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ABSTRACT

Cryptic species are widespread across the phylum Porifera making the identification
of non-indigenous species difficult, an issue not easily resolved by the use of
morphological characteristics. The widespread order Haplosclerida is a prime
example due to limited and plastic morphological features. Here, we study the
reported introduction of Haliclona (Soestella) caerulea from the Caribbean to
Palmyra Atoll via Hawaii using morphological characteristics and genetic analyses
based on one nuclear (18s rDNA) and three mitochondrial (COI, the barcoding COI
extension (COI ext.) and rnl rDNA) markers. Despite no clear division in lengths of
the oxea spicules between the samples, both mtDNA and nDNA phylogenetic trees
supported similar topologies resolving two distinct clades. Across the two clades,
the concatenated mtDNA tree resolved twelve subclades, with the COI ext. yielding
most of the variability between the samples. Low sequence divergence values (0.68%)
between two of the subclades indicate that the same species is likely to occur at
Palmyra, Hawaii and the Caribbean, supporting the hypothesis that H. caerulea was
introduced to Palmyra from the Caribbean, although whether species came directly
from the Caribbean to Palmyra or from Hawaii remains unresolved. Conversely,
the pattern of highly divergent cryptic species supports the notion that traditionally
used spicule measurements are taxonomically unreliable in this group. This study
illustrates how understanding the scale of within- as opposed to between-species level
genetic variation is critical for interpreting biogeographic patterns and inferring the
origins of introduced organisms.
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INTRODUCTION

The identification of a species is a basic, yet fundamental part of conservation and
management but is complicated by the lack of distinct morphological traits in many
marine taxa (Bickford et al., 2007; Forsman et al., 2010). This problem is particularly
apparent in the phylum Porifera (sponges) (Grant, 1836), which can often be difficult
to identify in the field due to their limited, but plastic morphologies in response to
environmental variability (Palumbi, 1984; Wulff, 2001; Bell, Barnes & Turner, 2002;
McDonald, Hooper ¢ McGuinness, 2002).

There are 8,500 known sponge species, with an estimated 15,000 in total (Hooper &
Van Soest, 2002; Van Soest et al., 2012). Despite their great diversity, all functional sponges
perform similar but key roles in ecological systems (Bell, 2008). They are efficient spatial
competitors (Bell ¢ Barnes, 2003; Wulff, 2006) frequently possess chemical defences to
deter predators (Schwartz, Luikart & Waples, 2007) and remove organic and inorganic
particles and nutrients (Gili & Coma, 1998), which can greatly impact water column
characteristics (Fu et al., 2006; Peterson et al., 2006; Fu et al., 2007; De Goeij et al., 2013).
All these factors combine to pose a potential threat to ecosystems as invasive species (Coles
et al., 2007). While the early detection and eradication of introduced species is the best
strategy when prevention fails (Mehbub et al., 2014), there is a trade-off between early
detection and action, and sufficient information for informed management decisions,
especially in the case of cryptogenic species, where the species origins are unknown.
For example, apparently well-documented introductions of an alien invasive coral
(Carijoa spp.) and seahorses (Hippocampus spp.) in Hawaii have proven false when
examined genetically (Concepcion et al., 2010; Szabé et al., 2011). Misidentification of
cryptic species can also have dramatic impacts on conservation (Bowen, Nelson ¢» Avise,
1993; Ravaoarimanana et al., 2004). Therefore, it is also important to determine the
identification of introduced species, especially taxonomically difficult and cryptogenic taxa
such as sponges, before substantial management resources are wasted on misinformation.

As with most past taxonomic work, classification and species description for sponges
has been based on morphological characteristics such as spicules and spongin architecture
(Hooper ¢ Van Soest, 2002). However, morphological plasticity and the low number
of phenotypic characters in sponges can make consistent and accurate identification
problematic (Wulff, 2001; Worheide e~ Erpenbeck, 2007). For example, some sponge species
that have been long believed to be cosmopolitan, spanning large geographic ranges, have
now been revealed, using molecular markers, as complexes of cryptic species (Klautau et
al., 1999; Xavier et al., 2010; Swierts et al., 2013; Bell et al., 2014). Therefore, genetic markers
have become important tools to identify divergent cryptic species and have revealed that
the distribution ranges of many so-called “cosmopolitan species” have often been overes-
timated because they are actually not a single species (Solé-Cava ¢ Thorpe, 1987; Boury-
Esnault, Solé-Cava & Thorpe, 1992; Klautau et al., 1999; Hoshino, Saito ¢ Fujita, 2008).
Confirming the identity of an introduced species is therefore the first step to studying its
phylogeographic distribution and introduction pathway (e.g., Concepcion et al., 2010).
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Within the phylum Porifera lies the class Demospongiae (Sollas, 1885), which
encompasses approximately 83% of the known sponge species making it the largest class
in the phylum Porifera (Van Soest et al., 2012). The order Haplosclerida (Topsent, 1928)
is one of the most speciose and diverse orders in this class and includes the majority of
freshwater species and a large number of shallow-water marine sponges (Van Soest ¢
Hooper, 2002), although the monophyly of this class remains contentious (Redmond et al.,
2011; Cardenas, Pérez & Boury-Esnault, 2012; Redmond et al., 2013). The range of spicule
types in Haplosclerida is very limited—megascleres are either oxeas or strongyloxeas and
the microscleres, if present, are sigmas, microxeas, microstrongyles or toxas—making
classification based on morphological characters difficult compared to sponge groups such
as Tetractinellida (Marshall, 1876) and Calcispongia (Schmidt, 1862), which have more
distinct morphological features (Chombard, Boury-Esnault & Tillier, 1998; Manuel et al.,
2003). More recently, genetic analyses using a range of markers have been employed to
resolve species relationships within the Haplosclerida, which is currently divided into 2
to 4 suborders; however, there are still major incongruences among molecular markers as
to how many suborders exist and their relationships (McCormack, Erpenbeck ¢ Van Soest,
2002; Itskovich et al., 2007; Redmond et al., 2011). At the species level, there have also been a
number of examples of taxonomic confusion. For example, in the genus Haliclona (Grant,
1836), where multiple samples of the same species; H. oculata (Pallas, 1766) and H. cinerea
(Grant, 1826), were collected, both had individuals (identified as the same morphospecies)
that were subsequently found to be genetically distinct and distantly related according
to both mitochondrial CO1 and 18s rDNA markers (Raleigh et al., 2007; Redmond ¢
McCormack, 2008). Such taxonomic challenges have resulted in a lack of resolution at all
levels of the Haplosclerida order, which complicates many ecological, evolutionary, and
phylogeographic studies (Raleigh et al., 2007).

The aim of this study was to investigate the reported introduction of Haliclona
(Soestella) caerulea (Hechtel, 1965) (order Haplosclerida) to the Central Pacific from the
Caribbean via Hawai' (DeFelice, Eldredge ¢» Carlton, 2001; Coles et al., 20065 Knapp et al.,
2011). It is thought that H. caerulea was introduced first to Hawaii in the second half of the
last century as it was not found by sponge taxonomists during surveys in the 1950’s (De
Laubenfels, 1950b) or 1960’s (Bergquist, 1967) where it is now abundant (DeFelice, Eldredge
¢ Carlton, 2001; Coles et al., 2006). It was then believed to have been transported from
Hawaifi to Palmyra Atoll, a near-pristine oceanic atoll in the Central Pacific, via fouling on
ships, yachts and barges (Godwin, 2003; Knapp et al., 2011) or other structures e.g., floating
dry-docks (Godwin ¢ Eldredge, 2001). Ship fouling is believed to be the primary pathway
of introduction of alien species to Hawai'i (Molnar et al., 2008), and Hawai1 has long been
the predominant shipping connection to Palmyra (Dawson, 1959; Knapp et al., 2011). The
limited larval dispersal capabilities of H. caerulea (to several meters) (Maldonado & Young,
1999) also suggests that the chances of this species naturally increasing its range from
the Caribbean to the Central Pacific is highly unlikely. However, considering the limited
micromorphological variability within Haplosclerida species (Redmond et al., 2011) and
considerable taxonomic uncertainty within the order, it is likely that there is undetected
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biodiversity (cryptic species) or misidentifications. Thus, it is also possible that sponges
with a similar appearance in the lagoons at Palmyra, which are believed to be introduced,
may prove to be endemic because of taxonomic confusion within the group. Confirming
whether the Caribbean species H. caerulea was introduced to Palmyra Atoll via Hawaii
may be important for future management of both locations by establishing the possible
paths of introduction as well as aiding in the future monitoring of this species distribution
(Schwartz, Luikart ¢ Waples, 2007). In this study, spicule (oxea) length measurements of
H. caerulea were used in combination with molecular tools try and answer these questions.
We used four genes, both nuclear and mitochondrial, to test the hypothesis that H. caerulea
was introduced to Palmyra from the Caribbean: 18s rDNA, mtDNA rnl (large subunit
rDNA) and the standard barcoding fragment; cytochrome oxidase subunit 1 (CO1) along
with the suggested extension, which is more variable and thought to provide greater
resolution for intraspecific differences (Rot et al., 2006).

METHODS

Study species

Haliclona (Soestella) caerulea (Hechtel, 1965) (family Chalinidae Gray, 1867), commonly
known as the ‘Blue Caribbean sponge, is found on rocks, dock pilings and mangrove roots
in shallow water embayments, harbours and disturbed habitats with restricted water flow
(Hechtel, 1965; Cubit ¢ Williams, 1983; Wulff, 1997b; De Weerdt, 2000; DeFelice, Eldredge
¢ Carlton, 2001). Synonyms of this species include: Sigmadocia caerulea, Haliclona
caerulea and Haliclona (Gellius) caerulea, but Haliclona (Soestella) caerulea is the currently
accepted name in the World Register of Marine Species (WoRMS). Haliclona (Soestella)
caerulea is characteristically blue, but the colour can be purple when in association
with the red branching coralline alga Jania adherens (Lamouroux, 1816) (Fig. 1), a
mutualistic relationship often seen in populations from the Pacific Coast of Panama
(Wulff, 1997a), Mexico (Carballo ¢ Avila, 2004) and Palmyra Atoll (Knapp et al., 2011).
The megasclere spicules are bent oxeas (82-230 um), and the microscleres are C-shaped
sigmas (18—30 um) (Hechtel, 1965; DeFelice, Eldredge ¢» Carlton, 2001; Carballo et al., 2006;
Cruz-Barraza & Carballo, 2008), although these latter structures are less common in the
purple mutualistic forms (Hechtel, 1965).

