per species and a wide geographic cov-
erage allowed us to estimate and compare the levels of intra-
and interspecific variations and to provide a revised molecular
phylogeny of this subclass.

Materials and methods

Sample collection and species identification

Our dataset includes specimens from museum collections and
material collected over the most recent years in the Norwegian
coast and shelf areas, as well as in deeper parts of the Nordic
Seas through cruises organized by the University of Bergen.
Additional material from other Atlantic localities, the
Antarctic as well as the northernmost Pacific, provided by
colleagues from their study areas (for more detail, see the
BAcknowledgements^ section) was included to ensure a wide
taxonomic coverage in the group. Information about speci-
mens used, collection sites, voucher numbers, and GenBank
accession numbers are provided in Online Resource 1.

The identification of the specimens was based on external
(habit) and on internal (skeletal) characteristics, such as spic-
ule types and their arrangement in different regions of the
sponge. Spicule preparations were made according to standard
protocols used in previous studies (Rapp et al. 2001; Rapp
2006). Histological sections were made embedding the
sponge tissue in Agar low-viscosity epoxy resin (Agar
Scientific Ltd., UK) and staining with toluidine blue.
Specimens were identified to the lowest taxonomic level pos-
sible using specialized literature (Haeckel 1872; Burton 1963;
Hooper and van Soest 2002; Rapp 2015). For species new to
science and unidentified species only assigned to genera, ad-
ditional information about the morphological characters
distinguishing them from the closest relatives in the phyloge-
ny has been included (see Online Resource 1).

DNA extraction, amplification, and sequencing

DNA extractions were made using QIAGEN DNeasy Blood
and Tissue Kit, following the manufacturer’s protocol (spin-
column protocol). Amplification of the partial 18S rRNA gene
(approximately 1800 bp) was performed in two overlapping
fragments using two pairs of primers: 18S-328F (5′-CCTG
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GTGATCCTGCCAG-3 ′ ) , 18S-HI + R (5 ′ -CAAC
TAAGAACGGCCATGCAC-3′) and 18S-329R (5′-TAAT
GATCCTTCCGCAGGTT- 3 ′ ) , 1 8 S - A - F ( 5 ´ -
CAGCMGCCGCGGTAATWC-3 ′ ) . Due to a low
amplification/sequencing rate of success for the first fragment,
we decided to use only the second combination of primers
(18S329-R; 18S-A-F) which amplified a fragment with ap-
proximately 1200 bp. The samples were amplified after an
initial denaturation step at 94 °C (5 min), followed by 34 cy-
cles of 94 °C (1 min), 50 °C (1 min), and 72 °C (2 min), and
with a final extension for 7 min at 72 °C.

The C-region (430–470 bp) was amplified using the stan-
dard LSU primers proposed by Chombard et al. (1998), 28S-
C2F: 5′GAAAAGAACTTTGRARAGAGAGT-3′ and 28S-
D2R: 5′-TCCGTGTTTCAAGACGGG-3′, and the forward
modified primer LSU for calcareous sponges (5′-GAAA
AGCACTTTGAAAAGAGA-3′; Voigt and Wörheide 2016).
The PCR conditions used for this gene fragment included an
initial cycle of 94 °C (4 min), 57 °C (2 min), and 72 °C
(2 min), followed by 30 cycles of 94 °C (1 min), 57 °C
(1 min), and 72 °C (1 min) and a final extension for 4 min at
72 °C (Chombard et al. 1998). Polymerase chain reactions
(PCRs) for both genes were performed in reactions of
25 μL, 16.35 μL water, 2.5 μL Qiagen CoralLoad Buffer
(10×), 1 μL of each primer, 1 μL MgCl2, 2 μL dNTP,
0.15 μL Ex Taq polymerase (TaKaRa), and 0.5–1 μL of
DNA template. Successful PCRs were purified using
Exonuclease 1 (EXO, 10 U μL−1) and shrimp alkaline phos-
phatase (SAP, 10 U μL−1, USB®) in 10 μL reactions (EXO
0.1 μL, SAP 1 μL, water 0.9 μL, and 8 μL of PCR product).
Samples were incubated at 37 °C for 15 min followed by an
inactivation step at 80 °C for 15 min. Purified PCR products
were sequenced using Big Dye Terminator 3.1, on a capillary-
based Applied Biosystem 3730XL Analyzer). Consensus se-
quences were generated using Geneious R10 (http://www.
geneious.com, Kearse et al. 2012). Additional sequences of
18S and 28S from both Calcaronea and Calcinea (as outgroup)
were downloaded from GenBank (https://www.ncbi.nlm.nih.
gov/genbank/; Online Resource 1).

Phylogenetic analyses

Sequences of 18S rRNAwere initially aligned using SeaView
4.6.1 (Gouy et al. 2010) and manually refined according to
secondary structure models proposed for some calcaronean
species, which are available at http://www.palaeontologie.
geo.lmu.de/molpal/RRNA/index.htm (Voigt et al. 2008).
Sixty-five new sequences of a partial fragment of 18S rRNA
were obtained for 32 taxa of sponges belonging to seven fam-
ilies of the subclass Calcaronea (see Online Resources 1). Our
dataset was combined with 36 sequences available for
calcaronean species on GenBank (22 species from 10 fami-
lies), and five sequences of the subclass Calcinea as outgroup.

The final alignment consisted of 106 sequences and the total
length was 1815 bp, with 1514 conserved sites (83.7%—1549
sites without outgroup) and 301 variable sites (16.3%—266
sites without outgroup).

For the C-region alignment, the LSU rRNA secondary
structure model proposed by Voigt and Wörheide (2016)
was used.With this study, the dataset of the C-region available
for the subclass Calcaronea was extended with 97 new se-
quences from 36 taxa belonging to 8 distinct families. The
final alignment includes 152 sequences representing 11 out
of 14 currently recognized families within Calcaronea (includ-
ing 55 sequences from GenBank). After addition of the sec-
ondary structure model, the final alignment had a length of
456 bp, with 176 conserved sites (48%—219 sites without the
outgroup) and 280 variable sites (52%—237 sites without the
outgroup). The final alignments for both genes, 18S and the
C-region, with secondary structure information are provided
(Online Resources 2 and 3).

After the sequence alignment, the PERL scripts
2analysis.pl created by Voigt et al. (2012) was used to convert
the alignment files with secondary structure information to
suitable files to be used in PHASE-3 (Allen and Whelan
2014). The best-fitting model of evolution for 18S and the
C-region was selected according to the Akaike information
criterion (AIC) of comparison of different RNA-specific
models of nucleotide evolution for paired sites in RNA, im-
plemented in PHASE-3 (Allen and Whelan 2014). This anal-
ysis suggested REV (=GTR) + G for looped sites and
RNA16D (+G) for the paired of 18S. In the case of the C-
region, the best-fitting models were HKY85 for looped sites
and RNA16D (+G) for the paired sites. Phylogenetic recon-
structions were made using Bayesian inference (BI) imple-
mented in PHASE-3 (Allen and Whelan 2014) using different
random seeds in three independent runs, of five millions gen-
erations each. Because PHASE-3 does not produce a consen-
sus tree from the different runs and there were no differences
between the topologies from the runs, we only present one of
the resulting trees for each gene. The final phylogenetic trees
for both genes were produced using the software FigTree
available at http://tree.bio.ed.ac.uk/software/figtree/.

