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ABSTRACT

The first findings of Puerto Rican calcareous sponges are presented in this Thesis. We analyzed
the calcareous (subclass Calcinea) sponge diversity of Puerto Rico and an integrative molecular
and morphological approach was used for the taxonomic identification of every sample. A total of
273 specimens of calcareous sponges were collected from 2013 through 2017 from 25 localities.
Our phylogenetic results reveled a total of 20 different species of calcareous sponges, all belonging
to the subclass Calcinea. This study is reporting a total of 17 new species of calcareous sponges,
with only three species being previously described: Clathrina aurea, Leucetta floridana, and
Nicola tetela. The calcareous sponge Nicola tetela is also a new distribution record since it was
previously reported only from Brazil and Curacao. Our phylogenetic analysis demonstrated that
all sponges identified as Leucetta floridana formed a strongly supported monophyletic group
(Pp=1). Within the genus Clathrina, the morphologically defined species C. aurea, C. sp 1, C. sp.
4, C. sp. 5, and C. sp 6 are monophyletic. Our specimens from the genera Nicola, Arthuria, and
Ernstia formed strongly supported monophyletic groups with other publicly available sequences
identified as Nicola, Arthuria, and Ernstia, respectively. Notable exception was the genus

Borojevia, which is depicted as a polyphyletic group.



RESUMEN

En este estudio, analizamos la diversidad de esponjas calcareas (subclase Calcinea) de Puerto Rico.
Se combiné un enfoque molecular y morfoldgico integrador para la identificacion taxondmica de
cada muestra. Los primeros hallazgos de esponjas calcareas puertorriquefias se presentan aqui. Un
total de 273 especimenes de esponjas calcareas fueron recolectados de 2013 a 2017 de 25
localidades. Nuestros resultados moleculares revelaron un total de 20 especies diferentes de
esponjas calcareas, todas pertenecientes a la subclase Calcinea. Este estudio reporta un total de 17
nuevas especies de esponjas calcareas, con solo tres especies descritas anteriormente: Clathrina
aurea, Leucetta floridana y Nicola tetela. La esponja calcarea Nicola tetela es también un nuevo
récord de distribucion ya que anteriormente sélo se informaba de Brasil y Curazao. Nuestro
analisis filogenético demostré que todas las esponjas identificadas como Leucetta floridana
formaron un grupo monofilético fuertemente apoyado (Pp = 1). Dentro del género Clathrina, las
especies morfolégicamente definidas C. aurea, C. sp 1, C. sp. 4, C. sp. 5, y C. sp 6 son
monofiléticos. Nuestros especimenes de los géneros Nicola, Arthuria y Ernstia formaron grupos
monofiléticos fuertemente apoyados con otras secuencias publicamente disponibles identificadas
como Nicola, Arthuria y Ernstia, respectivamente. La excepcion notable fue el género Borojevia,
que se representa como un grupo polifilético.
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LITERATURE REVIEW

Phylum Porifera

Marine sponges (Porifera Grant, 1836) are regarded as one of the most ancient animals on the
planet, originating roughly 600 mya (Li et al. 1998; Yin et al. 2015). For decades, they were
considered the sister group to all metazoans (Phillippe et al. 2009; Srivastava et al. 2010; Pisani
et al. 2015). Why is this important? Well, understanding the evolution of complex traits (i.e.,
muscles, guts, nervous system, and epithelia) among extant lineages that are close to the base of
the metazoan tree is crucial if we want to decipher the origin of the last common animal ancestor
(Dunn et al. 2015). However, in recent years, their position at the base of the metazoan tree has
been scientifically challenged, as the first genomic sequences of ctenophores provided strong
evidence that comb jellies, not sponges, were the sister group to all animals (Ryan et al. 2013;
Whelan et al. 2015). It appears as if the sponge-ctenophore deep phylogeny controversy
concerning early animal evolution will continue as Simion et al. (2017) recently provided strong
evidence that supports Porifera as the sister group to all metazoans, and placing ctenophores as

the second earliest branching animal lineage.

Phylum Porifera is composed of four extant classes: Calcarea Bowerbank, 1865, Hexactinellida
Schmidt, 1870, Demospongiae Sollas, 1885, and Homoscleromorpha Bergquist, 1978 (Rowland
2001; Wulff 2017). Within Porifera, the hexactinellids (glass sponges) are considered the oldest
definite group of sponges, and are more closely related to Demosponges (Borchiellini et al.
2001). Hexactinellid fossil record dates to the Late Proterozoic, with their radiation taking place
in the Early Cambrian period. In contrast, the main radiation of the Pinacophora
(Demospongiae/Homoscleromorpha/Calcarea-taxon) took place later, in the Middle Cambrian
period (Reitner & Mehl, 1995). Their simple body plan along with their resilience has allowed
them to survive the “Big Five” known mass extinctions (Hull 2015; Botting et al. 2017).

Modern day sponges are widely distributed in aquatic systems throughout the world and
successfully inhabit hard- and soft-bottom substrates, from tropical to polar latitudes, littoral to
abyssal habitats, and fresh- to salt bodies of water; thus, it is not surprising that they are one of
the major groups in both biomass and number of species of benthic communities in these
ecosystems (Sara & Vacelet, 1973). Currently, there are 8,841 valid species of marine and

freshwater sponges (World Porifera database. Accessed at http://www.marinespecies.org/porifera



on 2017-04-10) - with hundreds of specimens from all over the world still awaiting proper
description and discovery, including in the Caribbean Sea (Van Soest et al. 2012). Within the
Caribbean region, sponges are considered one of the most visually dominant taxon in most
shallow and deeper coral reefs (Wulff 2006; Slattery et al. 2013). Coral reefs are unique
ecosystems that flourish under low-nutrient conditions, they fortify tropical coasts, build islands,
and through their structural complexity maintain the highest biodiversity in the sea, including a
plethora of sponges (Ritzler 2004; Wulff 2012). Diaz and Rditzler (2001) highlighted at least six
important functional roles sponges play in Caribbean coral reefs: primary production and
nitrification through complex associations; chemical and physical adaptation for successful space
competition; capability to impact the carbonate framework through calcification, cementation
and bio-erosion; and the potential to alter the water column and its processes through high water
filtering capabilities.

Caribbean

It comes as no surprise that the Caribbean has been identified as one of the top biodiversity hot
spots in the world. Unfortunately, in the last decades, the Caribbean region has been
experiencing extreme loss of terrestrial habitat, currently retaining only about 11.3% of its
original primary terrestrial vegetation — critically decreasing the levels of biodiversity (Myers et
al. 2000). This scenario is not only taking place top-side, but underwater as well, with Caribbean
coral reefs also suffering extreme loss of habitat (Perry et al. 2013). The high incidence of
hurricanes and warming of our ocean waters has made coral reefs susceptible to coral bleaching
events (Alemu & Clement, 2014), which in turn make corals and other invertebrates prone to
viral and bacterial infections (Harvell et al. 2007; Pinzon et al. 2014). Anthropogenic activities
such as overfishing, coastal pollution, increased population density, invasive/introduced species,
and agriculture runoff also contribute to the deterioration, decaying, and destruction of coral

reefs around the world (Jackson et al. 2014).

In order to capture the most current knowledge of marine biodiversity in the Caribbean,
Miloslavich et al. (2010) analyzed the geographic distribution of georeferenced species records
and regional taxonomic lists. They divided the Caribbean region into five marine ecoregions;
with Puerto Rico, Cuba, Haiti, Dominican Republic, and Jamaica forming the Greater Antilles
ecoregion. According to the data provided by Miloslavich et al. (2010), the total number of



taxonomically accepted marine sponge species in the Caribbean is 519, with Puerto Rico only
hosting a total of 40 of these species. This makes Puerto Rico the least diverse country in the
Caribbean for marine sponges. This extremely low number of diversity is misleading, and can be
attributed to the lack of exploration and published scientific studies regarding this enigmatic
group. The true biodiversity of Puerto Rican marine sponges is currently not known, and needs

to be assessed in detail.