Sampling design

Between 2008 and 2009, a total of 313 specimens were sampled from 7 locations in the Line
Islands, Hawaii and the Caribbean. Samples were collected on SCUBA from Palmyra Atoll
(in the Line Islands), and on snorkel in Hawaii and the Caribbean (Fig. 2 and Table 1), and
span a sampling range of approximately 10,400 km. All samples from Palmyra Atoll were
collected under the USFWS special use permits 12533-08004 and 12533-09014. To try and
mitigate in-situ misidentification, where possible, the purple morph was sampled as the
association of H. caerulea with J. adherens is meant to be one of the distinguishing features
of this species (Wulff, 1996). This association is also related to depth (Enriquez, Avila &
Carballo, 2009) so where possible deeper sites were sought to find the more distinguishable
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Figure 1 Photos of sponge morphs. In-situ images of Haliclona (Soestella) caerulea samples collected
from (A) Palmyra Atoll (B) Hawaii (C) Caribbean (St John) (blue morph) (D) Caribbean (St Thomas)
(purple morph). Scale bars represent 1 cm.

purple morph. In Hawaii the predominant morph was blue, in Palmyra it was purple and
in the Caribbean it was more variable (Fig. 1). Due to the high proportion of J. adherens
in the purple morphs, the tissue fragments were taken from the base of the sponge where
there is more blue sponge tissue compared to the associated algae. On average, 30—60
samples were collected from each location with the exception of Palmyra Atoll where
100 individuals were collected and Ke'ehi boat harbour where only 10 specimens were
collected (representing all individuals found). To avoid sampling clones, individuals were
collected at least 2 m apart from each other and stored in individual 2 ml Eppendorf
tubes. Immediately after collection, to reduce specimen atrophy, the seawater was replaced
with saturated salt DMSO (dimethyl sulfoxide) buffer for storage, a highly efficient DNA
preservation solution for invertebrates particularly in remote field locations (Dawson,
Raskoff & Jacobs, 1998; Gaither et al., 2011).

Spicule analyses

To identify any local site level morphological differences between specimens the oxea
lengths from all locations (see Fig. 2) were measured using Image] (Abramoff, Magalhdes ¢
Ram, 2004) based on photographs taken under a light microscope. To prepare the samples,
a2 mm? fragment was taken from each specimen and placed in a 1 ml Eppendorf tube
filled with sodium hypochlorite to remove the tissue and leave only the silicate spicules.
After 24 h the samples were rinsed with distilled water three times. The samples were
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Figure 2 Map of sampling locations. Map of the sampling locations for Haliclona (Soestella) caerulea
in the Caribbean and Pacific along with the individual collection sites on O'ahu, Hawaii: Ke'ehi harbour
(Ke), Ala Moana (Am) and Kéane'ohe Bay (Kan).

Table 1 Site info. Location, code IDs and numbers of sequences included in the final analyses of ‘Haliclona (Soestella) caerulea’ samples.

Sites Code Region Site description Depth (m) Latitude & Longitude n
Ala Moana (Am) Hawaifi harbour, sandy rocky substrate A2 21°17'N, 157°50'W

Ke'ehi Bay (Ke) Hawaif harbour, pillings 2 21°19'N, 157°53'W

Kane'ohe Bay (Kan) Hawaifi backreef, sandy rocky substrate A2 21°25/N, 157°47'W 13
St John Island (St)) Caribbean mangrove roots ~3 18°19'N, 64°44'W

St Thomas Island (StT) Caribbean mangrove roots ~3 18°18'N, 64°54'W

Puerto Rico (PR) Caribbean mangrove roots ~3 18°17'N,67°12'W

Palmyra Atoll (PA) Line Islands lagoons, sandy rocky substrate ~8 05°53/N, 162°5'W 15
Total 56

then vortexed and a drop of water containing spicules was pipetted onto a slide, with

a cover slip and a drop of oil. Thirty to forty spicules were photographed under the
microscope with the thirty clearest photos measured. A non-metric multidimensional
scaling (nMDS) ordination (Anderson, 2001) was produced, based on a normalized
Euclidean distance matrix, to visualize the variation in sample spicule lengths across sites.
The nMDS ordination was created using PRIMER v6 (Clarke & Gorley, 2006) with the
PERMANOVA+ add-on (Anderson, Gorley ¢ Clarke, 2008).

DNA extraction and PCR amplification

Individual sponge samples were extracted using a Qiagen DNeasy Tissue Kit following
the manufacturer protocol. After initial thorough screening with 21 primer sets including
those from Jarman, Ward & Elliott (2002) and Redmond et al. (2007), four regions were
successfully sequenced and all samples were screened with these primers. The primer
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Table 2 Primer info. Primers used in the PCR and sequencing of ‘Haliclona (Soestella) caerulea’ samples.

Primer name Region  Primer sequence (5'-3') Reference
dgLCO1490 CO1 GGT CAA CAA ATC ATA AAG AYA TYG G Meyer, Geller & Paulay (2005)
dgHCO2198 TAA ACT TCA GGG TGA CCA AAR AAY CA
COX1-R1 COl ext. TGT TGR GGG AAA AAR GTT AAATT Rot et al. (2006)
COX1-D2 AAT ACT GCT TTT TTT GAT CCT GCC GG
diplo-rnl-f1 rnl TCG ACT GTT TAC CAA AAA CAT AGC Lavrov, Wang & Kelly (2008)
diplo-rnl-r1 AAT TCA ACA TCG AGG TSG GAA AC
18s_1-600_F 18s GCC AGT AGT CAT ATG CTT GTC TCA This paper?
18s-1-600_R GAC TTG CCC TCC AAT TGT TC
Notes.

2 Modified from Redmond et al. (2007).

regions included three mitochondrial regions: CO1 and CO1 extension (ext.) (mtDNA)
and rnl (rDNA) and the nuclear region 18s (rDNA) (see Table 2). CO1 is one of the
three protein coding subunits in the cytochrome c oxidase complex involved in aerobic
metabolism, 71l is a large ribosomal subunit in the metazoan mitochondrial DNA (Boore,
1999), and 18s is a highly conserved nuclear eukaryotic ribosomal DNA gene.

Standard universal barcoding primers for the CO1 region from Folmer et al. (1994)
failed to consistently amplify a product via PCR, therefore we utilized the degenerate
primers developed by Meyer, Geller ¢ Paulay (2005). Due to the lack of variability in the
standard CO1 region in sponges (Duran ¢ Riitzler, 20065 Wirheide, 2006), we sequenced
the suggested downstream extension region described by Rot et al. (2006), which includes
an intron and has higher substitution rates (Erpenbeck, Hooper ¢ Worheide, 2005).
After alignment and trimming, the final sequence lengths were 554 and 318 base pairs
(bp) for CO1 and COL1 ext., respectively. The Porifera-optimized primers diplo-rni-f1
and diplo-rnl-r1 described by Lavrov, Wang & Kelly (2008) were used to amplify the
mitochondrial rxl ribosomal RNA region (700 bp), of which 311 bp were examined in
this study. The 18s rDNA region is approximately 1,800 nucleotides long in Haplosclerida
sponges (Redmond ¢ McCormack, 2008) but we included only the first 407 bp after
multiple sequence alignment and trimming.

PCR amplifications were performed in 15 pl reactions consisting of: 8.5 ul nanopure
water, 1.5 ul 10 x NHy buffer, 0.45 ul MgCl,, 0.30 ul ANTP’s (10 mM total), 2.0 pl
40x bovine serum albumin (BSA), 0.1 ul Tag polymerase (Biolase, Bioline), 0.075 ul of
each primer (10 uM) and 2 ul of DNA template (~20 ng/ ul) with the following thermal
cycler profile: 95 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, 58 °C (rnl and CO1)
or 50 °C (18s) for 45 s, 72 °C for 45 s and a final extension step at 72 °C for 10 min. The
PCR products were then purified using 1.125 ul Exo-FAP (final composition: 0.75 units
Exonuclease I and 0.5 units FAST alkaline phosphatase (FastAP), Thermo Fisher Scientific,
Waltham, Massachusetts, USA) per 7.5 ul of PCR product incubated at 37 °C for 60 min
and then deactivated at 85 °C for 10 min. The purified samples were then sequenced using
BigDye Terminators (PerkinElmer) at the EPSCoR core genetics facility at the Hawai1i
Institute of Marine Biology on an ABI-3130XL automated sequencer.
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Data analysis

All sequences were evaluated and aligned using Geneious Pro (v.5.3.6) (Drummond et al.,
2011) and all GenBank accession numbers are supplied in Appendix S1. The Poriferan
origin of the sequences was confirmed using the BLAST search engine in GenBank
and BOLD Systems (Barcode of Life Data). For all data-sets, the outgroup taxa was
Amphimedon queenslandica, which is also from the order Haplosclerida (Van Soest ¢
Hooper, 2002) and currently the only whole sponge genome (Srivastava et al., 2010),
therefore there was sequence data for this species for all the loci included in this study.

If, after numerous sequencing attempts, samples did not produce comparable sequences
across all regions (CO1, CO1 ext. rnl and 18s), they were removed from the analyses.
Simple neighbour joining (NJ) trees (in Mega5 (Tamura et al., 2011) with a p-distance
model, pairwise deletion of gap positions and 1,000 bootstrap replicates) were generated to
provide an overview of the data for each region. The number of included samples was then
reduced to improve the visualization of the results and reduce analysis time while still rep-
resenting the genetic diversity between samples with up to 5 identical individuals selected
per tree grouping per region resulting in 56 samples across all locations (see Table 1).

To determine the best-fit nucleotide substitution model for each data set, corrected
Akaike information criterion (AICc) model selections were performed by jModelTest
v2.0 (Posada & Crandall, 1998). The jModelTest results identified Hasegawa, Kishino and
Yano HKY + G (gamma) models for both CO1 regions and HKY for the rnl region as the
best fitting prior models of evolution. Transversion (TVM + G) and transitional models
(TIM2ef + G) were selected for the concatenated mitochondrial and nuclear data sets,
respectively. However, for the Bayesian and maximum likelihood analyses, TVM and TIM
models were not available in MrBayes and MEGAS5, therefore a general time reversible
model with gamma rates (GTR + G) was used as the closest available model (Posada ¢
Crandall, 2001; Zakharov et al., 2009).