Maximum likelihood (ML) phylogenetic analysis was per-
formed in RAxML (Stamatakis 2014) for both genes, using
the configuration of rapid bootstrapping analyses of 1000
bootstrap replicates, and the models used were GTR + CAT
for the looped sites and 16RNA model A for the paired sites.
In addition, uncorrected p-distances were calculated to assess
the intra- and interspecific variation in both markers, using
pairwise comparisons in MEGA7 (Kumar et al. 2016) under
the default parameters. The interspecific variation was calcu-
lated only by comparisons within clades (intraclade) that were
well-supported in the tree (PP > 95% and BS > 70). This
allowed us to compare distances between closest related taxa
and avoid any bias that could be added because of the non-
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monophyly of most of the genera. The graphic representations
were made using RStudio (RStudio Team 2016).

Results

18S rRNA

Our analyses show an unresolved tree where most of the
clades showed low support values (< 40 for both PP and BS;
Fig. 1). Therefore, considering only the well-supported clades
and those clades with well-support from at least one of the
analyses (black lines in the tree), the result is a tree with most
taxa in Calcaronea forming a basal polytomy. The majority of
the currently accepted relationships within Calcaronea as per
the Systema Porifera (Hooper and van Soest 2002) and the
World Porifera Database (van Soest et al. 2018) were not
supported. However, at lower taxonomic levels (species/gen-
era), a few well-supported monophyletic clades (PP > 0.95)
were retrieved. Examples include the species Leucandra
penicillata, Aphroceras sp. nov. and Achramorpha sp. nov.,
and the genera Grantiopsis and the new genus from
Achramorphidae. Two specimens within the genus
Anamixilla also formed a well-supported monophyletic clade.
However, as one of the sequences is from an unidentified
specimen, which could be conspecific with A. torresi, we re-
frain from making assumptions regarding the monophyletic
status of the genus. The clade comprising the species of the
order Baerida and the new species of Achramorpha was well-
supported (Fig. 1).

C-region of 28S rRNA

Our analyses show a well-supported tree with most nodes
presenting a posterior probability above 0.95 (95%) and a
bootstrapping support above 70. The hypercalcified
Plectroninia novaecaledoniense is recovered as sister to a
well-supported clade comprising the remaining calcaronean
species, which are distributed among 10 clades (I-X)
(Fig. 2). The topology of our tree indicates a non-
monophyly of most of the families, with the exception of the
family Lelapiidae. In general, our topology is congruent with
previous studies; however, the family Leucosoleniidae, which
includes 16 new sequences, was recovered in three clades,
(clades I-III), which are basally divergent from the rest of
the families, but the relationships between them are unre-
solved in this study.

Clade IV is congruent with what was called LEUC I by
Voigt et al. (2012) but includes additional species, Grantia
capillosa and G. arctica from the Nordic seas, and sequences
from two putatively new species from Santa Helena Island,
Aphroceras sp. nov. and Heteropiidae indet. The families
contained in this clade are Sycettidae, Grantiidae, and

Heteropiidae; however, not all members currently assigned
to these families are found in this clade.

Clade V contains the possible new genus from the family
Achramorphidae, which was recovered in two clades, clade V
and VI. This last clade (VI) includes the species Megapogon
raripilus from the Antarctic and the families Petrobionidae
and Baeriidae which both belong to the order Baerida, togeth-
er with a possible new species of the family Achramorphidae
from the order Leucosolenida. The family Achramorphidae is
a new addition from our dataset, and it is characterized by the
presence of chiactines and tangential atrial skeleton. Although
clade VI is poorly supported, the fact that the order Baerida
and the genus Achramorpha are recovered together in amono-
phyletic group is interesting.

Clades VII–IX represent what was previously called LEUC
II (Voigt et al. 2012) and consist of representatives from the
families Sycettidae, Grantiidae, Jenkinidae, Heteropiidae,
Amphoriscidae, and Lelapiidae. Except for clade IX, where
all the sequences were taken from GenBank, clades VII, VIII,
and X include newly generated sequences. Clade X comprises
four species of the non-monophyletic genus Sycon and three
species of Sycetta, including one species from the Antarctic
(S. antarctica) and a putative new species from Iceland. Clade
X also includes the genera Sycandra and Sycettusa from the
families Grantiidae and Heteropiidae, respectively.

Intraspecific vs. interspecific variation

When comparing the intra- and interspecific molecular dis-
tances, neither 18S nor C-region datasets exhibit a true
barcoding gap (Figs. 3 and 4). In the 18S marker, there is a
complete overlap between intra- and interspecific variations
(Fig. 3), with mean values several-fold lower than in the C-
region (see Table 1). In this marker, there are some cases
where there is no variation between genera and other cases
where the intraspecific variation was up to 1.7% even between
specimens from the same area.

In the C-region, there is distinction between the distri-
butions of intra- and interspecific distances, but there is
no clear gap (Fig. 4). According to our data, the intraspe-
cific distance varied between 0 and 1.8% and the inter-
specific distances from 0 to 13.9%. The observed overlap
between intra- and interspecific distances is caused by a
few cases of unexpected levels of sequence variation. For
instance, the intraspecific variation between specimens
ascribed to Ute aff. syconoides (GenBank accession nos.
JQ272269, JQ272270, and JQ272271) was higher than
expected (1.5–1.8%). On the other hand, in the genus
Grantiopsis, three putative species (Grantiopsis sp. G.
cylindrica, G. heroni) did not show any variation.
Similarly, distance between the species Leucandra aspera
and L. spinifera (Clade VII) was only 0.3%. We also
found that there was no difference between Leucandra
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Sycon capricorn AM180970