Puerto Rico

The commonwealth of Puerto Rico is an island complex located on the north-eastern corner of
the Caribbean Sea. The complex is formed by the main island of Puerto Rico, the smaller and
eastern-most island of the Greater Antilles (17° 54° —18° 31’ N and 65° 16’- 67° 16> W), and five
other smaller islands located on the eastern and western coasts (Vieques, Culebra, Desecheo,
Mona, and Monito) (Weil 2005). One of the first studies regarding marine sponges from Puerto
Rico were carried out by Wilson (1902) and de Laubenfels (1934). Wilson (1902) reported a
total of 41 new sponges from Puerto Rico and the rest of the Greater Antilles ecoregion. This
number was reduced to 18 new sponges when sponge taxonomist Rob van Soest reanalyzed the
material from the expedition, the remainder of the sponges were transferred to existing genera
and junior synonyms based on descriptions from previous taxonomists. A sponge that was listed
as Calcarea in Wilson’s original report turned out to be a demosponge. About thirty years later,
de Laubenfels (1934) analyzed the large collection of deep water Puerto Rican sponges which
were collected during the First Johnson-Smithsonian Deep-Sea Expedition. This expedition
devoted its attention to the great deep of the Atlantic — the Puerto Rican Deep, a region which
was unexplored (Bartsch 1934). De Laubenfels (1934) states that “the expedition yielded an
exceptionally large number of new species, nearly one-fourth of the total number of collected
specimens were new to science.” Laubenfels described a total of 27 new species of sponges, all
were representatives of the Class Demospongiae, belonging to 17 families, of which 4 were new,
and 26 genera, of which 11 were new. Surprisingly, even though sponges from Calcarea and

Hexactinellida were collected, none were new to science.

Shallow Reefs
There have been few studies in which the diversity of Puerto Rican shallow marine sponges have
been mentioned (Weil 2005; Ballantine et al. 2008; Pittman et al. 2010), none have addressed the



true biodiversity of sponges, they have only been superficial surveys. Weil (2005) produced the
first systematic survey list of marine invertebrates for Puerto Rico, in which he lists a total of 61
species of sponges, and notes that with the exception of marine algae, scleractinian corals,
mollusks, chitons and fish, no major taxonomic revisions of any other marine taxa, including
sponges, has been done in the last 80 years. Pittman et al. (2010) provides a spatial and temporal
characterization of the fish and benthic communities of southwestern Puerto Rico, primarily
within the La Parguera Natural Reserve. It is important to note that Pittman et al. (2010) surveys
focused and emphasized on the characterization of commercially important species of fish,
marine invertebrates (i.e., lobster, conch), and scleractinian corals. Underwater visual surveys
were collected from five 1 m? quadrats randomly placed along a 25m belt transects, where
marine sponges were only marked as ‘present” or ‘absent’ using their morphological growths
(barrel, tubes, ropes, vase and encrusting). Marine sponge percent cover on six benthic habitats
in southwest Puerto Rico is shown to be one of the least studied taxa when compared to other
benthic organisms such as turf algae, macroalgae, corals, crustose coralline algae, hydroids and
soft corals (Pittman et al. 2010).

Mesophotic Reefs

In one of the first studies regarding mesophotic reef sponges in Puerto Rico, Rivero-Calle et al.
(2008) used two perpendicular phototransects taken by an AUV at a depth range of 30-51 m in
order to characterize Black Jack Reef off Vieques, Puerto Rico. With regards to sponges, Rivero-
Calle et al. (2008) found that sponges were present in transects with an average cover of about
8%; Amphimedon compressa, Aiolochroia crassa, Agelas sp., Aplysina sp., and Xestospongia
muta being the most common sponges present. In another study regarding Puerto Rican
mesophotic reefs, Garcia-Sais et al. (2010) noted at least 11 species of branching and barrel
sponges within transects at a depth 50 m with a mean cover of 17.1 % (range: 11.5-22.7%). Their
results show that sponges were the most conspicuous biotic component of the slope wall habitat
at 50 m, listing: the large orange elephant-ear sponge, Agelas clathrodes, barrel sponge,
Xestospongia muta, branching tube sponges, Agelas conifera and Agelas dispar, as the main
species of the sponge assemblage. Garcia-Sais et al. (2010) stated that both the branching and
barrel type sponges were generally large enough to provide protective habitat for reef fishes and
marine invertebrates. Similar results were found for transects performed at depths shallower than
30 m, at 30 m, and at 40 m.



In a different study, Rivero-Calle (2010) analyzed phototransects from five locations in Puerto
Rico: La Parguera, Guanica, Vieques, Desecheo, and Bajo de Sico. According to Rivero-Calle
(2010), over 70% of the sponge species presented a massive or tube-like or cup-like morphology,
encrusting sponges corresponded to 12%, erect morphology corresponded to 11%, and branching
morphology corresponded to the lowest, 7%. Rivero-Calle (2010) states that a total of 77 species
of sponges were identified to the lowest taxonomic level using sponge identification guides.
Even though Rivero-Calle (2010) results are based strictly from phototransects, it represents the
most recent sessile benthic community characterization of Puerto Rican mesophotic reefs. This
high number of species indicates that the accepted number of species (Table 1) from Puerto
Rico: 40-60 species (Weil 2005; Miloslavich et al. 2010), is a clear underestimation. The results
from Rivero-Calle et al. (2008), Rivero-Calle (2010), and Garcia-Sais et al. (2010) are what
would be expected from studies using phototransects, which focus on the larger sponges with
limitations on the taxonomic identity of most sponges encountered. Another drawback from
photo surveys, is that they miss the most diverse component of mesophotic reef sponges, the
encrusting and cryptic forms, therefore underestimating the true diversity of this important
group. Rivero-Calle (2010) realized that encrusting sponges played a crucial role in mesophotic
reefs, stating that encrusting morphologies are often opportunistic, which explains why the
distribution pattern is so homogenous. Studying marine sponges found in cryptic environments
can be a difficult task, mainly due to the habitat’s structural complexity and poor access.
Crevices are too small for divers to enter or too large to expose without damaging parts of the
reef (Ritzler 2004). The majority of the calcareous sponges reported in this thesis were collected
and discovered growing under overhangs, under rocks, in caverns, in caves, or in between
crevices: Arthuria sp.1 (Figure 3), Clathrina sp.1 (Figure 6), and Nicola tetela (Figure 25). The
presence of calcareous sponges would be impossible to survey using UAV phototransects due to

their small size (i.e., millimeters) and their nyctophilia habitats.

Future studies regarding both shallow and mesophotic reef marine sponges should be performed
by scientific divers with taxonomic knowledge of the different classes of sponges. Trained divers
can perform confident in situ observations, transect surveys, sampling, and photograph selected
species for taxonomical and molecular studies. Case and point is the discovery of several new
species of marine sponges found in cryptic environments at mesophotic reef depths off La

Parguera and Guanica, Puerto Rico (Vicente et al. 2016). The proposed study aims to catalogue



the Puerto Rican diversity, geographical distribution and ecology of marine sponges belonging to

the Class Calcarea (Porifera).