The mitochondrial regions (CO1, CO1 ext. and rnl) for all 56 samples were examined
separately to determine if there were major differences in tree topologies among gene
trees. Results indicated that there were no major differences in topology (see Appendix
S2); therefore, the mitochondrial regions were additionally concatenated to form a total
evidence tree for the mtDNA to increase the resolution. To determine within and between
species level differences among the subclades, the pairwise percent sequence divergence (P)
(see Table 3) was calculated for all gene regions in MEGAS as the proportion of variable
nucleotide sites in each alignment.

Phylograms were created separately for each gene region (CO1, CO1 ext., rnl and
18s) as well as for the entire concatenated mitochondrial region (Fig. 3 and Appendix
S2) with NJ, maximum likelihood (MP) and Bayesian inference (BI) values supporting
branch topologies. Maximum likelihood trees were generated by MEGAS5 using the
nearest-neighbour interchange (NNI) heuristic method with gaps included at all sites and
1,000 bootstrap replicates. Neighbour joining trees were also constructed using MEGA5
with the same conditions as described above. Bayesian analyses were conducted in MrBayes
v3.1.2 (Ronquist & Huelsenbeck, 2003) using the Markov chain Monte Carlo (MCMC)
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Table 3 Pairwise values. Total number of base pairs (bp), samples (n), haplotypes (H) and pairwise
percent sequence divergence per site, relative to all other sites (P) for each sampling location and across

all Haliclona (Soestella) caerulea samples.

Sites Gene Total length (bp) n H P (%)
Palmyra Atoll CO1 554 15 3 27
COl ext. 318 15 2 11
rnl 366 15 1 0
mtDNA 1,182 15 4 16
nDNA 407 15 3 11
Hawai'i CO1 554 26 3 31
COl1 ext. 318 26 3 15
rnl 366 26 3 27
mtDNA 1182 26 6 27
nDNA 407 26 3 13
Caribbean CO1 554 15 2 20
CO1 ext. 318 15 2 19
rnl 366 15 2 22
mtDNA 1182 15 3 21
nDNA 407 15 3 10
All sequences CO1 554 56 5 32
CO1 ext. 318 56 6 27
rnl 366 56 3 27
mtDNA 1182 56 12 31
nDNA 407 56 6 14
Notes.

ext., extension region.

analyses (Geyer, 1991) for 300,000 generations sampling 4 chains every 300 generations

with the first 250 trees (75,000 generations) discarded at the burn-in period. All trees were
based on the NJ topology and drawn in MEGAS5.
One sequence of the CO1 region (no extension) for H. coerulea (sic) from the Caribbean
(ID# EF519619) (Erpenbeck et al., 2007) was sourced from GenBank and included in our
analyses to confirm the identification of H. caerulea based on the sponge barcoding basic

region.

RESULTS

Morphological characteristics
The spicule lengths for all samples ranged from 50 um to 290 um (Table 4). Ke'ehi harbour

had the largest range out of all the locations with oxeas measuring from 155 to 290 pum,

whilst all others ranged from 50 to 209 um as visualized on the nMDS (Fig. 4). Each point

on the nMDS indicates how similar or dissimilar each sample is from every other based on

oxea lengths, so the closer two points are the more similar their oxea lengths. All Caribbean

and Palmyra Atoll samples grouped relative to their geographic location. Samples from

Kaneohe Bay and Ala Moana in Hawaii, group with those from Palmyra Atoll and the
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Figure 3 mtDNA and nDNA trees. Neighbour joining phylograms of the 56 sequenced ‘Haliclona
(Soestella) caerulea’ samples along with the outgroup species Amphimedon queenslandica with the con-
catenated total evidence mtDNA tree and the 18s nDNA trees with branch support from Neighbour
Joining (NJ), Maximum Likelihood (ML) and Bayesian Inference (BI) analyses. Regional names (Hawaii,
Palmyra and Caribbean) are followed by site names: Ke'ehi harbour (Ke), Ala Moana (Am) and Kane'ohe
Bay (Kan), St John Island (StJ), St Thomas Island (StT) and Puerto Rico (PR) and then the sample
number per region. The scale bar is based from the average oxea lengths (Appendix S2) for each sample
and overlaid on the mtDNA and nDNA trees. The two clades A and B are further divided into subclades,
which are numbered separately for each tree. Support values indicated as 100 represent identical support
from each analysis (i.e., 100/100/1.0). Scale bar = 0.02 substitutions per 100 sites. % values represent the
lowest sequence divergence values between subclades and clades.

Table 4 Spicule mean, min, max. ‘Haliclona (Soestella) caerulea’ mean and standard error (SE), min-
imum (Min) and maximum (Max) oxea lengths (um) from: Palmyra Atoll (PA), Ala Moana (AM),
Kaneohe Bay (Kan), Keehi harbour (Ke), Puerto Rico (PR), St John Island (StJ) and St Thomas Island
(StT) based on Appendix S2 and the two clades as indicated in Fig. 3.

Location Site Code Mean + SE Min Max
Hawai'i Am 59.5 + 0.2 50.5 68.3
Hawai'i Kan 944+ 1.1 51.0 127.5
Hawai'i Ke 230.0 £ 2.0 155.4 290.5
Palmyra Atoll PA 106.1 0.4 44.9 83.2
Caribbean PR 136.2 £ 1.1 103.5 167.9
Caribbean StJ 146.3 + 1.1 109.2 199.1
Caribbean StT 158.1 £2.3 111.0 208.9
Clade

A n/a 92.47 £ 2.39 44.9 290.5
B n/a 114.3 £+ 1.09 45.3 199.1
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Figure 4 nMDS of spicules. Non-metric multidimensional scaling (nMDS) ordination visualizing
grouped Haliclona (Soestella) caerulea oxea lengths (um) across sites Ke'ehi harbour (Ke), Ala Moana
(Am) and Kane'ohe Bay (Kan) (Hawai1i), Palmyra Atoll (PA) (Line Islands) and Puerto Rico (PR), St John
Island (StJ), St Thomas Island (StT) (Caribbean) based upon a normalised Euclidean distance matrix.
The scale bar is based from the average oxea lengths (Appendix S2) for each sample.

Caribbean, whilst the Ke'ehi harbour samples cluster on their own. Appendix S3 also re-
veals no clear separation based on clades, with the exception of those from Ke'ehi harbour.

The average spicule lengths calculated from Appendix 54 when overlaid on the nMDS
and topographical trees (Fig. 3) revealed polyphyletic groups that were not consistent
with the molecular data, including within subclades, with the exception of subclade 4 in
the mtDNA tree, which confirmed that the Ke'ehi harbour individuals were significantly
different from all other locations. In addition, we found no consistency with colour morph
and genetic groups; for example all the samples collected from Palmyra Atoll were purple
morphs and they span both clades and subclades including subclade 10, which is also made
up of blue Hawaiian samples.

Individual gene regions

Contrary to the expectation of a monophyletic species tree, our data revealed two deeply
divergent clades. When examining each of the CO1, rnl and 18s regions (excluding the
COL1 extension) individually, two divergent clades were evident with little differentiation
in clade B (Fig. 3 and Appendix S2). The COL1 region identified five subclades; with the
GenBank sequence from Erpenbeck et al. (2007) nesting within clade B, which includes
samples from all sites except St Thomas. In BLAST and BOLD searches samples clustering
within clade A were found to be most similar to Halichondria spp. (order Halichondrida)
with <91.7% pairwise identity (PI) for all subclades whereas samples from clade B were
most similar to Haplosclerida species with 100% (PI). The only exception was subclade one
in clade A, which was most similar to a Callyspongia sp. (with 95.3% pairwise identity),
which is also a Haplosclerida species like those in clade B. Further resolution within clade
B was not possible with the CO1 marker or the rnl region because all sequences were
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identical. The CO1 ext. resolved clade B more than any other individual marker resulting in
6 subclades in total (compared to 5 for the regular COI region) (Appendix 52).

The nuclear 18s marker was largely congruent with the mitochondrial data (Fig. 3).
Although samples from St John form a subclade (group 6), they are not well supported
by the NJ or ML analyses, and when looking between samples there is only 1 bp (0.3%
sequence divergence) difference between groups 5 and 6. Thus, while the 18s nDNA
region shows essentially similar patterns to the CO1 and rnl gene trees, supporting a single
Caribbean group, this was in sharp contrast to the CO1 ext. locus.

Concatenated mtDNA versus nDNA

As with the individual gene trees, there were no major discrepancies between the
concatenated mtDNA and nDNA regions (Fig. 3), with each supporting two major clades
A and B subdivided into a number of different terminal subgroups, all supported by
congruent significant values from the NJ, ML and BI analyses. The concatenated mtDNA
tree was the best resolved with the CO1 ext. providing most of the polymorphism. Still,
this region is short and did not resolve all subclades (see Appendix S2 and Fig. 3). Overall,
the concatenated mtDNA tree revealed genetic structure at several levels, and highlights
that there are geographic differences between the samples. Although tree topology was
congruent, mtDNA revealed roughly 3-fold greater sequence divergence among sites
on average (Table 3), revealing slower rates of sequence evolution in the nDNA (~14%
pairwise divergence) than the mtDNA (~31% pairwise divergence) marker.

In the mtDNA tree clade B had 5 subclades and the only subclade in the mtDNA tree
with samples from more than one geographic region was subclade 10 in clade B, which
contained both Palmyra and Hawaiian samples. The next closest subclade (11) grouped
Caribbean samples from St John Island, which had 0.68% sequence divergence (8 bp
different, all from the CO1 ext. region) compared to subclade 10. The remaining subclades
8,9 and 12 in clade B had sequence divergence values of 4.0, 3.0 and 4.9%, respectively,
when compared to subclade 10. Overall, comparing all subclades in clade B, the pairwise
sequence divergence was 7.5%, compared to 22.8% among all samples in clade A. Neither
the clades nor individual subclades could be identified further because voucher samples
with accessioned sequences in the GenBank or BOLD Systems (Barcode of Life Data)
database are currently not comprehensive enough to provide confident identification.