Leucandra penicillata FB40

Leucosolenia cf. corallorrhiza SA44

Grantia compressa SA40

Sycon calcaravis D15066

Paraleucilla sp.1 SA83

Sycettusa aff. hastifera JQ272322

Ute gladiata SA135

Grantia sp. nov.1 SA100

Sycetta sp.nov. SA103

Sycon villosum SA23

Ute aff. syconoides JQ272320

Breitfussia schulzei SA46

Leucandra nicolae AM180974

Leucascandra caveolata AM180973

Achramorphidae gen. nov. SA132

Leucandra penicillata FB77

Sycon villosum SA24

Leucandra aspera AF452022

Sycettusa cf. simplex JQ272321

Sycon ciliatum SA41

Ute aff. syconoides JQ272318

Sycon ciliatum SA38

Leucosolenia cf. variabilis FB60

Breitfussia schulzei SA104

Paraleucilla magna PT07

Grantia compressa AA01

Heteropiidae indet. SA86

Ute ampullacea AM180972

Leucosolenia cf. corallorrhiza FB59

Petrobiona massiliana AF452026

Sycetta sp.nov. SA99

Grantia sp. nov.1 SA22

Sycon karajakense SA48

Sycon abyssale GIN06

Leucilla sp. JQ272323

Sycon ciliatum SA42

Sycon spinispiculum SA35

Sycon karajakense FB75

Leucosolenia sp. AF100945

Sycettusa tenuis AM180975

Sycon abyssale SA126

Grantiopsis cylindrica JQ272324

Achramorpha sp. nov. GIN05

Leucosolenia cf. variabilis FB33

Paraleucilla sp.2 SA85

Ute aff. syconoides JQ272319

Grantia sp. nov.1 SA105

Aphroceras sp. JQ272315

Grantessa aff. intusarticulata JQ272312

Grantia capillosa SA28

Grantia compressa SA39

Paraleucilla dalmatica PT08

Teichonopsis labyrinthica JQ272317

Leucosolenia cf. variabilis FB12

Paraleucilla sp. AF452023

Sycon karajakense FB50

Grantiopsis sp. AM180977

Sycon raphanus AF452024

Grantia sp. nov.1 SA102

Aphroceras sp. AM180971

Leuconia nivea HE591470

Leucandra penicillata FB49

Leucosolenia cf. variabilis FB58

Achramorphidae gen. nov. SA130

Breitfussia schulzei FB76

Achramorpha sp. nov. SA127

Grantia arctica FB23

Leucandra penicillata FB35

Paraleucilla dalmtica PT04

Sycon abyssale SA131

Sycon sp.2 SA50

Sycon karajakense SA49

Aphroceras sp. nov. SA87

Sycon abyssale SA98

Aphroceras sp. nov. SA89

Anamixilla sp. AF182192

Sycon abyssale SA04

Grantessa aff. intusarticulata JQ272313

Vosmaeropsis sp. AF452018

Grantia arctica FB25

Sycon ciliatum AJ627187

Anamixilla torresi AF452020

Plectroninia neocaledoniense AM180979

Syconessa panicula AM180976

Breitfussia schulzei SA107

Leucandra ananas SA136

Grantia compressa AF452021

Sycetta asconoides SA106

Leucosolenia cf. corallorrhiza SA43

Sycon carteri JQ272314

Synute pulchella JQ272316

Sycon sp.1 SA101

Grantiopsis heroni AM180978

Leucosolenia sp.1 FB73

Ute gladiata SA134

Paraleucilla magna SA84

Sycettusa sp. AF452025

Sycandra utriculus SA64

Sycettusa thompsoni FB48

Paraleucilla magna PT11

0.03

PP: upper half

95-100

BS: lower half

90-94
70-89
50-69
< 49

Node or clade exhibiting a 
different internal topology 
between the analyses
(Phase 3.0 and RAxML) 

Nodes used to calculate 
interspecific variation 
(intraclade)

Fig. 1 Phylogenetic
reconstruction using Bayesian
inference (PHASE-3, REV +G/
RNA16D+G) of 18S rRNA for
the subclass Calcaronea.
Outgroup taxa not shown.
Posterior probabilities values are
shown as the upper half of circles,
and the lower half represents
bootstrap values (ML). Support
values are color-coded. Gray
branches in the tree represent
those without support
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Minchinellidae

Leucosoleniidae

Heteropiidae

Sycettidae

Baeriidae/Petrobionidae

Achramorphidae

Jenkinidae

Amphoriscidae

Lelapiidae

Grantiidae

Calcaronea Families

Sycon ciliatum SA42

Petrobiona massiliana JQ272307

Paraleucilla magna  AM181005

Leucosolenia cf. variabilis SA62

Paraleucilla magna  PT11

Leucosolenia cf. variabilis FB60

Grantessa aff. intusarticulata JQ272277

Leucandra ananas SA139

Leucandra cf. gausapata HT15

Sycettusa tenuis JQ272281

Achramorphidae gen. nov. SA132

Eilhardia schulzei JQ272308

Sycon abyssale SA126

Sycon ciliatum AY563532

Sycon abyssale SA12

Ute gladiata SA135

Ute ampullacea JQ272266

Paraleucilla sp. AY563540

Ute gladiata HT47

Leucosolenia cf. corallorrhiza FB14

Vosmaeropsis sp. AY563531

Sycon sp.1 SA101

Megapogon raripilus HT26

Grantia capillosa SA28

Syconessa panicula JQ272276

Breitfussia schulzei SA104

Leucandra falakra KT447560

Sycandra sp.nov. FB89

Leucandra spinifera KT447561

Leucandra sp. JQ272265

Sycon karajakense SA48

Sycettusa thompsoni FB48

Heteropiidae indet. SA86

Sycetta antarctica HT16

Grantia sp. nov.1 SA22

Grantia arctica FB23

Anamixilla torresi AY563636

Leucandra penicillata FB35

Leucandra ananas SA136

Leucosolenia sp.1 FB81

Aphroceras sp. JQ272273

Megapogon raripilus HT13

Sycetta sp.nov. SA99

Breitfussia schulzei SA107

Sycon villosum SA24

Leucosolenia cf. variabilis FB33

Grantia sp. nov.1 SA105

Sycon raphanus AY563537

Leucandra penicillata FB77

Leucosolenia cf. corallorrhiza SA43
Leucosolenia cf. corallorrhiza FB20

Leucosolenia complicata SA201

Sycon karajakense SA49

Sycon abyssale SA09

Paraleucilla dalmatica PT08

Synute pulchella JQ272274

Grantiopsis cylindrica JQ272263

Paraleucilla magna KT447564

Grantia compressa SA80

Leucascandra caveolata JQ272259
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sp. (JQ272265) and Aphroceras sp. (AM181001), but af-
ter checking the database, we found that according to
Voigt et al. (2012), these two sequences come from the
same individual, and that both samples should be assigned
to Leucandra sp.

In addition to those unexpected cases, there is a Bgray
zone^ between 0.5 and 0.7%, where it is difficult to define if
the differentiation represents interspecific variation or just ge-
netic structure between populations. For example, the species
Paraleucilla magna from Portugal and the Adriatic Sea
showed a genetic distance from 0.5 to 0.7%, respectively, to
the species Paraleucilla sp. 2 from St. Helena Island (South
Atlantic). Another example is P. dalmatica from the Adriatic
Sea, which differs 0.3% from specimens from Portugal and
0.7% from the specimen from St. Helena Island (putative
Paraleucilla sp. 1). However, the variation between the spec-
imens from Portugal and St. Helena Island was only 0.3%.