Calcarea

The commonwealth of Puerto Rico is composed of a group of islands located on the north-
eastern corner of the Caribbean Sea. The complex is formed by the main island of Puerto Rico,
the smaller and eastern-most island of the Greater Antilles (170 54’ — 180 31’ N and 650 16’-
670 16’ W), and five other smaller islands located on the eastern and western coasts (Vieques,
Culebra, Desecheo, Mona, and Monito) (Weil 2005). One of the first studies regarding marine
sponges from Puerto Rico were carried out by Wilson (1902) and de Laubenfels (1934). Wilson
(1902) reported a total of 41 new sponges from Puerto Rico and the remainder of the Greater
Antilles ecoregion. This number was reduced to 18 new sponges when sponge taxonomist Rob
van Soest reanalyzed the material from the expedition, the remainder of the sponges were
transferred to existing genera as junior synonyms based on previous descriptions. A sponge that
was listed as Calcarea in Wilson’s original report turned out to be a Demosponge. About thirty
years later, de Laubenfels (1934) was assigned to analyze the large collection of deep water
Puerto Rican sponges which were collected during the First Johnson-Smithsonian Deep-Sea
Expedition. This expedition devoted its attention to the great deep of the Atlantic — the Puerto
Rican Deep, a region faunally decidedly unexplored (Bartsch 1934). De Laubenfels (1934) stated
that “the expedition yielded an exceptionally large number of new species, nearly one-fourth of
the total number of collected specimens were new to science.” Laubenfels described a total of 27
new species of sponges, all were representatives of the Class Demospongiae, belonging to 17
families, of which four were new, and 26 genera, of which 11 were new. Surprisingly, even

though sponges from Calcarea and Hexactinellida were collected, none were new to science.

As previously mentioned, working with calcareous sponges can be a difficult task, they tend to
be small in size and thrive in cryptic habitats. Regardless of their size, calcareous sponges play a
crucial role in the marine ecosystem in which they inhabit (Veena & Laxmilatha, 2011; Longo et
al. 2012). For example, a species of Clathrina sp.5 found in Puerto Rico is able to harbor a
distinctive epifauna from the environment, and may also offer shelter for juvenile fish, larvae,
provide living substrate, and food — directly and indirectly, to different species of copepods,
amphipods, isopods, ostracods, mites, polychaetes, and other marine invertebrates (Garcia-



Hernandez et al. 2017). Sponges protect themselves from predators by producing biologically
active metabolites (Pawlik et al. 2013; Slattery et al. 2016); these metabolites are extremely
important for the production of novel natural products and the development of new
pharmaceutical drugs (Wright 2012). Muricy et al. (1993) showed that a species of calcareous
sponge belonging to the genus Clathrina possessed interesting antibacterial and antifungal
properties worth exploring. In a recent study, Quevrain et al. (2014) explored the chemodiversity
and cultivable bacterial diversity of two calcareous sponges Leuconia johnstoni (Baerida,
Calcaronea) and Clathrina clathrus (Clathrinida, Calcinea). Their results showed that both
species of calcareous sponges are capable of hosting a diverse community of bacteria, some of

which can produce potent compounds to protect the sponge from predators.

Within Porifera, Calcarea are the only sponge class with skeleton — spicules - composed solely of
calcium carbonate (CaCO3) (Rossi et al. 2011; Lavrov et al. 2013; Rapp et al. 2013), which is an
autopomorphic character of the group (Manuel 2006). There are two subclasses recognized
within Calcarea, these are the Calcinea Bidder, 1898, and the Calcaronea Bidder, 1898. Calcinea
has equiangular triactine spicules, a basal nucleus in the choanocytes, a flagellum arising
independently from the nucleus, a coeloblastula larva, and triactines as the first spicules to
appear during ontogenesis (Borojevic et al. 1990; Van Soest et al. 2012). On the other hand,
Calcaronea possess inequiangular triactines, an apical nucleus in the choanocytes, a flagellum
arising from the nucleus, a stomoblastula larva which after eversion (turning inside out) becomes
an amphiblastula, and diactines as the first spicules to appear during ontogenesis (Van Soest et
al. 2012). Also, in addition to free spicules, the presence of non-spicular basal calcareous
skeleton in which basal spicules are cemented together or completely embedded in an enveloping
cement (Borojevic et al. 2000).

Unlike the other sponge classes (Demospongiae, Hexactinellida, and Homoscleromorpha), five
different types of aquiferous systems can be readily distinguished in Calcarea: the asconoid,
syconoid, sylleibid, leuconoid, and solenoid grades of organization (Voigt et al. 2012b;
Cavalcanti & Klautau, 2011). Despite all the known complexities of nutrition in sponges,
regardless of the class, the primary feeding mechanism remains water pumping by means of a
complex incurrent and exhalant hydraulic aquiferous system, with choanocytes chambers in the
center (Rutzler 2004).



INTRODUCTION

Calcarea (Phylum Porifera), also known as the calcareans, are regarded as relics of otherwise
extinct groups of sponges that survived several mass extinctions in cryptic environments
(Vacelet 1991). Compared to the other three classes within Porifera (Demospongiae,
Hexactinellida, and Homoscleromorpha), the calcareans are a neglected group of sponges, this
may be due to the difficulty in finding them because of their cryptic habitat, their small size, and
morphological taxonomic difficulty. Today — as in the past- there are very few spongiologists
dedicated to the study of calcareous sponges, which greatly limits our knowledge of calcarean
diversity and their ecological functional roles within any given marine ecosystems(Van Soest et
al. 2012; Cavalcanti et al. 2014).

Despite their cryptic nature, calcareous sponges have been discovered and described from
different parts of the world: from the cold waters of the Arctic Ocean (Rapp et al. 2001), to the
deep waters of the North Pacific Ocean (Duplessis & Reiswig, 2000), the Antarctic Ocean
(Dendy 1918; Rapp et al. 2013), the North Atlantic Ocean (Lanna et al. 2009), the South Atlantic
Ocean (Lana et al. 2007; Azevedo et al. 2009), the South Pacific Ocean (Borojevic and Klautau,
2000), Indopacific region (Van Soest and de Voogd, 2015), the Mediterranean Sea (Tsurnamal
2013), the Pacific (Azevedo et al. 2015), the Adriatic Sea (Klautau et al. 2016), the Red Sea
(Voigt et al. 2017), and the Caribbean sea (this study). According to the World Porifera Database
(WPD) there are currently 725 taxonomically accepted calcareans, representing about 8% of all

described extant sponge species (wWww.marinespecies.org/porifera, accessed 2017).

Although there is a rich history of taxonomic research in the Caribbean, the marine biota of the
region remains far from well known (Van Soest et al. 2012). The current record of approximately
12,000 marine species is clearly an underestimate for such a large and environmentally diverse
tropical region (Miloslavich et al. 2010). Without a doubt, a tremendous amount of work is still
needed in the Caribbean to get a clearer picture of species richness and marine biodiversity
patterns (Miloslavich et al. 2010; Rutzler et al. 2014). This is certainly true regarding marine
sponges, especially the ones inhabiting cryptic environments. Even in regions where
spongiologists have worked extensively with calcareous sponges, such as Brazil, the true

diversity of calcareous sponges remains largely unknown, despite the frequent descriptions of



species that are new to science by the Brazilian sponge teams (Klautau and Borojevic, 2001;
Cavalcanti et al. 2014, 2015).

In Puerto Rico, there have been few studies in which the diversity of shallow marine sponges has
been mentioned (Weil 2005; Ballantine et al. 2008; Pittman et al. 2010). However, none have
addressed the true biodiversity of shallow, mesophotic, and deep sponges. Weil (2005) produced
the first systematic survey list of marine invertebrates and fish for Puerto Rico, in which he lists
a total of 61 species of sponges, and notes that with the exception of marine algae, scleractinian
corals, mollusks, chitons and fish, no major taxonomic revisions of any other marine taxa,
including sponges, has been done in the last 80 years. Closing this gap in knowledge can only be
accomplish by an increase in specimen sampling, which in turn, will help us understand the

diversity and distribution of calcareous sponges from the region.