DISCUSSION

Cryptic species can be a major conundrum when trying to discern species introductions
(Bickford et al., 2007) and can be particularly difficult when working with sponges,
which are often enigmatic and difficult to identify accurately in the field (Wulff, 2001;
Worheide, Erpenbeck ¢» Menke, 2007). Even among sponges, Haplosclerids in particular are
considered a taxonomically difficult order because of the low variability in morphological
characteristics, coupled with high levels of macromorphological plasticity; recent
phylogenetic investigations suggests that this order needs revising at all taxonomic
levels (Redmond et al., 2011; Cdrdenas, Pérez & Boury-Esnault, 2012; Redmond et al.,
2013). In particular, examining species level differences in this order is fraught with
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difficulties including cryptic species, lack of fixed morphological differences and problems
defining within, as opposed to, between species level variation in both morphological and
molecular traits (Raleigh et al., 2007; Redmond & McCormack, 2008; DeBiasse ¢» Hellberg,
2015). Establishing the level of intra and interspecific differences between locations is
critical in determining whether a species is introduced (one species spread across several
locations) or endemic (multiple species in their own locations) (Xavier et al., 2009; Bastos
etal., 2011). Therefore, confirming both the species identification and the relationship of
the species to populations elsewhere is fundamental to any management actions. This is
particularly true for potential introductions of understudied groups with little taxonomic
resolution and no baseline biodiversity surveys at remote locations, such as is the case with
Haliclona (Soestella) caerulea which is found in the lagoons of the isolated, and otherwise,
near-pristine Palmyra Atoll (Knapp et al., 2011).

We present molecular evidence that H. caerulea is found at Palmyra Atoll, Hawai'i
and the Caribbean; however, taxonomic uncertainty complicates the phylogeographic
relationships between sampling regions. Overall, three of the four gene regions (CO1, rnl
and 18s) provided low resolution between the samples and broadly grouped individuals
into potentially two order level clades (cf. Halichondrida (Gray, 1867) and Haplosclerida
(Topsent, 1928)) (Appendix S2 and Fig. 3) with almost no sequence divergence within clade
B. The lack of clade B sequence divergence within this diverse group leaves questions
of whether this is a cryptic species complex or the available genetic markers lack the
resolution to resolve species in this clade, a problem reminiscent of that in corals (e.g.,
Romano & Palumbi, 1996; Forsman et al., 2010; Swierts et al., 2013). Overlaying the oxea
spicule lengths onto the phylogenetic tree did not improve data resolution between
the clades. However, the CO1 ext. and the concatenated mtDNA trees did reveal some
evidence for cryptic species, with up to twelve subclades, each corresponding to a single
geographic location with the exception of one subclade (Fig. 3). Despite the lack of
taxonomic resolution in clade B, geographic restriction of subclades suggests some
taxonomic resolution and provides scope to identify haplotypes that occur far outside
the geographic range occupied by other subclades (Fig. 3). The sequence divergence
among these geographic regions provides a measurement against which to compare
putative introduced populations in Hawaii and at Palmyra. The close relationship of St
John samples to the Hawaii and Palmyra ones, and the extremely low levels of sequence
divergence across markers between those sites, is consistent with the hypothesis of
introduction of H. caerulea to Palmyra via human transportation (see Fig. 3).

Using morphological characteristics to identify H. caerulea

The spicule lengths grouped by the nMDS ordination (Fig. 4) were not congruent with any
gene tree topologies (Fig. 3), and did little to help explain the variability between groups
with the exception of the Ke'ehi harbour samples, which fell into clade A and were distinctly
longer (155-290 um) than all other locations (Table 4). Therefore, it would appear that it
might be possible to exclude some samples based on oxea length. Unfortunately the lower
range of spicule lengths still falls within the documented size range for H.caerulea, but the
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maximum size does exceed this range therefore in the future it may be possible to at least
exclude some samples based on spicule maximum length.

Grouping the spicules by clade (Table 4 and Appendix S3) revealed a large overlap in
oxea lengths with clade A samples ranging from 45 to 199 um and the clade B samples
between 45 and 290 um revealing a large overlap in oxea lengths. Globally, oxea lengths
for H. caerulea range from approximately 82—230 um and vary with location and water
flow rates (Carballo et al., 2006) for example in Hawaii they range from 170 to 230 um
long (DeFelice, Eldredge ¢ Carlton, 2001), in Mexico 82—210 um (Cruz-Barraza & Carballo,
2008) and in Jamaica, the site of the original description, 117-200 um long (Hechtel,
1965). Despite the lack of resolution between clades in our data, there does appear to
be a slight geographical trend (Fig. 4) with spicule lengths getting smaller from East to
West (in clade B). This relationship with spicule length is also evident in Callyspongia,
another Haplosclerida genus, in the Caribbean (DeBiasse ¢ Hellberg, 2015), where
oxea lengths are concordant with geographical region and not genetic differentiation.
Together, these observations suggest that the use of spicule lengths alone are not a suitable
tool for identification of Haplosclerida species because it is either highly dependent on
environmental conditions, has homoplastic non-distinct morphological features or both.
However, the addition of other micromorphological measurements (e.g., sigma spicule
lengths) and spongin architecture may provide further differentiation in the future.

Unfortunately, spicule lengths overall may not even be useful to identify sponges at
even the order level as some Halichondrida species have similar oxeas to those found in
the Haplosclerida (Erpenbeck ¢ Soest, 2002), which explains the lack of morphological
resolution found in this study. It is also interesting to note that subclade 1 (clade A)
(Fig. 3) when blasted against GenBank and BOLD was most similar to Haplosclerida
spp. like those in clade B supporting the notion that the current databases are not currently
comprehensive enough to provide confident identification and/or that morphological
classification of sponges even at the order level is still disparate with the genetic data. In
contrast to the micromorphological traits, the genetic analyses resolve the differences
between the two clades distinctly and reliably, and the concatenated mtDNA tree resolves
subclades that may be either geographic or taxonomic in nature as outlined below.

Gene loci

We found considerable genetic diversity among samples morphologically identified as H.
caerulea. Overall, the two mtDNA markers: CO1 and rnl provided the lowest resolution.
Mitochondrial genes have many advantages for phylogeographic and phylogenetic studies
(Avise, 2000; Lavrov, 2007), and the sponge barcoding project uses the CO1 region as its
basic identification region (Worheide, Erpenbeck ¢ Menke, 2007). COI has been used to
successfully resolve some sponges down to species level (e.g., Poppe et al., 2010). However,
often in sponges (and some other non-bilaterians such as Cnidarians) the accumulation
of mutations in mitochondrial genes is too slow to determine population structure or
even species differences (Shearer et al., 2002; Duran, Pascual & Turon, 2004; Worheide,
2006; Huang et al., 2008). The low resolution in our rnl and COL1 trees highlight this issue,
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and supports the recommended inclusion of a sponge barcode extension region to aid in
the differentiation between sponge species (Rot et al., 2006). While this extension clearly
improved resolution among our geographic samples, the best resolution was provided by
the concatenated mtDNA tree.

The 18s rDNA is slowly evolving and frequently used to resolve higher taxonomic
relationships (e.g., Peterson ¢ Addis, 2000; Borchiellini et al., 2001) making it generally
unsuitable for resolving finer population structure (Waérheide et al., 2002; Worheide,
Hooper & Degnan, 2002); however, it was the only nuclear locus that consistently amplified
among all samples for this study. When looking at the number of variable sites in H.
caerulea, the sequence divergence in the mtDNA was approximately twice that of the 18s
nDNA sequences. Lavrov et al. (2005) made a similar observation and found sequence
divergence to be 4.3 times greater in mtDNA compared to nDNA in the sponges Geodia
neptuni (Sollas, 1886) and Tethya actinia (De Laubenfels, 1950a). Despite two-fold greater
variation in the mtDNA, the sequence polymorphism is still too low in most cases to
resolve species level differences (Hudson, Kreitman ¢ Aguadé, 1987; Shearer et al., 2002;
Duran, Pascual & Turon, 2004); however, the relatively high levels of polymorphism
in the CO1 ext. offer a stark contrast. In the future, to further resolve this issue of
cryptic speciation and this species introduction, it would desirable to include additional
markers (e.g., Rua, Zilberberg ¢ Solé-Cava, 2011) or even apply next generation RAD-seq
techniques (e.g., Toonen et al., 2013) for these non-model organisms.

Cryptic species within H. caerulea
The genetic data indicates possible cryptic taxa, which limits some interpretations of
phylogeographical relationships. Despite morphological consistency across this broad
geographic region, the CO1 data clearly indicate that this morphospecies is comprised of
at least two groups. These two convergent groups each have large geographic distributions,
because individuals from both clades were found to occur across all regions whereas the
concatenated mitochondrial tree reveals that there appears to be 12 geographic subclades,
which may be isolated populations or may represent further cryptic diversification.
Although we cannot completely rule out the possibility that H. caerulea is endemic but
previously unrecognized at Palmyra, it seems exceedingly unlikely to observe such shallow
genetic diversification across approximately 10,000 km. Given geographic restriction
of other subclades and the extremely low dispersal potential of larvae of H. caerulea
(Maldonado & Young, 1999) in the absence of human transportation (DeFelice, Eldredge
& Carlton, 2001), it seems far more likely that H. caerulea has been transported to Palmyra
Atoll from the Caribbean via Hawaii. Unfortunately it is difficult to draw any clear
conclusions on connectivity patterns between the sampling regions without more detailed
knowledge of mutation rates, therefore it remains unknown whether H. caerulea was
introduced just once or on multiple occasions. The sequence variation seen at Palmyra is
exceptional in comparison to similar sampling effort at other sites. Given the extremely low
rates of sequence divergent at mtDNA in sponges (Shearer et al., 2002; Duran, Pascual &
Turon, 2004; Worheide, 2006), this high variation is most likely to have come from multiple
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introductions of diverse populations or closely related species from unsampled geographic
locations. Further geographic sampling throughout the Caribbean will be required to test
this hypothesis in the future.

Focusing on the target clade B, which more closes matches Haplosclerida order species
during BLAST searches, the concatenated mitochondrial tree indicates that the same
species is found at Palmyra Atoll and Hawaii with samples from both geographic regions,
which are approximately 1,100 km apart, falling into subclade 10 with identical haplotypes
over the 1,182 bp sampled. The Caribbean and Palmyra Atoll, which are approximately
10,000 km apart, are also very closely related with only 0.68% (8bp) divergence between
groups 10 and 11. Similarly, Duran, Pascual & Turon (2004) found low nucleotide
diversity (0.0006) in samples of Crambe crambe (Schmidt, 1862) spanning 3,000 km
from the Western Mediterranean to the Atlantic. Furthermore, low sequence divergence
has also been shown in Astrosclera willeyana (Lister, 1900) across a 20,000 km range
in the Indo-Pacific along with Halisarca spp. (Johnston, 1842) over 2,500 km across the
Caribbean (Worheide, 2006; Alvizu et al., 2013). Huang et al. (2008) found that intraspecific
differences for sponges (taken from all CO1 sequences in GenBank in September
2006) averaged 0.60% (£0.10) compared to 3.76% (£0.57) for the closest congeneric
interspecific distances. Based on that analysis, the percentage of divergence between
groups 10 and 11 (0.68%) is consistent with these subclades being the same species.