Discussion

Evaluation of C-region and 18S as barcoding markers
in Calcaronea

It has been pointed out that the use of DNA barcodes for
species identification is only reliable if there is a significant
difference between the intra- and interspecific genetic varia-
tion, the so-called barcoding gap (Hebert et al. 2004; Barrett
and Hebert 2005). Our results show that there is no barcoding
gap in either 18S or the C-region of 28S in Calcaronea, and
this can be problematic at the moment of delimiting species
(Hebert et al. 2004). In both cases, there is an overlap between
intra- and interspecific variation. However, in 18S, this over-
lap is far more noticeable with the mode of the distances’
distributions skewed towards very low values of variation.
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Table 1 Sequence variation (p-
distances, expressed in %) within
the subclass Calcaronea, for 18S
rRNA and the C-region of 28S
rDNA

Taxonomic level of pairwise comparisons 18S C-region (28S)

Min Mean Max Min Mean Max

Intraspecific 0 0.2 1.7 0 0.2 1.8

Interspecific (intraclade) 0 0.6 1.6 0 4.5 13.9
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Hence, the uselessness of 18S as a barcoding marker in this
group is quite evident.

There are some cases of unexpected levels of se-
quence variation that may result from misidentified ma-
terial, putative population structure (see the BResults^
section), or over-interpretation of morphological intraspe-
cific variation (e.g., the case of Grantiopsis spp.
discussed in Voigt and Wörheide 2016). Excluding such
cases, the vast majority of the calcaronean species here
studied show intraspecific variation below 0.5%, which
is similar to the intraspecific variation found in
demosponges using the mitochondrial COI gene (usually
less than 1%; Duran et al. 2004; Wörheide 2006; Park
and Min 2007; Xavier et al. 2010; Alvizu et al. 2013).
The interspecific variation registered in our data was
mostly above 0.3%, i.e., slightly higher than the intraspe-
cific variation but still lower than what has been reported
in other group of sponges (over 2.4%; Park and Min
2007; Xavier et al. 2010).

The lack of a clear delimitation between intra- and
interspecific distances, as reflected in some taxa in our
analyses, may have different explanations. For example,
the high variation (up to 1.8%) observed between speci-
mens collected in the Great Barrier Reef and Tasmania,
assigned to Ute aff. syconoides (Voigt et al. 2012) may
indicate that these are non-conspecific. This would be
quite likely given the large geographical distance that sep-
arate these two areas (approximately 3000 km). Low in-
terspecific variation such as the one observed between the
species Leucandra aspera from the Mediterranean Sea
and L. spinifera from the Adriatic (0.3%) may be due to
the presence/absence of microdiactines, which is the only
morphological difference found between these two spe-
cies (Klautau et al. 2016). This interspecific variation
can represent either phenotypic plasticity as response to
environmental differences or relatively recent speciation.
However, a recent study on the species Paraleucilla
magna has showed that some morphological characters,
like skeletal arrangement, can vary considerably with
changes in body volume and thickness of the body wall
(Lanna et al. 2017). This highlights the importance of
analyzing the natural intraspecific variability of morpho-
logical characters to avoid misidentification. Another case
of low interspecific variation (0.3–0.7%) was also regis-
tered between the species Paraleucilla dalmatica (from
the Adriatic Sea and Portugal) and Paraleucilla sp.1
(from St. Helena Island). However, in this case, there
are morphological differences in spicule complement and
size (Online Resource 1), which strongly suggest these
specimens to be non-conspecific. Therefore, the reason
for this low variation remains elusive.

Although the C-region marker does not exhibit a Bproper^
barcoding gap, its level of variation appears to be largely

suitable for species delimitation within this subclass. It is im-
portant to note that finding a single threshold valid across the
entire subclass is unlikely, since rates of sequence evolution
are known to vary among and between different lineages as
shown in previous studies including in Porifera (Baer et al.
2007; Lavrov et al. 2008; Lavrov et al. 2013).

Phylogeny of Calcaronea using 18S rRNA

The phylogenetic tree obtained with the 18S rRNA dataset
showed a low resolution at all taxonomic levels, rendering
most relationships inconclusive. This is due to the small num-
ber of informative sites in this gene when compared to the C-
region (16.3 vs. 52% variable sites), as also previously found
by Manuel et al. (2003; Manuel 2004). This finding together
with the larger overlap observed between intra- and interspe-
cific variation further emphasizes 18S as containing very lim-
ited phylogenetic information in Calcaronea.

Phylogeny of Calcaronea using C-region (28S rRNA)

The C-region dataset provided better phylogenetic resolution
within Calcaronea than the 18S rRNA, and in most cases, our
phylogeny was congruent with previous studies (Dohrmann et
al. 2006; Voigt et al. 2012; Voigt and Wörheide 2016). For
instance, the basal position of the genus Leucosolenia was
also supported in our phylogeny but with the inclusion of
more species, this genus could not be recovered as monophy-
letic and was recovered in three different clades.
Unfortunately, the relationships between these clades are not
well resolved, and more data is needed to assess the status of
the genus. L. botryoides, which is the type species of the genus
and family, is recovered in the most basal of the three
Leucosolenia clades alongside Leucosolenia sp. (Accession
NO AY026372). Although this sequence has been used in
various previous phylogenetic studies, we could not obtain
additional information on the origin and morphology of the
material from which it was generated.

Additional differences resulting from the higher taxon sam-
pling in the present study can also be highlighted. For exam-
ple, species belonging to the Baerida sensu stricto were recov-
ered together with the genus Achramorpha in a well-
supported clade, and this result was obtained using both
markers. This close relationship may indicate that the pugioles
(small harpoon-shaped tetractines) characteristic for the order
Baerida may be homologous to the larger chiactines which are
present in Achramorphidae. These unusual tetractines found
in the atrial skeleton may possibly serve as synapomorphy for
the well-supported clade of Baerida and Achramorpha sp. We
consider that Baerida should be abandoned as an order, and its
member taxa should be reassigned to the order Leucosolenida.
This is in agreement with previous results where the actual
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ordinal classification of Calcaronea has been rejected
(Dohrmann et al. 2006; Voigt et al. 2012).

Another interesting result was that although we recovered
two well-supported clades comprising several Paraleucilla
spp., we could not recover the monophyly of the genus. The
inclusion of the two other genera, Leucilla and Amphoriscus,
would allow to test the hypothesis of non-monophyly of the
family Amphoriscidae. Furthermore, we can also mention that
the species P. magna, well-known for being the first true in-
vasive species among calcareous sponges in the
Mediterranean Sea (Longo et al. 2007), is also present in St.
Helena Island in the South Atlantic and in the southern coast
of Portugal. With these results, we expand on the distribution
of P. magna, which was originally described from the Atlantic
coast of Brazil (Klautau et al. 2004; Cavalcanti et al. 2013).