Locating calcareous sponges in the field can be a difficult task. Identifying and describing
calcarean species is difficult due to their morphological synapomorphies and high number of
potential homoplasies (Manuel et al. 2003). Thus, in order to successfully identify calcareous
sponges, spongiologists apply both morphological and molecular techniques (Klautau et al.
2013; Voigt et al. 2017). Molecular barcoding is a simple and rapid method that sponge
biologists can apply to aid the identification of samples of unknown taxonomic membership.
Unlike other groups, barcoding sponges can be problematic due to the potentially large number
of non-target macro- and microorganisms found in association with sponges (Vargas et al. 2012).
When it comes to barcoding calcareous sponges, simply applying the universal COI gene of the
mitochondrial DNA is not ideal due to its low level of variation (Belinky et al. 2012; Vargas et
al. 2012; Voigt et al. 2012a; Lavrov et al. 2013). Rossi et al. (2011) states that “despite the
extensive experience of their group in the study of sponge genetics, they were unsuccessful when
trying to amplify fragments of mitochondrial and other nuclear protein-coding genes from
calcareans”. Thus, alternative approaches were considered to barcode calcareans and now,
scientists are routinely using successfully the internal transcribed spacer (ITS) of the nuclear
ribosomal region (L&bo-Hajdu et al. 2004; Manuel et al. 2004; Valderrama et al. 2009; Thacker
et al. 2013; Klautau et al. 2013; Rapp et al. 2013; Azevedo et al. 2015; Voigt et al. 2017). In an
effort to provide a much more comprehensive picture of the phylogeny of Calcarea, Dohrmann et
al. (2006) and others, have targeted the18S and 28S rDNA of calcarean sponges from different



regions of the world. Their results strongly confirm the monophyly of Calcarea and its subtaxa
Calcaronea and Calcinea. More recently, Voigt and Worheide (2016) proposed the use of a
standard barcoding marker for Calcarea, the C-region of the 28S gene (LSU), in combination
with the internal transcribed spacer region (ITS) region. This novel method, has proven to
provide a short but phylogenetically informative DNA sequence which is alignable across both
subclasses, unlike ITS, which creates alignment ambiguities because of the high intra- and
intergenomic variation between Calcinea and Calcaronea (Voigt & Warheide, 2016; Voigt et al.
2017).

Molecular markers have made it possible to evaluate the degree of genetic connectivity between
populations of marine species, as well as discrimination of ecological and historical processes
shaping their present-day distribution (Hellberg et al. 2002; Wérheide et al. 2005). Genetic
studies of this kind are pivotal aids to bioregional planning, fisheries management and
conservation of dwindling marine resources (Warheide et al. 2005). We employed an integrative
approach (molecular and morphological) to accurately catalogue and identify calcarean sponges
from Puerto Rico, and created the first biodiversity list of Calcinea.

Objectives

This study has utilized the ITS (I & I1) ribosomal regions of Calcareans sampled from various
locations in Puerto Rico in order to:

1) Establish a baseline of known species of calcareans in Puerto Rico,
2) Define their geographical distribution within Puerto Rico,

3) Employ a molecular barcoding approach to test if morphologically defined species are also
genetically distinct.
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MATERIALS & METHODS

Sample collection and documentation

Due to the nonexistent knowledge of the diversity of calcareous sponges and their cryptic
habitats, an exploratory sampling approach was implemented to yield the highest possible
calcarean diversity. A total of 273 specimens of calcareous sponges was collected in 25 different
localities along the southwest, west and northwest coast of Puerto Rico (Figure 1). Samples were
collected between 2013 and 2017 at depths varying from the intertidal zone to 45 m by scuba
diving. Sponges were photographed in situ prior to collection using a Nikon D100 with a Light
& Motion underwater housing. In order to successfully collect cryptic calcareous sponges, a
Light & Motion 1200 lumens photo light was used. All ecological observations were noted, and
specimens were kept in ice and placed in 96% ethanol upon arrival to the laboratory for
downstream molecular and morphological analyses. Any color change after preservation in
ethanol was noted, a small piece of sponge tissue was cut and placed in a separate vial for spicule

analysis.

Figure 1: A) Sampling sites within Puerto Rico, B) northwest coast of PR, and C) southwest
coast of PR.
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Detailed pictures of spicules were taken using a JEOL JSM-5410LV scanning electron
microscope. For in depth spicule measurements, actine length was measured from tip to base,
actine width was measured (um) at the actine base in triactines and tetractines, and at the widest
part in diactines, using an inverted compound microscope, a Nikon Eclipse TS100, was used
along with the computer software: NIS-Elements D on Nikon DS-U3. Data are presented in
tabular form, featuring length (minimum, mean, SD, and maximum), width (mean and SD), and
number of spicules (N). Preliminary identification of specimens followed by the Systema
Porifera classification (Borojevic et al. 2002), the revision of the genus Clathrina (Klautau &
Valentine, 2003), the new taxonomical revision for the order Clathrinida (Klautau et al. 2013),
and recent taxonomical biodiversity publications of Calcarea (Rossi et al. 2011; Azevedo et al.
2015; Van Soest & de VVoogd, 2015; Baslavi-Céndor & Klautau, 2016; Voigt & Worheide,
2017). Specimen voucher samples were divided and deposited at two museums. In Puerto Rico,
samples were placed at the Museum of Marine Invertebrates, Department of Marine Sciences, as
well as at the Sponge collection of the Biology Institute of the Universidade Federal do Rio de
Janeiro, Brazil, under the supervision of collaborator Dr. Michelle Klautau. Pictures of
specimens have been catalogued in the database LifeDesk Porifera, and World Porifera

Database.
DNA extraction, PCR and sequencing

We sequenced the internal transcribed spacer (ITS) for barcoding purposes (Lobo-Hajdu et al.
2004; Manuel et al. 2004; Valderrama et al. 2009; Thacker et al. 2013; Klautau et al. 2013; Rapp
et al. 2013). Genomic DNA was extracted from ethanol-preserved samples with the DNEasy
Blood & Tissue Kit of Qiagen (Hilden, Germany), following the manufacture’s protocol. The
entire region comprising the two spacers (ITS1 and ITS2) is separated by the 5.8S ribosomal
DNA and was amplified by PCR primers anchored on 18S (5’ TCA TTT AGA GGA AGT AAA
AGT CG 3”) and 28S (5 GTT AGT TTC TTT TCC TCC GCT T 3”) (Lobo-Hajdu et al. 2004;
Klautau et al. 2013). The PCR conditions followed the procedures detailed in Rossi et al. (2011),
with minor changes in the PCR steps from Rapp et al. (2013). These include 5 min at 95 °C, 35
cycles of 30 sec at 94 °C, 30 sec at 50-55 °C, and 1 min at 72 °C. To avoid contamination with
epibiontic organisms, tissue from the interior of the sponge was used whenever possible, and

only after careful examination (Dohrmann et al. 2006; Voigt et al. 2012b). Forward and reverse
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strands were automatically sequenced in an ABI 3130x1 16-capillary Genetic Analyzer using the
Big Dye 3.1 Terminator Cycle Sequencing chemistry. Sequences were assembled and edited
with the program CodonCode Aligner (http://www.codoncode.com), and validated via BLAST
searches (http://www.ncbi.nlm.nih.gov/BLAST/; Altschul et al. 1990) against the GenBank
nucleotide database. Published calcareans sequences were downloaded from GenBank (Table 1)
and aligned together with the new sequences in order to compare genetic relatedness to other

Calcarea populations or species. All sequences will be submitted to NCBI GenBank.
Sequence alignment and Phylogenetic analyses