In contrast, the next closest subclades to the Palmyra-Hawaiian group, 8, 9 and 12 had
divergence values of 4.0, 3.0 and 4.9%, respectively. These greater differences may indicate
that samples in subclades 8 and 9 represent cryptic congeneric species-level differences.
However, it is important to note that Huang ef al. (2008) focused on sequences from the
COl region in the analyses, most likely excluding the extension region identified by Rot et
al. (2006), because the majority of sequence data from that study was collected before use
of this marker became common. In our study, the CO1 ext. provided the greatest single
locus resolution; without it, there was 0% sequence difference at COI among any clade B
samples (Fig. 2). Given the higher divergence values in our concatenated tree are largely
due to the CO1 ext., it remains unclear what the true species boundaries are between the
subclades. When looking between clades, the sequence divergence between B (subclade
10) and A (subclade 7) is 13.9% in the concatenated tree, based on the mitochondrial
sequences, which supports the premise that these are almost certainly not the same species.
Clade A and B appear to represent higher level cryptic taxa (perhaps at the order level based
on available information) that are presently all morphologically identified as H. caerulea.

Given the limited sampling effort, the high support values for each of these subclades,
the geographic restriction of subclades, and number of substitutions between them, it
seems most likely that there are greater rather than fewer species. Additional research is
warranted to resolve whether these clades represent species or population level differences.

CONCLUSIONS

We report surprising levels of genetic subdivision within the sponge Haliclona (Soestella)
caerulea sampled from the native range in the Caribbean as well as suspected introduced
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populations in Hawaii and at Palmyra Atoll in the Pacific Ocean. Our findings indicate
morphologically indistinguishable individuals can be up to 13.9% divergent in their
mtDNA haplotypes, and that there is considerable taxonomic uncertainty in this group
because these divergent mtDNA clades appear to differ potentially at the order level but
remain masked within this single morphospecies. Despite this taxonomic uncertainty,
concatenated mitochondrial sequences identify up to 12 geographically restricted
subclades that may represent population or species-level divergence. Albeit limited, this
resolution provides a benchmark against which to compare samples from the Pacific and
Caribbean oceans, and we find very low divergence (0.68%) between Palmyra and the
Caribbean. In conjunction with the literature, the observed greater divergence among sites
within the Caribbean than between Caribbean and Pacific locations supports the notion of
a contemporary introduction, although alternative hypotheses cannot be ruled out. This
research forms a foundation for further exploring these newly discovered cryptic species as
their discovery will contribute towards understanding the evolution and conservation of
this ecologically important group.

ACKNOWLEDGEMENTS

We are ever thankful to the staff of The Nature Conservancy (TNC), the United States Fish
and Wildlife service (USFWS) and members of the Palmyra Atoll Research Consortium
(PARC) for providing access to the refuge and logistical support, without which this
work would not have been possible. A big thank you also goes to Dr Chris Bird and Dr
Zoltan Szabo, along with other members of the ToBo lab, for their kind patience and
assistance with lab work troubleshooting and primer development. We’d also like to thank
the Department of Aquatic Resources (DAR) and the graduate students who helped with
sample collections including: William Arlidge, Roxanne Haverkort-Yeh and Nyssa Silbiger.
Also thank you to Dr José Luis Carballo who supplied us with samples from the Pacific
coast of Mexico but were not included in this paper due to freezer defrosts and an inability
to then extract them. This is PARC publication #0118.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was funded by Air New Zealand, the Centre for Marine Environmental and
Economic Research (CMEER), the Centre for Biodiversity and Restoration Ecology
(CBRE) and Victoria University of Wellington. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Air New Zealand.

The Centre for Marine Environmental and Economic Research (CMEER).
The Centre for Biodiversity and Restoration Ecology (CBRE).

Victoria University of Wellington.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 17/25


https://peerj.com
http://dx.doi.org/10.7717/peerj.1170

Peer

Competing Interests
Robert J. Toonen is an Academic Editor for Peer].

Author Contributions

e Ingrid S. Knapp conceived and designed the experiments, performed the experiments,
analyzed the data, wrote the paper, prepared figures and/or tables, reviewed drafts of the
paper.

e Zac H. Forsman conceived and designed the experiments, analyzed the data, wrote the
paper, reviewed drafts of the paper.

e Gareth J. Williams performed the experiments, reviewed drafts of the paper.

e Robert J. Toonen conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, wrote the paper, reviewed drafts of the
paper.

e James J. Bell conceived and designed the experiments, contributed
reagents/materials/analysis tools, wrote the paper, reviewed drafts of the paper.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

This work was conducted under the US Fish and Wildlife Service (USFWS) special use
permits (SUP) 12533-08004 and 12533-10002.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
GenBank Accession numbers supplied as Appendix S1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.1170#supplemental-information.

REFERENCES

Abramoff MD, Magalhaes PJ, Ram SJ. 2004. Image processing with Image]. Biophotonics
International 11:36—42.

Alvizu A, Diaz MC, Bastidas C, Riitzler K, Thacker RW, Marquez LM. 2013. A skeleton-less
sponge of Caribbean mangroves: invasive or undescribed? Invertebrate Biology 132:81-94
DOI 10.1111/ivb.12015.

Anderson MJ. 2001. A new method for non-parametric multivariate analysis of variance. Austral
Ecology 26:32—-46 DOI 10.1111/j.1442-9993.2001.01070.pp.x.

Anderson MJ, Gorley RN, Clarke KR. 2008. PERMANOVA+ for PRIMER: guide to software and
statistical methods. Plymouth: PRIMER-E.

Avise JC. 2000. Phylogeography: the history and formation of species. Cambridge: Harvard
University Press.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 18/25


https://peerj.com
http://dx.doi.org/10.7717/peerj.1170/supp-1
http://dx.doi.org/10.7717/peerj.1170/supp-1
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.7717/peerj.1170#supplemental-information
http://dx.doi.org/10.1111/ivb.12015
http://dx.doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://dx.doi.org/10.7717/peerj.1170

Peer

Bastos AD, Nair D, Taylor PJ, Brettschneider H, Kirsten F, Mostert E, Von Maltitz E, Lamb JM,
Van Hooft P, Belmain SR. 2011. Genetic monitoring detects an overlooked cryptic species and
reveals the diversity and distribution of three invasive Rattus congeners in South Africa. BMC
Genetics 12:26 DOI 10.1186/1471-2156-12-26.

BellJJ. 2008. The functional roles of marine sponges. Estuarine, Coastal and Shelf Science
79:341-353 DOI 10.1016/j.ecs5.2008.05.002.

Bell JJ, Barnes DKA. 2003. The importance of competitor identity, morphology and ranking
methodology to outcomes in interference competition between sponges. Marine Biology
143:415-426 DOI 10.1007/500227-003-1081-0.

Bell JJ, Barnes DKA, Turner JR. 2002. The importance of micro and macro morphological
variation in the adaptation of a sublittoral demosponge to current extremes. Marine Biology
140:75-81 DOI 10.1007/s002270100665.

Bell JJ, Smith D, Hannan D, Haris A, Thomas L. 2014. Isolation and characterisation of twelve
polymorphic microsatellite markers for Xestospongia spp. and their use for confirming species
identity. Conservation Genetics Resources 6:105—106 DOI 10.1007/s12686-013-0015-5.

Bergquist PR. 1967. Additions to the sponge fauna of the Hawaiian Islands. Micronesica 3:159-174.

Bickford D, Lohman DJ, Sodhi NS, Ng PKL, Meier R, Winker K, Ingram KK, Das I. 2007.
Cryptic species as a window on diversity and conservation. Trends in Ecology ¢ Evolution
22(3):148-155 DOI 10.1016/j.tree.2006.11.004.

Boore JL. 1999. Animal mitochondrial genomes. Nucleic Acids Research 27:1767-1780
DOI 10.1093/nar/27.8.1767.

Borchiellini C, Manuel M, Alivon E, Boury-Esnault N, Vacelet ], Le Parco Y. 2001. Sponge
paraphyly and the origin of Metazoa. Journal of Evolutionary Biology 14:171-179
DOI 10.1046/j.1420-9101.2001.00244 .x.

Boury-Esnault N, Solé-Cava AM, Thorpe JP. 1992. Genetic and cytological divergence
between colour morphs of the Mediterranean sponge Oscarella lobularis Schmidt
(Porifera, Demospongiae, Oscarellidae). Journal of Natural History 26:271-284
DOI 10.1080/00222939200770131.

Bowen BW, Nelson WS, Avise JC. 1993. A molecular phylogeny for marine turtles: trait mapping,
rate assessment, and conservation relevance. Proceedings of the National Academy of Sciences of
the United States of America 90:5574-5577 DOI 10.1073/pnas.90.12.5574.

Carballo JL, Avila E. 2004. Population dynamics of a mutualistic interaction between the sponge
Haliclona caerulea and the red alga Jania adherens. Marine Ecology Progress Series 279:93—104
DOI 10.3354/meps279093.

Carballo JL, Avila E, Enriquez S, Camacho L. 2006. Phenotypic plasticity in a mutualistic
association between the sponge Haliclona caerulea and the calcareous macroalga Jania adherens
induced by transplanting experiments. I: morphological responses of the sponge. Marine
Biology 148:467—-478 DOI 10.1007/500227-005-0104-4.

Cardenas P, Pérez T, Boury-Esnault N. 2012. Sponge systematics facing new challenges. Advances
in Marine Biology 61:79-209 DOI 10.1016/B978-0-12-387787-1.00010-6.

Chombard C, Boury-Esnault N, Tillier S. 1998. Reassesment of homology of morphological
characters in tetractinellid sponges based on molecular data. Systematic Biology 47:351-366
DOI 10.1080/106351598260761.