According to our phylogeny, there were two instances in
which sequences exhibiting low divergence were not recov-
ered as monophyletic but rather formed poorly supported
clades (support values < 49) – Breitfussia spp. (in clade
VIII) and Sycon abyssale (in clade X). It has been previously
suggested that speciation events closely spaced in time lead to
short internal branches that are difficult to solve (Saitou and
Nei 1986).

The close relationship between Grantiidae with giant
diactines and the family Heteropiidae suggested by Voigt et
al. (2012) is also supported by our results (clade IV).
However, upon addition of more taxa, this relationship seems
to include also some species of Grantiidae and Sycettidae with
long radially arranged diactines, such as Grantia arctica, G.
capillosa, and Sycon ciliatum. Interestingly, the relationship
between these three families (Grantiidae, Sycettidae, and
Heteropiidae) is repeated and well-supported also in the clades
VII and X. These results confirm that the pseudosagittal spic-
ules, considered a characteristic trait for the family
Heteropiidae, have convergently evolved more than twice or
were lost in closely related species, as also suggested by Voigt
et al. (2012). This scenario can also explain the evolution of
other morphological traits found in these clades, like long
protruding diactines and long longitudinal diactines.

Interestingly, clade X also contains the type species of the
monotypic genus Sycandra (Sycandra utriculus) from the
Grantiidae. This genus has traditionally been characterized
by an internal atrial network of diactines. In our material, we
identified an additional and new species of Sycandra from
Greenland, which present the main morphological character-
istics of the genus but also displaying long diactines
ornamenting the distal cones and an oscular membrane sup-
ported by embedded and longitudinally arranged diactines.

One of the main challenges of phylogenetics is to interpret
the causes underlying incongruent reconstructions based on
independent (e.g., morphological vs. molecular) data sources.
In the case of sponges, this is particularly complex because
their taxonomy and classification is largely based on a limited

set of morphological characters, i.e., spicules and skeleton
organization. Moreover, in some taxa, these characters present
high levels of homoplasy, making it even more difficult to
interpret the evolutionary history (Manuel et al. 2003;
Cárdenas et al. 2011; Morrow et al. 2013). Convergent evolu-
tion and secondary loss of spicules and skeletal characters
have been shown to explain the incongruences found in vari-
ous groups, e.g., in Heteroscleromorpha, Astrophorida, and
Polymastiida (Cárdenas et al. 2011; Plotkin et al. 2012;
Morrow et al. 2013; Plotkin et al. 2017).

In the case of calcaronean sponges, it also seems like con-
vergent evolution and secondary loss play a key role in the
evolutionary history of the group. In fact, after increasing the
taxonomic coverage, some morphological characters which
were thought to be characteristic for some taxa turn out to be
homoplasious. For example, giant longitudinal diactines,
presence/absence of a cortex, pseudosagittal triactines, or long
radially arranged diactines are characters that have been ac-
quired independently in different taxa.Another example is the
presence of a stem without choanocyte chambers in all the
Sycon and Sycetta species from clade X, which is also found
in Grantia sp. nov. 1 from clade VII, suggesting that it has
evolved independently in different lineages. However, the ab-
sence of the Bstem^ character in the rest of the species from
clade X could represent a case of secondary loss, which, ac-
cording to Jenner (2004), is a process that can occur often, if
not more often, than independent evolution of a character.

Our study highlights that even a much-increased taxonom-
ic coverage does not provide a congruent classification for this
group, especially when the main morphological characters
present such high levels of homoplasy. Therefore, we agree
with Voigt et al. (2012) and Manuel (2006) that the evolution
of Calcaronea does not follow a clear trajectory, is not oriented
from simple to more complex structures, and is characterized
by frequent secondary loss and convergent evolution.

Conclusions

It has been suggested that to understand the phylogeny of the
calcareous sponges, a better taxonomic coverage in phyloge-
netic analyses is required. However, we also have to recall that
the morphological characters used for classification in this
group are not informative enough, and consequently, the high
support of some clades cannot be interpreted in terms of
shared morphological characters. Our study includes the most
comprehensive taxonomic sampling thus far for the subclass
and confirms the non-monophyly of most higher Calcaronean
taxa. Therefore, we are confident that to increase the dataset
(few specific exceptions) would not improve our results, but it
will make the Bunconventional^ evolutionary history within
Calcaronea even more evident.
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To achieve the Blong-awaited goal of a fully consistent
phylogeny^ mentioned by Erpenbeck and Wörheide (2007),
the inclusion of new molecular tools and/or independent phy-
logenetic markers is necessary to improve and corroborate the
phylogeny obtained in our study. It is also important to remark
that the C-region currently represents the best and only option
as a barcoding marker in the subclass Calcaronea. However, a
more variable marker to discriminate between closely related
or recently diverged species would still be desirable.

According to our phylogeny, and in congruence with pre-
vious studies (Dohrmann et al. 2006; Voigt et al. 2012), it can
be concluded that the current classification of the subclass
Calcaronea is largely artificial and in need of a thorough
reassessment.

Acknowledgements A number of people and institutions have provided
material from all around the world for this study: We are greatly indebted
to Claire Goodwin, Alexander Ereskowsky, Bente Stransky, and Stefano
Schiaparelli for sending us samples from St Helena, White Sea,
Greenland and the Antarctic. Torkild Bakken (the NTNU University
Museum), Ole Secher Tendal (Natural History Museum of Denmark,
University of Copenhagen), Jon Anders Kongsrud (University Museum
of Bergen and the MAREANO program), and Kenneth Lundin (Natural
History Museum, Gothenburg) are thanked for providing material from
their collections. Saskia Brix (Senckenberg Naturmuseum Frankfurt) is
thanked for inviting us to take part in the IceAge project and funding from
the Norwegian Research School in Biosystematics (ForBio) enabled us to
collect on the Greenlandic west-coast. Special thanks to David Rees and
Pedro Ribeiro (both University of Bergen) for helping us in the molecular
lab and with the data analyses using the software PHASE-3. We further
thank two anonymous reviewers for their constructive comments to a
previous version of this manuscript.

Funding information This study was supported by the Norwegian
Biodiversity Information Centre (grant to HTR, project number
70184219), the Norwegian Academy of Science and Letters (grant to
HTR), and the Research Council of Norway (through contract number
179560).

References

Allen, J. E., & Whelan, S. (2014). Assessing the state of substitution
models describing noncoding RNA evolution. Genome Biology
and Evolution, 6(1), 65–75.

Alvizu, A., Díaz, M. C., Bastidas, C., Rützler, K., Thacker, R. W., &
Márquez, L. M. (2013). A skeleton-less sponge of Caribbean man-
groves: invasive or undescribed? Invertebrate Biology, 132(2), 1–
14.

Azevedo, F., Cóndor-Luján, B., Willenz, P., Hajdu, E., Hooker, Y., &
Klautau, M. (2015). Integrative taxonomy of calcareous sponges
(subclass Calcinea) from the Peruvian coast: morphology, mole-
cules, and biogeography. Zoological Journal of the Linnean
Society, 173(4), 787–817. https://doi.org/10.1111/zoj.12213.