ITS sequences were aligned using the online version of the program MAFFT v.7 (Katoh &
Standley, 2013) using the strategy Q-INS-I (Katoh & Toh, 2008), with Scoring matrix 200
PAM/K=2, gap penalty 1.53 and offset value = 0. Alignments were run through a Gblocks v.
0.91b server under the less stringent parameters (Castresana 2000) in order to exclude poorly
aligned regions from further analyses. Phylogenetic trees of the sequences were generated with
the Bayesian Inference (BI) in MrBayes and Maximum Likelihood (ML) method in PAUP*
4.0a152. Genetic distances were estimated in PAUP* with ML method. The most appropriate
model of DNA substitution for the ITS marker was estimated with the Bayesian Information
Criterion in jModelTest 2.06 (Darriba et al. 2012) and PhyML (Guindon & Gascuel, 2003) and
was applied to the maximum likelihood (ML) analysis in PAUP*. The best-fit model of DNA
substitution for the ribosomal sequences was the model (TIM3ef+I+G) selected by BIC in
JModelTest2. The specific attributes of the model as added to the ML analysis were as follows:
Lset base=equal, nst=6, rmat=(0.4707 1.6627 1.0000 0.4707 2.6863) rates=gamma
shape=0.8280 ncat=4 pinvar=0.3830. ML search was accomplished in PAUP* with 1000
replicates and fast-heuristic search. Starting trees were obtained via stepwise addition with
random addition sequence. The Bayesian analysis was done with both fixed parameters (with the
substitution model as instructed BIC in jModelTest2) and parameters free to vary (GTR+G).
Bayesian analysis was run for 1,000,000 generations, four independent chains, number of
runs=2, sampling every 1000 generations and discarding 10% of the sampled trees. A Bayesian
tree with posterior probabilities is presented (Figure 2). For the phylogenetic reconstruction, the

calcareous sponge Ernstia tetractina was included as the outgroup.
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Table 1: Species used in this study with collection sites, depth, voucher number and GenBank
accession numbers of DNA sequences

Species Collection Site Depth Voucher GenBank
number accession
number (ITS)
Arthuria sp. Fallen Rock, PR 22m CPR204 | = -
_ Cabo Verde NA ZMAPOR 07061 KC843431.1
Arthuria hirsuta
. Cabo Verde NA ZMAPOR 07103 KC985143.1
Arthuria hirsuta
L Peru 9m MNRJ 11414 KC985142.1
Arthuria spirallata
Ascandra sp. Sugar Mill, PR 14 m CPR245 | e
. Fallen Rock, PR 27 m CPR253 | -
Borojevia sp. 1
. Pinnacles, PR 17m CPR202 | -
Borojevia sp. 2
L . Brazil NA UFRJPOR 5211 HQ588969.1
Borojevia aspina
L o Brazil NA UFRJPOR 5214 HQ588978.1
Borojevia brasiliensis
L Mediterranean *10m UFRJPOR 6324 HQ588975.1
Borojevia cerebrum
.. Adriatic Sea *10m IRB-CLB26 KP740029.1
Borojevia cerebrum
L . Adriatic Sea *5m IRB-CLB18 KP740027.1
Borojevia croatica
Clathrina sp. PR1 Turromote, PR 15m CPRO43 | -
Clathrina sp. PR1 Turromote, PR 17m CPRO49 = e
Clathrina sp. PR1 Turromote, PR 16m CPROS1I | -
Clathrina sp. PR1 Pinnacles, PR 10m CPRO86 -
Clathrina sp. PR1 Pinnacles, PR 10m CPR1IO6 | = -
Clathrina sp. PR1 Turromote, PR 1Im CPRI6 | = -
Clathrina sp. PR1 Pinnacles, PR 16m CPRI8 | -
Clathrina sp. PR1 Pinnacles, PR 17m CPR119 | e
Clathrina sp. PR1 Turromote, PR 10m CPR174 | -
Clathrina sp. PR1 Turromote, PR 13m CPR189 = —eeeme-
Clathrina sp. PR1 Turromotito, PR 15m CPR195 —eemee
Turromotito, PR 16 m CPR196 | = -

Clathrina sp. PR1
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Clathrina sp. PR1 Forest, PR 22m CPR221 | = -
Clathrina sp. PR1 Buoy 6, PR 26 m CPR227 e
Clathrina sp. PR2 Media Luna, PR 15m CPR201 ~  —eeee-
Clathrina sp. PR3 Media Luna, PR 2m CPR182 -
Clathrina sp. PR4 San Cristobal, PR 14m CPR0O05 | -
Clathrina sp. PR4 San Cristobal, PR 12m CPR0O06 | e
Clathrina sp. PR4 San Cristobal, PR 15m CPR0O08 | e
Clathrina sp. PR4 Enrique, PR 11m CPRO1I0 | e
Clathrina sp. PR4 Turromote, PR 13m [ 21=00 5 R —
Clathrina sp. PR5 Turromote, PR 17m CPR023 ~  —meeeee-
Clathrina sp. PR4 Turromote, PR 16 m CPR024 —eeeeee
Clathrina sp. PR4 San Cristobal, PR 13m CPR32 | e
Clathrina sp. PR4 San Cristobal, PR 13m CPR033 | mmemmem-
Clathrina sp. PR4 San Cristobal, PR 14m CPR0O35 |  mmemeee-
Clathrina sp. PR4 San Cristobal, PR 13m CPRO37 | meemmee-
Clathrina sp. PR4 Turromote, PR 11m CPR39 | oo
Clathrina sp. PR4 Mario, PR 11m CPR054 ~  —eeeeee-
Clathrina sp. PR4 Mario, PR 16m CPRO60 | e
Clathrina sp. PR4 Turromote, PR 9m CPR083 | —eeee
Clathrina sp. PR4 Pinnacles, PR 11m CPRO89 = -
Clathrina sp. PR4 Pinnacles, PR 9m S —
Clathrina sp. PR4 Conserva, PR 13m CPRIOL  weeee-
Clathrina sp. PR4 Enrique, PR 15m CPR104 =eoeee-
Clathrina sp. PR4 Pinnacles, PR 11m CPR108 | e
Clathrina sp. PR4 Pinnacles, PR 10m CPR110 | e
Clathrina sp. PR4 Pinnacles, PR 8m O TRk R —
Clathrina sp. PR4 Turromote, PR 14 m CPR115 —meeeeee
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Clathrina sp. PR4 San Cristobal, PR 13m CPR123 |  ememee-
Clathrina sp. PR4 Old Buoy, PR 34m CPR128  eeeem-
Clathrina sp. PR4 San Cristobal, PR 12m CPR133 | = -
Clathrina sp. PR4 Turromote, PR 15m CPRI39 | e
Clathrina sp. PR4 Turromote, PR 13m CPR140  —ooeem
Clathrina sp. PR4 Laurel, PR 14m CPR143 —eeee-
Clathrina sp. PR4 Laurel, PR 14m CPR144 —eeeeee
Clathrina sp. PR4 Laurel, PR 12m CPR146 = —mmome-
Clathrina sp. PR4 Mario, PR 16m CPR149  —ooeee
Clathrina sp. PR4 Mario, PR 10m CPRIS0 | weeee-
Clathrina sp. PR4 Media Luna, PR 15m CPR157 —meeeee-
Clathrina sp. PR4 Media Luna, PR 15m CPRI58 oo
Clathrina sp. PR4 Hole in the Wall, PR 23m CPR161 | = =mmemeee-
Clathrina sp. PR4 Turromote, PR 9m CPR163 oo
Clathrina sp. PR4 Turromote, PR 10m CPR164 | oo
Clathrina sp. PR4 Turromote, PR 11m CPR166 = -
Clathrina sp. PR4 Turromote, PR 12m CPR168 -
Clathrina sp. PR4 Turromote, PR 12m CPR172  —ooeee
Clathrina sp. PR4 Fallen Rock, PR 32m (213 -J E—
Clathrina sp. PR4 Fallen Rock, PR 27 m S==F /- R R —
Clathrina sp. PR4 Two for You, PR 26m CPR177 —meeeeee
Clathrina sp. PR4 Effra’s Wall, PR 32m CPRL78 | —eoeee-
Clathrina sp. PR4 Old Buoy, PR 24 m CPR186 @ —eoee-
Clathrina sp. PR4 Turromotito, PR 14 m CPR192 -
Clathrina sp. PR4 Turromotito, PR 17m CPR194 —mome-
Clathrina sp. PR4 Margaritas, PR 10m CPR200 -
Clathrina sp. n. 1 Rossi2011 Brazil NA UFRJPOR 5173 HQ588976.1
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Clathrina sp. PR5 Pinnacles, PR 12m CPR111 —eee-
Clathrina sp. PR5 El Natural, PR 2lm CPR218 = -
Clathrina sp. PR5 Fallen Rock, PR 27 m CPR254 emeeee-
Clathrina sp. PR5 Guanica (#8) 45 m CPR270 oo
Clathrina sp. n. 3 MK2013 Curacao NA UFJPOR 6737a KC843435.1
Clathrina sp. PR6 Conserva, PR 17m CPR098 ~  —eeee-
Clathrina sp. PR6 Laurel, PR 15m CPR145 —eoeee-
Clathrina sp. PR6 Guanica #3, PR 28 m CPR268 = -eoeem-
Clathrina sp. PR7 Razor, PR 32m CPR180 | —woooee-
Clathrina sp. PR8 Turromote, PR 13m CPR229 -
Clathrina sp. n. 4 MK2013 Curagao NA UFRJPOR 6733 K(C843436.1
Clathrina sp. n. 5 MK2013 French Polynesia NA UFRJPOR 6461 KC843439.1
Clathrina aurea Crash Boat 9.0m CPRO11 | oo
Clathrina aurea Conserva 13m CPR102 | = —meeeeee-
Clathrina aurea Conserva 14m CPR103 | e
Clathrina aurea Brazil NA MNRJ 8998 HQ588968.1
Clathrina aurea Peru NA MNRJ 13138 KC985132.1
Clathrina aff. blanca Norwegian Sea NA ZMBN90440 KC874656.1
Clathrina clathrus NA NA NA KC479089.1
Clathrina fjordica Chile 18 m MNRJ 8143 HQ588984.1
Clathrina helveola Australia NA QMG313680 HQ588988.1
Clathrina luteoculcitella Australia NA QMG313684 HQ588989.1
Clathrina nuroensis Peru 5m MNRJ 13032 KC985136.1
Clathrina wistariensis Australia NA QMG313663 HQ588987.1
Ernstia sp. PR1 Media Luna, PR 3m CPR184 | = e
Ernstia sp. PR2 Mario, PR 18 m CPR148 | = e
Guanica (#6) , PR 45m CPR269 | -