Clarke KR, Gorley RN. 2006. Primer v6: user manual/tutorial. Plymouth: PRIMER-E Ltd. 192pp.

Coles SL, Kandel FLM, Reath PA, Longenecker K, Eldredge LG. 2006. Rapid assessment of
non-indigenous marine species on coral reefs in the main Hawaiian Islands. Pacific Science
60:483-507 DOI 10.1353/psc.2006.0026.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 19/25


https://peerj.com
http://dx.doi.org/10.1186/1471-2156-12-26
http://dx.doi.org/10.1016/j.ecss.2008.05.002
http://dx.doi.org/10.1007/s00227-003-1081-0
http://dx.doi.org/10.1007/s002270100665
http://dx.doi.org/10.1007/s12686-013-0015-5
http://dx.doi.org/10.1016/j.tree.2006.11.004
http://dx.doi.org/10.1093/nar/27.8.1767
http://dx.doi.org/10.1046/j.1420-9101.2001.00244.x
http://dx.doi.org/10.1080/00222939200770131
http://dx.doi.org/10.1073/pnas.90.12.5574
http://dx.doi.org/10.3354/meps279093
http://dx.doi.org/10.1007/s00227-005-0104-4
http://dx.doi.org/10.1016/B978-0-12-387787-1.00010-6
http://dx.doi.org/10.1080/106351598260761
http://dx.doi.org/10.1353/psc.2006.0026
http://dx.doi.org/10.7717/peerj.1170

Peer

Coles SL, Marchetti J, Bolick H, Montgomery A. 2007. Assessment of Invasiveness of the Orange
Keyhole Sponge Mycale armata in Kane'ohe Bay, O‘ahu, Hawaii. In: Bishop Museum and
Hawaii State Department of Land and Natural Resources Division of Aquatic Resources Honolulu,
Hawai'i, Hawaii Biological Survey, 2.

Concepcion GT, Kahng SE, Crepeau MW, Franklin EC, Coles SL, Toonen R]J. 2010. Resolving
natural ranges and marine invasions in a globally distributed octocoral (genus Carijoa). Marine
Ecology Progress Series 401:113—127 DOI 10.3354/meps08364.

Cruz-Barraza JA, Carballo JL. 2008. Taxonomy of sponges (Porifera) associated with corals from
the Mexican Pacific Ocean. Zoological Studies 47:741-758.

Cubit J, Williams S. 1983. The invertebrates of Galeta Reef (Caribbean Panama): a species list and
bibliography. Atoll Research Bulletin 269:260—-272 DOI 10.5479/51.00775630.269.

Dawson EY. 1959. Changes in Palmyra Atoll and its vegetation through the activities of man,
1913-1958. Pacific Naturalist 1:1-52.

Dawson MN, Raskoff KA, Jacobs DK. 1998. Field preservation of marine invertebrate tissue for
DNA analyses. Molecular Marine Biology and Biotechnology 7:145-152.

De Goeij JM, Van Oevelen D, Vermeij MJA, Osinga R, Middelburg JJ, De Goeij AFPM,

Admiraal W. 2013. Surviving in a marine desert: the sponge loop retains resources within
coral reefs. Science 342:108—-110 DOI 10.1126/science.1241981.

De Laubenfels MW. 1950a. The Porifera of the Bermuda Archipelago. Transactions of the
Zoological Society 27:1-201 DOI 10.1111/j.1096-3642.1950.tb00227.x.

De Laubenfels MW. 1950b. The sponges of Kane'ohe Bay, Oahu. Pacific Science 4:3-36.

De Weerdt WH. 2000. A monograph of the shallow-water Chalinidae (Porifera, Haplosclerida) of
the Caribbean. Beaufortia Bulletin Zoological Museum, University of Amsterdam 50:1-67.

DeBiasse MB, Hellberg ME. 2015. Discordance between morphological and molecular species
boundaries among Caribbean species of the reef sponge Callyspongia. Ecology and Evolution
5:663—-675 DOI 10.1002/ece3.1381.

DeFelice RC, Eldredge LG, Carlton JT. 2001. Non-indigenous marine invertebrates. In: Eldredge
LG, Smith CM, eds. A guidebook to introduced marine species in Hawai’i. Technical Report 21.
Honolulu: Bishops Museum.

Drummond AJ, Ashton B, Buxton S, Cheung M, Cooper A, Duran C, Field M, Heled J,
Kearse M, Markowitz S, Moir R, Stones-Havas S, Sturrock S, Thierer T, Wilson A. 2011.
Geneious v5.4. Available at htip://www.geneious.com/.

Duran S, Pascual M, Turon X. 2004. Low levels of genetic variation in mtDNA sequences over
the western Mediterranean and Atlantic range of the sponge Crambe crambe (Poecilosclerida).
Marine Biology 144:31-35 DOI 10.1007/500227-003-1178-5.

Duran S, Riitzler K. 2006. Ecological speciation in a Caribbean marine sponge. Molecular
Phylogenetics and Evolution 40:292-297 DOI 10.1016/j.ympev.2006.02.018.

Enriquez S, Avila E, Carballo JL. 2009. Phenotypic plasticity induced in transplant experiments in
a mutualistic association between the red alga Jania adhaerens (Rhodophyta, Corallinales) and
the sponge Haliclona caerulea (Porifera: Haplosclerida): morphological responses of the alga.
Journal of Phycology 45:81-90 DOI 10.1111/j.1529-8817.2008.00640.x.

Erpenbeck D, Duran S, Rutzler K, Paul V, Hooper JNA, Worheide G. 2007. Towards a DNA
taxonomy of Caribbean demosponges: a gene tree reconstructed from partial mitochondrial
CO1 gene sequences supports previous rDNA phylogenies and provides a new perspective
on the systematics of Demospongiae. Journal of the Marine Biological Association of the United
Kingdom 87:1563—-1570 DOI 10.1017/50025315407058195.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 20/25


https://peerj.com
http://dx.doi.org/10.3354/meps08364
http://dx.doi.org/10.5479/si.00775630.269
http://dx.doi.org/10.1126/science.1241981
http://dx.doi.org/10.1111/j.1096-3642.1950.tb00227.x
http://dx.doi.org/10.1002/ece3.1381
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://www.geneious.com/
http://dx.doi.org/10.1007/s00227-003-1178-5
http://dx.doi.org/10.1016/j.ympev.2006.02.018
http://dx.doi.org/10.1111/j.1529-8817.2008.00640.x
http://dx.doi.org/10.1017/S0025315407058195
http://dx.doi.org/10.7717/peerj.1170

Peer

Erpenbeck D, Hooper JNA, Worheide G. 2005. CO1 phylogenies in diploblasts and the ‘Barcoding
of Life’— are we sequencing a suboptimal partition? Molecular Ecology Notes 6:550—553
DOI 10.1111/5.1471-8286.2005.01259.x.

Erpenbeck D, Soest RWMyv. 2002. Family Halichondriidae (Gray, 1867). In: Hooper JNA,

Soest RWMyv, eds. Systema porifera: a guide to the classification of sponges. New York: Kluwer
Academic/Plenum Publishers, 787-815.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994. DNA primers for amplification of
mitochondrial cytochrome C oxidase subunit I from diverse metazoan invertebrates. Molecular
Marine Biology and Biotechnology 3:294-299.

Forsman ZH, Concepcion GT, Haverkort RD, Shaw RW, Maragos JE, Toonen R]J. 2010.
Ecomorph or endangered coral? DNA and microstructure reveal Hawaiian species
complexes: Montipora dilatata/flabellata/turgescens & M. patula/verrilli. PLoS ONE 5:e15021
DOI 10.1371/journal.pone.0015021.

Fu W, Sun L, Zhang X, Zhang W. 2006. Potential of the marine sponge Hymeniacidon perleve as a
bioremediator of pathogenic bacteria in integrated aquaculture ecosystems. Biotechnology and
Bioengineering 93:1112-1122 DOI 10.1002/bit.20823.

Fu W, Wu Y, Sun L, Zhang W. 2007. Efficient bioremediation of total organic carbon (TOC) in
integrated aquaculture system by marine sponge Hymeniacidon perleve. Biotechnology and
Bioengineering 97:1387-1397 DOI 10.1002/bit.21352.

Gaither MR, Szab6 Z, Crepeau MW, Bird CE, Toonen R]J. 2011. Preservation of corals in
salt-saturated DMSO buffer is superior to ethanol for PCR experiments. Coral Reefs 30:329-333
DOI 10.1007/s00338-010-0687-1.

Geyer CJ. 1991. Markov chain Monte Carlo maximum likelihood. In: Keramidas EM, ed.
Computing science and statistics: 23rd symposium on the interface. Fairfax Station: Interface
Foundation, 156-163.

Gili JMM, Coma R. 1998. Benthic suspension feeders in marine food webs. Trends in Ecology ¢
Evolution 13:297-337 DOI 10.1016/S0169-5347(98)01365-2.

Godwin LS. 2003. Hull fouling of maritime vessels as a pathway for marine species invasions to
the Hawaiian Islands. Biofouling 19:123-131 DOI 10.1080/0892701031000061750.

Godwin LS, Eldredge LG. 2001. South Oahu marine invasions shipping study (SOMISS).

Final report prepared for the Hawaii Department of Land and Natural Resources, Division of
Aquatic Resources. Technical Report No. 20. Honolulu: Bishops Museum.

Grant RE. 1826. Notice of two new species of British Sponges. Edinburgh Philosophical Journal
2:203-204.

Grant RE. 1836. Animal kingdom. In: Todd RB, ed. The encyclopaedia of anatomy and physiology.
London: Sherwood, Gilbert & Piper, 107-118.

Gray JE. 1867. Notes on the arrangement of sponges, with the description of some new genera.
Proceedings of the Zoological Society of London 2(1867):492-558.

Hechtel GH. 1965. A systematic study of the Demospongiae of Port Royal, Jamaica. Bulletin of the
Peabody Museum of Natural History 20:1-103.

Hooper JNA, Van Soest RWM. 2002. Systema Porifera: a guide to the classification of sponges. New
York: Kluwer Academic/Plenum Publishers, 1-1726.