Azevedo, F., Padua, A., Moraes, F., Rossi, A. L., Muricy, G., & Klautau,
M. (2017). Taxonomy and phylogeny of calcareous sponges
(Porifera: Calcarea: Calcinea) from Brazilian mid-shelf and oceanic
islands. Zootaxa, 4311(3), 301–304.

Baer, C. F., Miyamoto, M. M., & Denver, D. R. (2007). Mutation rate
variation in multicellular eukaryotes: causes and consequences.
Nature Reviews Genetics, 8(8), 619–631.

Barrett, R. D. H., & Hebert, P. D. N. (2005). Identifying spiders through
DNA barcodes. Canadian Journal of Zoology, 83(3), 481–491.
https://doi.org/10.1139/z05-024.

Burton, M. (1963). A revision of the classification of the calcareous
sponges: with a catalogue of the specimens in the British museum
(natural history). London: Order of the trustees of the British
Museum (Natural History).

Cárdenas, P., Xavier, J. R., Reveillaud, J., Schander, C., & Rapp, H. T.
(2011). Molecular phylogeny of the Astrophorida (Porifera,
Demospongiae) reveals an unexpected high level of spicule homo-
plasy. PLoS One, 6, e18318. https://doi.org/10.1371/journal.pone.
0018318.

Cavalcanti, F. F., Skinner, L. F., & Klautau, M. (2013). Population dy-
namics of cryptogenic calcarean sponges (Porifera, Calcarea) in
southeastern Brazil. Marine Ecology, 34(3), 280–288. https://doi.
org/10.1111/maec.12013.

Chombard, C., Boury-Esnault, N., & Tillier, S. (1998). Reassessment of
homology of morphological characters in Tetractinellid sponges
based on molecular data. Systematic Biology, 47(3), 351–366.

Dohrmann, M., Haen, K. M., Lavrov, D. V., & Wörheide, G. (2012).
Molecular phylogeny of glass sponges (Porifera, Hexactinellida):
increased taxon sampling and inclusion of the mitochondrial
prote in-coding gene, cytochrome oxidase subuni t I .
Hydrobiologia, 687(1), 11–20. https://doi.org/10.1007/s10750-
011-0727-z.

Dohrmann, M., Janussen, D., Reitner, J., Collins, A. G., & Wörheide, G.
(2008). Phylogeny and evolution of glass sponges (Porifera,
Hexactinellida). Systematic Biology, 57(3), 388–405. https://doi.
org/10.1080/10635150802161088.

Dohrmann, M., Kelley, C., Kelly, M., Pisera, A., Hooper, J. N. A., &
Reiswig, H. M. (2017). An integrative systematic framework helps
to reconstruct skeletal evolution of glass sponges (Porifera,
Hexactinellida). Frontiers in Zoology, 14(18), 18. https://doi.org/
10.1186/s12983-017-0191-3.

Dohrmann, M., Voigt, O., Erpenbeck, D., & Wörheide, G. (2006). Non-
monophyly of most supraspecific taxa of calcareous sponges
(Porifera, Calcarea) revealed by increased taxon sampling and
partitioned Bayesian analysis of ribosomal DNA. Molecular
Phylogenetics and Evolution, 40(3), 830–843.

Duran, S., Pascual, M., & Turon, X. (2004). Low levels of genetic vari-
ation in mtDNA sequences over the western Mediterranean and
Atlantic range of the sponge Crambe crambe (Poecilosclerida).
Marine Biology, 144, 31–35.

Erpenbeck, D., & Wörheide, G. (2007). On the molecular phylogeny of
sponges (Porifera). Zootaxa, 1668, 107–126.

Gouy, M., Guindon, S., & Gascuel, O. (2010). SeaView version 4: A
multiplatform graphical user interface for sequence alignment and
phylogenetic tree building.Molecular Biology and Evolution, 27(2),
221–224. https://doi.org/10.1093/molbev/msp259.

Haeckel, E. (1872). Die Kalkschwämme. Eine Monographie in zwei
Bänden Text und einem Atlas mit 60 Tafeln Abbildungen (Vol. Vol.
I-III). Berlin.

Hebert, P. D. N., Stoeckle, M. Y., Zemlak, T. S., & Francis, C. M. (2004).
Identification of birds through DNA barcodes. PLoS Biology, 2(10),
e312. https://doi.org/10.1371/journal.pbio.0020312.

Hooper, J. N. A., & van Soest, R.W.M. (Eds.). (2002). Systema Porifera:
a guide to the classification of sponges (Vol. 2). New York: Kluwer
Academic/Plenum Publishers.

Imešek, M., Pleše, B., Pfannkuchen, M., Godrijan, J., Pfannkuchen, D.
M., Klautau, M., & Ćetković, H. (2014). Integrative taxonomy of
four Clathrina species of the Adriatic Sea, with the first formal
description of Clathrina rubra Sarà, 1958. Organisms, Diversity
and Evolution, 14(1), 21–29.

Jenner, R. A. (2004). Whenmolecules and morphology clash: reconciling
conflicting phylogenies of the Metazoa by considering secondary

288 Alvizu A. et al.

https://doi.org/10.1111/zoj.12213
https://doi.org/10.1139/z05-024
https://doi.org/10.1371/journal.pone.0018318
https://doi.org/10.1371/journal.pone.0018318
https://doi.org/10.1111/maec.12013
https://doi.org/10.1111/maec.12013
https://doi.org/10.1007/s10750-011-0727-z
https://doi.org/10.1007/s10750-011-0727-z
https://doi.org/10.1080/10635150802161088
https://doi.org/10.1080/10635150802161088
https://doi.org/10.1186/s12983-017-0191-3
https://doi.org/10.1186/s12983-017-0191-3
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1371/journal.pbio.0020312


character loss. Evolution &Development, 6(5), 372–378. https://doi.
org/10.1111/j.1525-142X.2004.04045.x.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M.,
Sturrock, S., Buxton, S., Cooper, A., Markowitz, S., Duran, C.,
Thierer, T., Ashton, B., Meintjes, P., & Drummond, A. (2012).
Geneious basic: an integrated and extendable desktop software plat-
form for the organization and analysis of sequence data.
Bioinformatics, 28(12), 1647–1649.

Klautau, M., Azevedo, F., Cóndor-Luján, B., Rapp, H. T., Collins, A., &
de Morales Russo, C. A. (2013). A molecular phylogeny for the
order Clathrinida rekindles and refines Haeckel's taxonomic propos-
al for calcareous sponges. Integrative and Comparative Biology,
53(3), 447–461.

Klautau, M., Imešek, M., Azevedo, F., Pleše, B., Nikolić, V., & Ćetković,
H. (2016). Adriatic calcarean sponges (Porifera, Calcarea), with the
description of six new species and a richness analysis. European
Journal of Taxonomy, 178(178), 1–52. https://doi.org/10.5852/ejt.
2016.178.