Ernstia sp. PR2




Ernstia sp. PR3 Hole in the Wall, PR 30m CPR160 | = ccoeee-
Ernstia sp. PR4 Stella, PR 22m [o=1~7 A E—
Ernstia sp. PR5 Mario, PR 10 m CPR79 | -
in i Brazil NA UFRJPOR 6621 KC843433.1
Ernstia citrea
; Komodo 4-11m | ZMAPOR 08390 KC843451.1
Ernstia klautauae
: : Brazil NA UFRJPOR 6617 KC843434.1
Ernstia rocasensis
Ernstia tetractina Brazil 10m UFRJPOR 5183 HQ589000.1
Guancha sp. AR2011 Norwegian Sea NA UFRJPOR 6337 HQ588995.1
: Bali NA 316171 AF458870.1
Leucetta chagosensis
Leucetta floridana Mario, PR 9m CPR0O52 | e
Leucetta floridana Mario, PR 11m CPRO81 | e
Leucetta floridana Fallen Rock, PR 32m CPRO97 | e
Leucetta floridana Conserva, PR 13m CPR099 | e
Leucetta floridana Conserva, PR 14 m CPR100 | =
Leucetta floridana Enrique, PR 16 m CPR105 | oo
Leucetta floridana Pinnacles, PR 10 m CPR112 | e
Leucetta floridana Media Luna, PR 13m CPR114 | e
Leucetta floridana El Hoyo, PR 32m CPR117 | e
Leucetta floridana Pinnacles, PR 17m CPR120 | e
Leucetta floridana Mario, PR 12m CPR121 | -
Leucetta floridana San Cristobal, PR 15 m CPR134 | oo
Leucetta floridana Turromote, PR 18 m CPR136 | e
Leucetta floridana Turromote, PR 13 m CPR141 | e
Leucetta floridana Mario, PR 13m CPR147 @ e
Leucetta floridana Mario, PR 10m CPR151 | e
Leucetta floridana Mario, PR 18 m CPR153 | e
Pelotas, PR 16 m CPR162 | = ceeeee-

Leucetta floridana
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Leucetta floridana Turromote, PR 11m CPR173 | e
Leucetta floridana Media Luna, PR 14 m CPR187 | e
Leucetta floridana Turromote, PR 13m CPR191 | e
Nicola tetela Corsega, PR 23 m CPR239 | e
Nicola tetela St. Eustatius 6m NT222 | -

i Curacao 12m UFRJPOR 6723 KU568492.1
Nicola tetela
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RESULTS

The specimens analyzed in the present study represent a total of 20 different species, all of which
belong to the subclass Calcinea, and correspond to three families: Clathrinidae, Leucaltidae, and
Leucettidae. The genus Borojevia is represented by two different species. The genus Ernstia is
represented by five different species. The genus Clathrina was the most diverse, with a total of at
least eight different species. While the remaining genera, Arthuria, Ascandra, Leucetta, and

Nicola, are all represented by a single species.

Species list

Arthuria sp.1

Ascandra sp.1

Borojevia sp. 1

Borojevia sp. 2

Clathrina sp. 1

Clathrina sp. 2

Clathrina sp. 3

Clathrina sp. 4

Clathrina sp. 5

Clathrina sp. 6

Clathrina sp. 7

Clathrina sp. 8

Clathrina aurea Solé-Cava, Klautau, Boury-Esnault, Borojevic & Thorpe, 1991
Ernstia sp. 1

Ernstia sp. 2

Ernstia sp. 3

Ernstia sp. 4

Ernstia sp. 5

Leucetta floridana (Haeckel, 1872)

Nicola tetela (Borojevic & Peixinho, 1976)

Systematics

Phylum Porifera Grant, 1836

Class Calcarea Bowerbank, 1864
Subclass Calcinea Bidder, 1898
Order Clathrinida Hartman, 1958
Family Clathrinidae Minchin, 1900
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Genus Arthuria Klautau, Azevedo, Condor-Lujan, Rapp, Collins, Russo, 2013

Clathrinidae with asconoid aquiferous system possessing both triactines and tetractines, the latter
in low proportion. Diactines are also present (after Klautau et al. 2013, in Van Soest & de
Voogd, 2015).