Hoshino S, Saito DS, Fujita T. 2008. Contrasting genetic structure of two Pacific Hymeniacidon
species. Hydrobiologia 603:313-326 DOI 10.1007/s10750-008-9295-2.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 21/25


https://peerj.com
http://dx.doi.org/10.1111/j.1471-8286.2005.01259.x
http://dx.doi.org/10.1371/journal.pone.0015021
http://dx.doi.org/10.1002/bit.20823
http://dx.doi.org/10.1002/bit.21352
http://dx.doi.org/10.1007/s00338-010-0687-1
http://dx.doi.org/10.1016/S0169-5347(98)01365-2
http://dx.doi.org/10.1080/0892701031000061750
http://dx.doi.org/10.1007/s10750-008-9295-2
http://dx.doi.org/10.7717/peerj.1170

Peer

Huang D, Meier R, Todd PA, Chou LM. 2008. Slow mitochondrial COI sequence evolution at
the base of the metazoan tree and its implications for DNA barcoding. Journal of Molecular
Evolution 66:167—174 DOI 10.1007/s00239-008-9069-5.

Hudson RR, Kreitman M, Aguadé M. 1987. A test of neutral molecular evolution based on
nucleotide data. Genetics 116:153-159.

Itskovich VB, Belikov S, Efremova S, Masuda Y, Perez T, Alivon E, Borchiellini C,
Boury-Esnault N. 2007. Phylogenetic relationships between freshwater and marine
Haplosclerida (Porifera, Demospongiae) based on the full length 18S rRNA and partial COXI
gene sequences. In: Porifera research: biodiversity, innovation and sustainability Museu Nacional.
28. Rio de Janeiro.

Jarman SN, Ward RD, Elliott NG. 2002. Oligonucleotide primers for PCR amplification of
coelomate introns. Marine Biotechnology 4:347-355 DOI 10.1007/s10126-002-0029-6.

Johnston G. 1842. A history of British sponges and lithophytes. Edinburgh: W.H.Lizard.

Klautau M, Russo C, Lazoski C, Boury-Esnault N, Thorpe JP, Solé-Cava AM. 1999. Does
cosmopolitanism in morphologically simple species result from overconservative systematics?
A case study using the marine sponge Chondrilla nucula. Evolution 53:1414-1422
DOI 10.2307/2640888.

Knapp IS, Godwin LS, Smith JE, Williams GJ, Bell JJ. 2011. Records of non-indigenous
marine species at Palmyra Atoll in the U.S. Line Islands. Marine Biodiversity Records 4:1-7
DOI 10.1017/51755267211000078.

Lamouroux JVF. 1816. Histoire des Polypiers Coralligenes Flexibles, Vulgairement Nommés
Zoophytes. Caen: F. Poisson.

Lavrov DV. 2007. Key transitions in animal evolution: a mitochondrial DNA perspective.
Integrative and Comparative Biology 47:734-743 DOI 10.1093/icb/icm045.

Lavrov DV, Forget L, Kelly M, Lang F. 2005. Mitochondrial genomes of two Demosponges
provide insights into an early stage of animal evolution. Molecular Biology and Evolution
22:1231-1239 DOI 10.1093/molbev/msil08.

Lavrov DV, Wang X]J, Kelly M. 2008. Reconstructing ordinal relationships in the Demospongiae
using mitochondrial genomic data. Molecular Phylogenetics and Evolution 49:111-124
DOI 10.1016/j.ympev.2008.05.014.

Lister JJ. 1900. Astrosclera willeyana, the type of a new family of sponges. Willey’s Zoological Results
4:459-482.

Maldonado M, Young C. 1999. Effects of the duration of larval life on postlarval stages of the
demosponge Sigmadocia coerulea. Journal of Experimental Marine Biology and Ecology 232:9-21
DOI 10.1016/S0022-0981(98)00076-8.

Manuel M, Borchiellini C, Alivon E, Le Parco Y, Vacelet J, Boury-Esnault N. 2003. Phylogeny
and evolution of calcareous sponges: monophyly of Calcinea and Calcaronea, high Level of
morphological homoplasy, and the primitive nature of axial symmetry. Systematic Biology
52:311-333 DOI 10.1080/10635150390196966.

Marshall W. 1876. Ideen ueber die Verwandtschaftsverhiltnisse der Hexactinelliden. Zeitschrift fiir
wissenschaftliche Zoologie 27:113—136.

McCormack GP, Erpenbeck D, Van Soest RWM. 2002. Major discrepancy between phylogenetic
hypotheses based on molecular and morphological criteria within the Order Haplosclerida
(Phylum Porifera: Class Demospongiae). Journal of Zoological Systematics and Evolutionary
Research 40:237-240 DOI 10.1046/j.1439-0469.2002.00204.x.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 22/25


https://peerj.com
http://dx.doi.org/10.1007/s00239-008-9069-5
http://dx.doi.org/10.1007/s10126-002-0029-6
http://dx.doi.org/10.2307/2640888
http://dx.doi.org/10.1017/S1755267211000078
http://dx.doi.org/10.1093/icb/icm045
http://dx.doi.org/10.1093/molbev/msi108
http://dx.doi.org/10.1016/j.ympev.2008.05.014
http://dx.doi.org/10.1016/S0022-0981(98)00076-8
http://dx.doi.org/10.1080/10635150390196966
http://dx.doi.org/10.1046/j.1439-0469.2002.00204.x
http://dx.doi.org/10.7717/peerj.1170

Peer

McDonald JI, Hooper JNA, McGuinness KA. 2002. Environmentally influenced variability in the
morphology of Cinachyrella australiensis (Carter, 1886) (Porifera: Spirophorida: Tetillidae).
Marine and Freshwater Research 53:79—84 DOI 10.1071/MF00153.

Mehbub MF, Lei J, Franco C, Zhang W. 2014. Marine sponge derived natural products
between 2001 and 2010: trends and opportunities for discovery of bioactives. Marine Drugs
12:4539-4577 DOI 10.3390/md12084539.

Meyer CP, Geller JB, Paulay G. 2005. Fine scale endemism on coral reefs: archipelagic differentia-
tion in turbinid gastropods. Evolution 59:113-125 DOT 10.1111/j.0014-3820.2005.tb00899.x.
Molnar JL, Gamboa RL, Revenga C, Spalding MD. 2008. Assessing the global threat of
invasive species to marine biodiversity. Frontiers in Ecology and the Environment 6:485—492
DOI 10.1890/070064.

Pallas PS. 1766. Elenchus Zoophytorum sistens generum adumbrationes generaliores et specierum
cognitarum succintas descriptiones, cum selectis auctorum synonymis. Apud Petrum van Cleef.

Palumbi SR. 1984. Tactics of acclimation: morphological changes of sponges in an unpredictable
environment. Science (US) 225:1478-1480 DOI 10.1126/science.225.4669.1478.

Peterson BJ, Chester CM, Jochem FJ, Fourqurean JW. 2006. Potential role of sponge
communities in controlling phytoplankton blooms in Florida Bay. Marine Ecology Progress
Series 328:93—-103 DOI 10.3354/meps328093.

Peterson KJ, Addis JS. 2000. Clypeatula cooperensis gen. n., sp. n., a new freshwater sponge
(Porifera, Spongillidae) from the Rocky Mountains of Montana, USA. Zoologica Scripta
29:265-274 DOI 10.1046/j.1463-6409.2000.00044.x.

Poppe J, Sutcliffe P, Hooper JNA, Worheide G, Erpenbeck D. 2010. COI barcoding reveals new
clades and radiation patterns of Indo-Pacific sponges of the family Irciniidae (Demospongiae:
Dictyoceratida). PLoS ONE 5:¢9950 DOI 10.1371/journal.pone.0009950.

Posada D, Crandall KA. 1998. Modeltest: testing the model of DNA substitution. Bioinformatics
14:817-818 DOI 10.1093/bioinformatics/14.9.817.

Posada D, Crandall KA. 2001. Selecting models of nucleotide substitution: an application to
Human Immunodeficiency Virus 1 (HIV-1). Molecular Biology and Evolution 18:897-906
DOI 10.1093/oxfordjournals.molbev.a003890.

Raleigh J, Redmond NE, Delahan E, Torpey S, Van Soest RWM, Kelly M, McCormack GP. 2007.
Mitochondrial cytochrome oxidase 1 phylogeny supports alternative taxonomic scheme for
the marine Haplosclerida. Journal of the Marine Biological Association of the United Kingdom
87:1577-1584 DOI 10.1017/50025315407058341.

Ravaoarimanana IB, Tiedemann R, Montagnon D, Rumpler Y. 2004. Molecular and cytogenetic
evidence for cryptic speciation within a rare endemic Malagasy lemur, the Northern
Sportive Lemur (Lepilemur septentrionalis). Molecular Phylogenetics and Evolution 31:440-448
DOI 10.1016/j.ympev.2003.08.020.

Redmond NE, McCormack GP. 2008. Large expansion segments in 18S rDNA support a new
sponge clade (Class Demospongiae, Order Haplosclerida). Molecular Phylogenetics and
Evolution 47:1090-1099 DOI 10.1016/j.ympev.2008.02.018.

Redmond NE, Morrow CC, Thacker RW, Diaz MC, Boury-Esnault N, Cardenas P, Hajdu E,
Lobo-Hajdu G, Picton BE, Pomponi SA. 2013. Phylogeny and systematics of Demospongiae
in light of new small-subunit ribosomal DNA (18S) sequences. Integrative and Comparative
Biology 53(3):388—415 DOI 10.1093/icb/ict078.

Redmond NE, Raleigh J, Van Soest RWM, Kelly M, Travers SAA, Bradshaw B, Vartia S,
Stephens KM, McCormack GP. 2011. Phylogenetic relationships of the marine Haplosclerida

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 23/25


https://peerj.com
http://dx.doi.org/10.1071/MF00153
http://dx.doi.org/10.3390/md12084539
http://dx.doi.org/10.1111/j.0014-3820.2005.tb00899.x
http://dx.doi.org/10.1890/070064
http://dx.doi.org/10.1126/science.225.4669.1478
http://dx.doi.org/10.3354/meps328093
http://dx.doi.org/10.1046/j.1463-6409.2000.00044.x
http://dx.doi.org/10.1371/journal.pone.0009950
http://dx.doi.org/10.1093/bioinformatics/14.9.817
http://dx.doi.org/10.1093/oxfordjournals.molbev.a003890
http://dx.doi.org/10.1017/S0025315407058341
http://dx.doi.org/10.1016/j.ympev.2003.08.020
http://dx.doi.org/10.1016/j.ympev.2008.02.018
http://dx.doi.org/10.1093/icb/ict078
http://dx.doi.org/10.7717/peerj.1170

Peer

(Phylum Porifera) employing ribosomal (28S rRNA) and mitochondrial (cox1, nadl) Gene
Sequence Data. PLoS ONE 6:¢24344 DOI 10.1371/journal.pone.0024344.