Klautau,M.,Monteiro, L., & Borojevic, R. (2004). First occurrence of the
genus Paraleucilla (Calcarea, Porifera) in the Atlantic Ocean: P.
magna sp. nov. Zootaxa, 710, 1–8.

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: molecular evo-
lutionary genetics analysis version 7.0 for bigger datasets.
Molecular Biology and Evolution, 33, 1870–1874.

Lanna, E., Rattis, L., & Cavalcanti, F. F. (2017). The presence of the
diagnostic character of the genus Paraleucilla (Amphoriscidae,
Calcarea, Porifera) may depend on the volume and body wall thick-
ness of the sponges. Invertebrate Biology, 136(3), 321–329. https://
doi.org/10.1111/ivb.12185 .

Lavrov, D. V., Adamski, M., Chevaldonné, P., & Adamska, M. (2016).
Extensive mitochondrial mRNA editing and unusual mitochondrial
genome organization in Calcaronean sponges. Current Biology,
26(1), 86–92. https://doi.org/10.1016/j.cub.2015.11.043.

Lavrov, D. V., Pett,W., Voigt, O.,Wörheide, G., Forget, L., Lang, B. F., &
Kayal, E. (2013). Mitochondrial DNA of Clathrina clathrus
(Calcarea, Calcinea): six lnear chromosomes, fragmented rRNAs,
tRNA editing, and a novel genetic code. Molecular Biology and
Evolution, 30(4), 865–880. https://doi.org/10.1093/molbev/mss274.

Lavrov, D. V., Wang, X., & Kelly, M. (2008). Reconstructing ordinal
relationships in the Demospongiae using mitochondrial genomic
data. Molecular Phylogenetics and Evolution, 49, 111–124. https://
doi.org/10.1016/j.ympev.2008.05.014.

Longo, C., Mastrototaro, F., & Corriero, G. (2007). Occurrence of
Paraleucilla magna (Porifera: Calcarea) in the Mediterranean Sea.
Journal of the Marine Biological Association of the United
Kingdom, 87(6), 1749–1755. ht tps: / /doi.org/10.1017/
S0025315407057748.

Manuel, M. (2004). Molecular phylogeny of calcareous sponges using
18S rRNA and 28S rRNA sequences. BMIB-Bollettino dei Musei e
degli Istituti Biologici, 68, 449–461.

Manuel, M. (2006). Phylogeny and evolution of calcareous sponges.
Canadian Journal of Zoology, 84(2), 225–241.

Manuel, M., Borchiellini, C., Alivon, E., Le Parco, Y., Vacelet, J., Boury-
Esnault, N., et al. (2003). Phylogeny and evolution of calcareous
sponges: monophyly of Calcinea and Calcaronea, high level of mor-
phological homoplasy, and the primitive nature of axial symmetry.
Systematic Biology, 52, 311–333.

Morrow, C., & Cárdenas, P. (2015). Proposal for a revised classification
of the Demospongiae (Porifera). Frontiers in Zoology, 12(1), 7.
https://doi.org/10.1186/s12983-015-0099-8.

Morrow, C. C., Redmond, N. E., Picton, B. E., Thacker, R.W., Collins, A.
G.,Maggs, C. A., Sigwart, J. D., &Allcock, A. L. (2013).Molecular
phylogenies support homoplasy of multiple morphological charac-
ters used in the taxonomy of Heteroscleromorpha (Porifera:
Demospongiae). Integrative and Comparative Biology, 53, 428–
446. https://doi.org/10.1093/icb/ict065.

Park, M.-H., & Min, G.-S. (2007). Identification of genes suitable for
DNA barcoding of morphologically indistinguishable Korean
Halichondriidae sponges. Molecules and Cells, 23(2), 220–227.

Philippe, H., Derelle, R., Lopez, P., Pick, K., Borchiellini, C., Boury-
Esnault, N., Vacelet, J., Renard, E., Houliston, E., Quéinnec, E., da
Silva, C., Wincker, P., le Guyader, H., Leys, S., Jackson, D. J.,
Schreiber, F., Erpenbeck, D., Morgenstern, B., Wörheide, G., &
Manuel, M. (2009). Phylogenomics revives traditional views on
deep animal relationships. Current Biology, 19(8), 706–712.
https://doi.org/10.1016/j.cub.2009.02.052.

Plotkin, A., Gerasimova, E., & Rapp, H. T. (2012). Phylogenetic recon-
struction of Polymastiidae (Demospongiae: Hadromerida) based on
morphology. Hydrobiologia, 687, 21–41. https://doi.org/10.1007/
s10750-011-0823-0.

Plotkin, A., Voigt, O., Willassen, E., & Rapp, H. T. (2017). Molecular
phylogenies challenge the classification of Polymastiidae
(Porifera, Demospongiae) based on morphology. Organisms,
Diversity and Evolution, 17(1), 45–66. https://doi.org/10.1007/
s13127-016-0301-7.

Rapp, H. T. (2006). Calcareous sponges of the genera Clathrina and
Guancha (Calcinea, Calcarea, Porifera) of Norway (NE Atlantic)
with the description of five new species. Zoological Journal of the
Linnean Society, 147, 331–365. https://doi.org/10.1111/j.1096-
3642.2006.00221.x.

Rapp, H. T. (2015). A monograph of the calcareous sponges (Porifera,
Calcarea) of Greenland. Journal of the Marine Biological
Association of the United Kingdom, 95, 1395–1459. https://doi.
org/10.1017/S0025315413001070.

Rapp, H. T., Klautau, M., & Valentine, C. (2001). Two new species of
Clathrina (Porifera, Calcarea) from the Norwegian coast. Sarsia,
86(1), 69–74. https://doi.org/10.1080/00364827.2001.10420462.

Redmond, N. E., Morrow, C. C., Thacker, R. W., Diaz, M. C., Boury-
Esnault, N., & Cárdenas, P. (2013). Phylogeny and systematics of
Demospongiae in light of new small subunit ribosomal DNA (18S)
sequences. Integrative and Comparative Biology, 53, 388–415.
https://doi.org/10.1093/icb/ict078.

Rossi, A. L., De Moraes Russo, C. A., SolÉ-Cava, A. M., Rapp, H. T., &
Klautau, M. (2011). Phylogenetic signal in the evolution of body
colour and spicule skeleton in calcareous sponges. Zoological
Journal of the Linnean Society, 163(4), 1026–1034. https://doi.org/
10.1111/j.1096-3642.2011.00739.x.

RStudio Team. (2016). RStudio: integrated development for R. Boston:
RStudio, Inc..

Saitou, N., & Nei, M. (1986). The number of nucleotides required to
determine the branching order of three species, with special refer-
ence to the human-chimpanzee-gorilla divergence. Journal of
Molecular Evolution, 24(1), 189–204. https://doi.org/10.1007/
bf02099966.