Arthuria sp. 1

Remarks — Only one specimen of Arthuria sp. 1 was collected (Figure 3) throughout the course
of this research. The specimen was collected fortuitously, retrieved within a sample of Clathrina
sp. 5 (CPR176) from 22 m depth under an overhang at Fallen Rock, Guanica. Upon detailed
inspection of the in situ picture of sample CPR176 (Figure 4), Arthuria sp. 1 can be observed.
The collection of Arthuria sp. 1 was not expected, but it was not uncommon for smaller
calcareous sponges to be present within other collected sponges. A single osculum is visible
from both the in situ and laboratory pictures. Large and pointy diactines are visible with the
naked eye along its pinacoderm, as well as small triactines within the collar of the osculum. The
detailed description will be conducted with the assistance of Dr. Michelle Klautau, at the

Universidad Federal de Rio de Janeiro, Brazil.
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Figure 3: A) Arthuria sp. 1, preserved specimen (scale bar =2 mm) and B) sampling location.
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Figure 4: In situ picture showing Arthuria sp. 1 ‘hiding’ behind CPR176

Genus Borojevia Klautau, Azevedo, Condor-Lujan, Rapp, Collins, Russo, 2013
Calcinea in which cormus comprises tightly anastomosed tubes. The skeleton contains regular
(equiangular and equiradiate) triactines, tetractines, and tripods. The apical actine of the

tetractines has spines. The aquiferous system is of the asconoid type (Klautau et al. 2013).
Borojevia sp. 1

Remarks — Borojevia sp. 1 (Figure 5) was collected from two different sites, Fallen Rock and
Buoy 6, although, only one specimen was included in the molecular analysis. The specimen was
collected at a depth of 27 m, and was found attached to algae in the open reef. Multiple
specimens can be seen in Fig. 5, all attached to algae. The specimen is bright orange, similar to
Clathrina sp. 1, and found within the same reef environment. However, molecular and
preliminary spicule analysis showed that these two specimens belonged to two different species.
The other samples of Borojevia sp. 1 were collected at Buoy 6, off Cabo Rojo at a similar depth,
26 m. A single osculum is visible in the in situ photo, and the tissue is soft and easily ripped.
Incurrent pores are also clearly visible. The specimen lost its bright coloration in 95% ethanol.
Detailed description of this species will be conducted with the assistance of Dr. Michelle
Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.
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Figure 5: In situ picture of Borojevia sp. 1 with sampling location (scale bar = 1 cm)

Borojevia sp. 2

Remarks — The single specimen of Borojevia sp. 2 was collected at Pinnacles reef at a depth of
17 m (Figure 9). The specimen is color white live, and was found deep within a crevice, attached
to the base of a small clam. Several osculum are visible in the in situ picture, as well as incurrent
pores. Although extensive field work has been done at Pinnacles, a second specimen has yet to
be collected. Borojevia sp. 2 kept its coloration in ethanol. Detailed description of this species
will be conducted with the assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio

de Janeiro, Brazil.

Figure 6: (A) In situ picture of Borojevia sp. 2 and sampling site (scale bar = 1 cm)
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Genus Clathrina Gray, 1867 sensu Klautau, Azevedo, Condor-Lujan, Rapp, Collins, Russo, 2013
Clathrinidae with a cormus of anastomosed tubes, asconoid aquiferous system, and lacking
tetractine spicules (after Klautau et al. 2013, in Van Soest & de VVoogd, 2015).

Clathrina sp. 1

Remarks - Specimens of Clathrina sp. 1 that were used for the molecular analyses of this study
were collected from five different sites (Figure 6). Inshore cays: Turromote, Pinnacles, and
Turromotito (Guanica), and offshore deep reef sites: Forest and Buoy 6. It should be noted that
this species of calcareous sponge is one of the most commons calcareans found within the
Parguera Natural Reserve (per. obs.). This sponge can be observed growing on open reef, as well
as under overhangs. It also incorporates several species of algae within its tissue. It can be found
growing at the base of octocorals, hard corals, and other sponges. Recently, sponge taxonomist
Cristina Diaz, collected this species off South Florida, and is planning to study its associated
fauna. Specimens radiate a bright orange/red color. Many small osculum can be visible from the
in situ picture. The sponge loses their color when placed in ethanol, and turn ethanol lime green
color. Detailed description of this species will be conducted with the assistance of Dr. Michelle

Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.

Figure 7: (A) In situ picture of Clathrina sp. 1 with sampling locations (scale bar =1 cm)
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Spicules — Clathrina sp. 1 contains two types of triactines (Figure 7). The mean length of triactine

I and triactine II are 90.14 and 30.45 um, respectively (Table 2).

Figure 8: (A) Type I triactine, (B) Type Il triactine of Clathrina sp. 1

Table 2: Spicule measurements of Clathrina sp. 1

Spicule Length (um) Width (um) n
Min Mean S Max mean S #

Triactine | 52.62 | 90.14975 16.30142 | 113.96 | 8.03575 | 0.850083 40

Triactine |1 9.67 | 30.4535 12.3481 | 56.18 4.97625 | 1.483523 40

Clathrina sp. 2

Remarks — A single specimen of Clathrina sp. 2 was collected from Media Luna reef at a depth
of 15 m (Figure 8). The specimen was found within a small crevice surrounded by demosponges
and lose sediment. Small amount of sediment can be observed on its surface from the in situ
picture. A single, large osculum can be visible from the in situ picture. The sponge is white in
color live, and slightly lost its coloration in 95 % ethanol. Detailed description of this species
will be conducted with the assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio

de Janeiro, Brazil.
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Figure 9: (A) In situ picture of Clathrina sp. 2 and sampling site (scale bar =1 cm)

Clathrina sp. 3

Remarks — A single specimen of Clathrina sp. 3 was collected from Media Luna reef at a depth
of 2 m (Figure 10). The specimen is clear white in color, and was found to be growing encrusting
underneath a large boulder. It was growing next to an encrusting demosponge and a white
ascidian. The present study focused on collecting calcareans from cryptic environments,
however, shallow reefs (<2 m) were explored the least during the course of this project. The vast
collection of calcareans are from reefs deeper than 10 meters. Future studies should focus on
overturning rocks within shallow and deeper reefs, this will most likely yield more species.
Detailed description of this species will be conducted with the assistance of Dr. Michelle

Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.

Figure 10: (A & B) In situ pictures of Clathrina sp. 3 and sampling site
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Clathrina sp. 4

Remarks — Clathrina sp. 4 is one of the most common calcareous sponges in the Parguera
Natural Reserve and deeper offshore reefs (Figure 11). The color of the in vivo specimens are
bright yellow, with coloration lost in 95 % ethanol. Due to its common occurrence and size
variability, our research group decided to explore its associated fauna, and found that it provides
a suitable habitat for an array or organisms (Garcia-Hernandez et al. 2017). For the molecular
analyses, a total of 48 specimens of Clathrina. sp. 4 were sequenced, from 11 sites. This species
of calcareous sponge is being formally described by Dr. Michelle Klautau (pers. comm.). This
species can be found growing on open reefs, both shallow and deep. It also prefers to grow under
overhangs and caverns. This sponge has been seen growing next to Palythoa caribaeorum, and at
the base of various species of soft corals (i.e., Gorgonia ventalina, Erythropodium caribaeorum,
and Briareum asbestinum), and underneath stony corals (i.e. Montastraea cavernosa, Orbicella

faveolata, and Orbicella annularis).
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Figure 11: (A) In situ Clathrina sp. 4 and sampling sites (scale bar =1 cm)

Spicules — Clathrina sp. 4 is composed of two types of triactines (Figure 12). Type | has an
average length and width of 83.29 and 8.81 um, respectively. Type Il triactines are much
smaller, with a mean length and width of 32.64 and 5.90 um, respectively (Table 3).
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Figure 12: (A) Type I triactines and (B) type Il triactines of Clathrina sp. 4

Table 3: Spicule measurements of Clathrina sp. 4

Spicule Length (um) Width (um) n
Min Mean S Max mean S #

Type |l |58.79 83.2903 | 11.75565 | 109.72 | 8.814242 | 0.920615 | 33
Type Il | 12.98 32.64333 | 11.2534 | 60.45 5.906061 | 1.31358 | 33

Clathrina sp. 5

Remarks — A total of four specimens of Clathrina sp. 5 were collected during the course of this
research project (Figure 13). It is interesting to note that this species was found in the northwest
coast of Puerto Rico, as well as in the southwest coast, with a maximum collection depth of 45
m. This is one of the few specimens that were collected at depths deeper than 40 m, under an
overhang. The color is bright yellow in vivo, with a single osculum visible from the in situ
picture. Future explorations around the island will most likely yield new specimens, as it appears
that it may be well dispersed. Detailed description of this species will be conducted with the

assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.
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Figure 13: (A) In situ picture of Clathrina sp. 5 and sampling sites (scale bar = 1 cm)

Spicules — Clathrina sp. 5 is composed of a single type of triactine (Figure 14). The mean length

and width of spicules are 106.08 and 7.43 um, respectively (Table 4).