Redmond NE, Van Soest RW, Kelly M, Raleigh J, Travers SA, McCormack GP. 2007.
Reassessment of the classification of the Order Haplosclerida (Class Demospongiae, Phylum
Porifera) using 18S rRNA gene sequence data. Molecular Phylogenetics and Evolution 43:344-352
DOI 10.1016/j.ympev.2006.10.021.

Romano SL, Palumbi SR. 1996. Evolution of Scleractinian corals inferred from molecular
systematics. Science (US) 271:640-642 DOI 10.1126/science.271.5249.640.

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic inference under mixed
models. Bioinformatics 19:1572—1574 DOI 10.1093/bioinformatics/btg180.

Rot C, Goldfarb I, Ilan M, Huchon D. 2006. Putative cross-kingdom horizontal gene transfer in
sponge (Porifera) mitochondria. BMC Evolutionary Biology 6:71 DOI 10.1186/1471-2148-6-71.

Rua CPJ, Zilberberg C, Solé-Cava AM. 2011. New polymorphic mitochondrial markers for
sponge phylogeography. Journal of the Marine Biological Association of the United Kingdom
1:1-8 DOI 10.1017/50025315410002122.

Schmidt O. 1862. Die Spongien des Adriatischen Meeres. Leipzig: Wilhelm Engelmann.

Schwartz MK, Luikart G, Waples RS. 2007. Genetic monitoring as a promising tool for conserva-
tion and management. Trends in Ecology ¢ Evolution 22:25-33 DOI 10.1016/j.tree.2006.08.009.

Shearer TL, Van Oppen MJH, Romano SL, Wérheide G. 2002. Slow mitochondrial DNA
sequence evolution in the Anthozoa (Cnidaria). Molecular Ecology 11:2475-2487
DOI 10.1046/j.1365-294X.2002.01652.x.

Solé-Cava AM, Thorpe JP. 1987. The use of electrophoresis in sponge taxonomy. In: Vacelet J,
Boury-Esnault N, eds. Taxonomy of porifera. Berlin Heidelberg: Springer-Verlag, 243-258.

Sollas WJ. 1885. A classification of the Sponges. Scientific Proceedings of the Royal Dublin Society
5:112.

Sollas WJ. 1886. Preliminary account of the Tetractinellid sponges dredged by H.M.S. Challenger,
1872-1876. Scientific Proceedings of the Royal Dublin Society 5:177-199.

Srivastava M, Simakov O, Chapman J, Fahey B, Gauthier MEA, Mitros T, Richards GS,

Conaco C, Dacre M, Hellsten U. 2010. The Amphimedon queenslandica genome and the
evolution of animal complexity. Nature 466:720-726 DOI 10.1038/nature09201.

Swierts T, Peijnenburg KTCA, De Leeuw C, Cleary DFR, Hornlein C, Setiawan E, Woérheide G,
Erpenbeck D, de Voogd NJ. 2013. Lock, stock and two different barrels: comparing the genetic
composition of morphotypes of the Indo-Pacific sponge Xestospongia testudinaria. PLoS ONE
8:74396 DOI 10.1371/journal.pone.0074396.

Szab6 Z, Kimokeo BK, Toonen RJ, Randall JE. 2011. On the status of the Hawaiian seahorses
Hippocampus hilonis, H. histrix and H. fisheri (Syngnathidae). Marine Biology Research
7:701-709 DOI 10.1080/17451000.2011.558096.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Molecular Biology and Evolution 28:2731-2739
DOI 10.1093/molbev/msr121.

Toonen R]J, Puritz JB, Forsman ZH, Whitney JL, Fernandez-Silva I, Andrews KR, Bird CE. 2013.
ezRAD: a simplified method for genomic genotyping in non-model organisms. Peer] 1:¢203
DOI 10.7717/peerj.203.

Topsent E. 1928. Spongiaires del’Atlantique et dela Méditerranée, provenant des croisieres
du prince Albert Ier deMonaco. Résultats des Campagnes Scientifiques du Prince Albert ler
deMonaco 74:1-376.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 24/25


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0024344
http://dx.doi.org/10.1016/j.ympev.2006.10.021
http://dx.doi.org/10.1126/science.271.5249.640
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.1186/1471-2148-6-71
http://dx.doi.org/10.1017/S0025315410002122
http://dx.doi.org/10.1016/j.tree.2006.08.009
http://dx.doi.org/10.1046/j.1365-294X.2002.01652.x
http://dx.doi.org/10.1038/nature09201
http://dx.doi.org/10.1371/journal.pone.0074396
http://dx.doi.org/10.1080/17451000.2011.558096
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.7717/peerj.203
http://dx.doi.org/10.7717/peerj.1170

Peer

Van Soest RWM, Boury-Esnault N, Vacelet J, Dohrmann M, Erpenbeck D, De Voogd NJ,
Santodomingo N, Vanhoorne B, Kelly M, Hooper JNA. 2012. Global diversity of sponges
(Porifera). PLoS ONE 7:€35105 DOI 10.1371/journal.pone.0035105.

Van Soest RWM, Hooper JNA. 2002. Order Haplosclerida (Topsent, 1928). In: Hooper JNA,
Soest RWMyv, eds. Systema Porifera: a guide to the classification of sponges. New York: Kluwer
Academic/Plenum Publishers, 831-834.

Worheide G. 2006. Low variation in partial cytochrome oxidase subunit I (COI) mitochondrial
sequences in the coralline demosponge Astrosclera willeyana across the Indo-Pacific. Marine
Biology 148:907-912 DOI 10.1007/500227-005-0134-y.

Worheide G, Degnan BM, Hooper JNA, Reitner J. 2002. Phylogeography and taxonomy of the
Indo-Pacific reef cave dwelling coralline demosponge Astrosclera willeyana: new data from
nuclear internal transcribed spacer sequences. In: Moosa K, ed. 9th international coral reef
symposium, Bali, October 2000. Jakarta: Ministry of Environment, Indonesian Institute of
Sciences.

Worheide G, Erpenbeck D. 2007. DNA taxonomy of sponges—progress and perspectives. Journal
of the Marine Biological Association of the UK 87:1629-1633 DOI 10.1017/50025315407058274.

Worheide G, Erpenbeck D, Menke C. 2007. The sponge barcoding project: aiding in the
identification and description of poriferan taxa. In: Custédio MR, Lobo-Hajdu G, Hajdu
E, Muricy G, eds. Porifera research: biodiversity, innovation and sustainability, vol. 28. Rio de
Janeiro: Museu Nacional, 123—-128.

Worheide G, Hooper JNA, Degnan BM. 2002. Phylogeography of western Pacific Leucetta
‘chagosensis’ (Porifera: Calcarea) from ribosomal DNA sequences: implications for population
history and conservation of the Great Barrier Reef World Heritage Area (Australia). Molecular
Ecology 11:1753—1768 DOI 10.1046/j.1365-294X.2002.01570.x.

Wulff JL. 1996. Do the same sponge species live on both the Caribbean and eastern Pacific sides
of the Isthmus of Panama. Bulletin del’Institut royal des Sciences naturelles deBelgique, Biologie
66:165-173.

Wulff J. 1997a. Causes and consequences of differences in sponge diversity and abundance between
the Caribbean and Eastern Pacific of Panama. In: Lessios HA, Macintyre IG, eds. Proceedings of
the 8th international Coral Reef Symposium. Panama, vol. 2. 1377-1382.

Wulff JL. 1997b. Mutualisms among species of coral reef sponges. Ecology 78:146—159
DOI 10.1890/0012-9658(1997)078[0146:MASOCR]2.0.CO;2.

Wulff JL. 2001. Assessing and monitoring coral reef sponges: why and how? Bulletin of Marine
Science 69:831-846.

Wulff JL. 2006. Ecological interactions of marine sponges. Canadian Journal of Zoology 84:146—166
DOI 10.1139/206-019.

Xavier JR, Rachello-Dolmen PG, Parra-Velandia F, Schonberg CHL, Breeuwer JAJ, Van
Soest RWM. 2010. Molecular evidence of cryptic speciation in the “cosmopolitan” excavating
sponge Cliona celata (Porifera, Clionaidae). Molecular Phylogenetics and Evolution 56:13—20
DOI 10.1016/j.ympev.2010.03.030.

Xavier R, Santos AM, Lima FP, Branco M. 2009. Invasion or invisibility: using genetic and
distributional data to investigate the alien or indigenous status of the Atlantic populations
of the peracarid isopod, Stenosoma nadejda (Rezig 1989). Molecular Ecology 18:3283-3290
DOI 10.1111/j.1365-294X.2009.04260.x.

Zakharov EV, Lobo NF, Nowak C, Hellmann JJ. 2009. Introgression as a likely cause of mtDNA
paraphyly in two allopatric skippers (Lepidoptera: Hesperiidae). Heredity 102:590-599
DOI 10.1038/hdy.2009.26.

Knapp et al. (2015), PeerdJ, DOI 10.7717/peerj.1170 25/25


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0035105
http://dx.doi.org/10.1007/s00227-005-0134-y
http://dx.doi.org/10.1017/S0025315407058274
http://dx.doi.org/10.1046/j.1365-294X.2002.01570.x
http://dx.doi.org/10.1890/0012-9658(1997)078[0146:MASOCR]2.0.CO;2
http://dx.doi.org/10.1139/z06-019
http://dx.doi.org/10.1016/j.ympev.2010.03.030
http://dx.doi.org/10.1111/j.1365-294X.2009.04260.x
http://dx.doi.org/10.1038/hdy.2009.26
http://dx.doi.org/10.7717/peerj.1170

	Cryptic species obscure introduction pathway of the blue Caribbean sponge (Haliclona (Soestella) caerulea), (order: Haplosclerida) to Palmyra Atoll, Central Pacific
	Introduction
	Methods
	Study species
	Sampling design
	Spicule analyses
	DNA extraction and PCR amplification
	Data analysis

	Results
	Morphological characteristics
	Individual gene regions
	Concatenated mtDNA versus nDNA

	Discussion
	Using morphological characteristics to identify H. caerulea
	Gene loci
	Cryptic species within H. caerulea

	Conclusions
	Acknowledgements
	References