Simion, P., Philippe, H., Baurain, D., Jager, M., Richter, D. J., Franco, A.
D., et al. (2017). A large and consistent phylogenomic dataset sup-
ports sponges as the sister group to all other animals. Current
Biology, 27, 958–967. https://doi.org/10.1016/j.cub.2017.02.031.

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analy-
sis and post-analysis of large phylogenies. Bioinformatics, 30(9),
1312–1313. https://doi.org/10.1093/bioinformatics/btu033.

Thacker, R. W., Hill, A. L., Hill, M. S., Redmond, N. E., Collins, A. G.,
Morrow, C. C., Spicer, L., Carmack, C. A., Zappe, M. E., Pohlmann,
D., Hall, C., Diaz, M. C., & Bangalore, P. V. (2013). Nearly com-
plete 28S rRNA gene sequences confirm new hypotheses of sponge
evolution. Integrative and Comparative Biology, 53, 373–387.
https://doi.org/10.1093/icb/ict071.

Valderrama, D., Rossi, A. L., Solé-Cava, A. M., Rapp, H. T., & Klautau,
M. (2009). Revalidation of Leucetta floridana (Calcarea,
Clathrinida, Leucettidae): a wide spread species in the tropical west-
ern Atlantic. Zoological Journal of the Linnean Society, 157, 1–16.
https://doi.org/10.1111/j.1096-3642.2009.00522.x.

Increased taxon sampling provides new insights into the phylogeny and evolution of the subclass Calcaronea... 289

https://doi.org/10.1111/j.1525-142X.2004.04045.x
https://doi.org/10.1111/j.1525-142X.2004.04045.x
https://doi.org/10.5852/ejt.2016.178
https://doi.org/10.5852/ejt.2016.178
https://doi.org/10.1111/ivb.12185
https://doi.org/10.1111/ivb.12185
https://doi.org/10.1016/j.cub.2015.11.043
https://doi.org/10.1093/molbev/mss274
https://doi.org/10.1016/j.ympev.2008.05.014
https://doi.org/10.1016/j.ympev.2008.05.014
https://doi.org/10.1017/S0025315407057748
https://doi.org/10.1017/S0025315407057748
https://doi.org/10.1186/s12983-015-0099-8
https://doi.org/10.1093/icb/ict065
https://doi.org/10.1016/j.cub.2009.02.052
https://doi.org/10.1007/s10750-011-0823-0
https://doi.org/10.1007/s10750-011-0823-0
https://doi.org/10.1007/s13127-016-0301-7
https://doi.org/10.1007/s13127-016-0301-7
https://doi.org/10.1111/j.1096-3642.2006.00221.x
https://doi.org/10.1111/j.1096-3642.2006.00221.x
https://doi.org/10.1017/S0025315413001070
https://doi.org/10.1017/S0025315413001070
https://doi.org/10.1080/00364827.2001.10420462
https://doi.org/10.1093/icb/ict078
https://doi.org/10.1111/j.1096-3642.2011.00739.x
https://doi.org/10.1111/j.1096-3642.2011.00739.x
https://doi.org/10.1007/bf02099966
https://doi.org/10.1007/bf02099966
https://doi.org/10.1016/j.cub.2017.02.031
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/icb/ict071
https://doi.org/10.1111/j.1096-3642.2009.00522.x


van Soest, R. W. M., Boury-Esnault, N., Hooper, J. N. A., Rützler, K., de
Voogd, N. J., Alvarez, B., et al. (2018). World Porifera database.
Accessed at http://www.marinespecies.org/porifera on 2018–02-22.

Voigt, O., Erpenbeck, D., González-Pech, R. A., Al-Aidaroos, A. M.,
Berumen, M. L., & Wörheide, G. (2017). Calcinea of the Red Sea:
providing a DNA barcode inventory with description of four new
species. Marine Biodiversity, 47, 1–26. https://doi.org/10.1007/
s12526-017-0671-x.

Voigt, O., Erpenbeck, D., &Wörheide, G. (2008). Molecular evolution of
rDNA in early diverging Metazoa: first comparative analysis and
phylogenetic application of complete SSU rRNA secondary struc-
tures in Porifera. BMC Evolutionary Biology, 8, 69.

Voigt, O., & Wörheide, G. (2016). A short LSU rRNA fragment as a
standard marker for integrative taxonomy in calcareous sponges
(Porifera: Calcarea). Organisms, Diversity and Evolution, 16(1),
53–64. https://doi.org/10.1007/s13127-015-0247-1.

Voigt, O., Wülfing, E., & Wörheide, G. (2012). Molecular phylogenetic
evaluation of classification and scenarios of character evolution in

calcareous sponges (Porifera, class Calcarea). PLoS One, 7(3),
e33417. https://doi.org/10.1371/journal.pone.0033417.

Wörheide, G. (2006). Low variation in partial cytochrome oxidase sub-
unit I (COI) mitochondrial sequences in the coralline demosponge
Astrosclera willeyana across the Indo-Pacific.Marine Biology, 148,
907–912.

Wörheide, G., Dohrmann, M., Erpenbeck, D., Larroux, C., Maldonado,
M., Voigt, O., et al. (2012). Chapter I: deep phylogeny and evolution
of sponges (Phylum Porifera). In M. A. Becerro, M. J. Uriz, M.
Maldonado, & T. Xavier (Eds.), Advances in Sponge Science:
Phylogeny, Systematics, Ecology (pp. 3–78): Academic Press.

Xavier, J. R., Rachello-Dolmen, P. G., Parra-Velandia, F., Schönberg, C.
H. L., Breeuwer, J. A. J., & van Soest, R. W. M. (2010). Molecular
evidence of cryptic speciation in the Bcosmopolitan^ excavating
sponge Cliona celata (Porifera, Clionaidae). Molecular
Phylogenetics and Evolution, 56(1), 13–20. https://doi.org/10.
1016/j.ympev.2010.03.030.

290 Alvizu A. et al.

http://www.marinespecies.org/porifera
https://doi.org/10.1007/s12526-017-0671-x
https://doi.org/10.1007/s12526-017-0671-x
https://doi.org/10.1007/s13127-015-0247-1
https://doi.org/10.1371/journal.pone.0033417
https://doi.org/10.1016/j.ympev.2010.03.030
https://doi.org/10.1016/j.ympev.2010.03.030

	Increased taxon sampling provides new insights into the phylogeny and evolution of the subclass Calcaronea (Porifera, Calcarea)
	Abstract
	Introduction
	Materials and methods
	Sample collection and species identification
	DNA extraction, amplification, and sequencing
	Phylogenetic analyses

	Results
	18S rRNA
	C-region of 28S rRNA
	Intraspecific vs. interspecific variation

	Discussion
	Evaluation of C-region and 18S as barcoding markers in Calcaronea
	Phylogeny of Calcaronea using 18S rRNA
	Phylogeny of Calcaronea using C-region (28S rRNA)

	Conclusions
	References