Figure 14: (A) Type I triactines of Clathrina sp. 5
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Table 4: Spicule measurements of Clathrina sp. 5

Spicule Length (um) Width (um) n
Min Mean |s Max mean S #
Type | | 44.33 106.08 | 18.13191 | 125.47 | 7.433333 | 0.689484 | 30

Clathrina sp. 6

Remarks — A total of three specimens of Clathrina sp. 6 were collected from the southwest coast
of Puerto Rico (Figure 15). The specimen is bright mustard yellow with a single osculum and
anastomosed tubes. Two of the specimens were collected from shallow reefs (15 and 17 m), the
third specimen was collected at a depth of 28 m, all three were found under overhangs. Detailed
description of this species will be conducted with the assistance of Dr. Michelle Klautau, at the

Universidad Federal de Rio de Janeiro, Brazil.

Figure 15: (A) In situ picture of Clathrina sp. 6 and sampling sites (scale bar = 1 cm)

Clathrina sp. 7

Remarks - A single specimen of Clathrina sp. 7 was collected from a deep reef off La Parguera
(The Razor), from a depth of 32 m. The specimen measures about 1 cm in width and length
(Figure 16). The specimen is dull yellow in color in vivo, with a visible osculum from the in situ
picture. The specimen was collected from within a small cavern. Several smaller white
calcareous sponges can be seen within the in situ pictures but were not collected. Detailed
description of this species will be conducted with the assistance of Dr. Michelle Klautau, at the

Universidad Federal de Rio de Janeiro, Brazil
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Figure 16: A) In situ picture of Clathrina sp. 7 and sampling site
Clathrina sp. 8

Remarks - A single specimen of Clathrina sp. 8 was collected from Turromote reef at a depth of
13 m (Figure 17). The specimen was observed growing at the base of the azoxanthellae invasive
cup coral, Tubastraea coccinea. An osculum is visible from the in situ picture. The specimen
kept its color in 96% ethanol. Detailed description of this species will be conducted with the
assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.
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Figure 17: A) In situ picture of Clathrina sp. 8 and sampling site (scale bar =1 cm)
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Clathrina aurea Solé-Cava, Klautau, Boury-Esnault, Borojevic & Thorpe, 1991

Remarks — A common and well known calcarean from various parts of the Caribbean, Brazil,
and Peru. This species was found at two different sites, one at Crash Boat and the other two at
Conserva reef. Although this species is quite common in other regions, it appears that this is not
the case in Puerto Rico. The in vivo color is bright yellow, with several osculum visible in the in
situ picture (Figure 18). This particular specimen was observed growing at the base of the

demosponge Niphates sp.

Figure 18: A) In situ picture of Clathrina aurea and sampling sites (scale bar =1 cm)

Genus Ernstia sensu Klautau, Azevedo, Condor-Lujan, Rapp, Collins, Russo, 2013
Clathrinidae with asconoid aquiferous system possessing both triactines and tetractines in
approximately equal proportions or tetractines more frequently. The apical actine of the
tetractines is long and thin (after Klautau et al. 2012, in Van Soest & de VVoogd, 2015)

Ernstia sp. 1

Remarks — This species of Ernstia sp. 1 was collected at a depth of 3 m at Media Luna reef
(Figure 19). The sponge was underneath a larger boulder. Several oscula are visible from the in
situ picture. The color of the specimen in vivo is bright mustard yellow. Small amounts of

sediment were visible within the anastomosed tubes. The spicule gross morphology (triactines
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and tetractines) is consistent with the description of the genus. Detailed description of this
species will be conducted with the assistance of Dr. Michelle Klautau, at the Universidad Federal

de Rio de Janeiro, Brazil.

Figure 19: A) In situ picture of Ernstia sp. 1 and sampling site (scale bar = 1 cm)

Spicules — Three types of spicules were present in Ernstia sp. 1 (Figure 20). Triactines and
tetractines (large and small). The average length and width size of the triactine is 78.56 and 9.56
um, respectively. The average length and width size of the large tetractines is 98.87 and 10.53
um, respectively. The average length and width size of small tetractines are 67.67 and 6.58 um,
respectively (Table 5).

Figure 20: (A & C) Type Il & Il tetractines, (B & D) Type | triactines of Ernstia sp. 1
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Table 5: Spicule measurements of Ernstia sp. 1

Spicule Length (um) Width (um) n
Min | Mean S Max mean S #
Type | 39.27 | 78.5648 | 20.38687 | 106.03 | 9.5312 | 1.540472 | 25
Type 1l 82.09 | 98.8732 | 8.452548 | 112.2 | 10.5256 | 1.050484 | 25
Type I 26.8 | 67.6752 | 22.95599 | 141.75 | 6.5828 | 0.78461 | 25
Ernstia sp. 2

Remarks — Two specimens of Ernstia sp. 2 were collected off the southwest coast of the island

(Figure 21). One of the specimens was collected at Mario reef, while the other was collected off

a deep mesophotic reef site in Guanica (#6) at a depth of 45 m under an overhang. The specimen

shown (Figure 21) was observed growing over the scleractinian coral Porites sp., under an

overhang. A single osculum is visible from both in situ pictures of the collected specimens. The

in vivo color is fluorescent yellow, especially at depth. Detailed description of this species will be

conducted with the assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio de

Janeiro, Brazil.

) (—y

Figure 21: A) In situ picture of Ernstia sp. 2 and sampling sites (scale bar = 1 cm)
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Spicules — Type | tetractines mean length and width are 105.82 and 6.28 um, respectively. Type

II triactine mean length and width are 78.48 and 5.81 um, respectively (Table 6).

Table 6: Spicule measurements of Ernstia sp. 2

Spicule Length (um) Width (um) n
Min Mean S Max mean S #
Typel |76.84 |105.827 |9.917583 | 118.06 | 6.282333 | 0.920688 | 30
Type Il | 35.37 | 78.48133 | 23.67867 | 131.8 | 5.818 1.009542 | 30
Ernstia sp. 3

Remarks - A single specimen of Ernstia sp. 3 was collected at a depth of 30 m at the site Hole in

the Wall (Figure 22). The specimen is bright yellow in vivo, with several visible oscula which is

visible from the in situ picture. The specimen was collected from under an overhang, and was in

close proximity to a clear blue tunicate. Detailed description of this species will be conducted

with the assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.
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Figure 22: A) In situ picture of Ernstia sp. 3 and sampling site (scale bar = 1 cm)

Ernstia sp. 4

Remarks - A single specimen of Ernstia sp. 4 was collected at Stella (Rincon) from a depth of

22 m. The specimen is clear fluorescent yellow with a single visible osculum (Figure 23). The
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specimen was collected inside a crevice growing over a demosponge. The specimen was exposed
to a high rate of sedimentation, other sponges were completely covered in silt, but not Ernstia sp.
4. Detailed description of this species will be conducted with the assistance of Dr. Michelle
Klautau, at the Universidad Federal de Rio de Janeiro, Brazil.

Figure 23: A) In situ picture of Ernstia sp. 4 and sampling site (scale bar = 1 cm)

Ernstia sp. 5

Remarks — A single specimen of Ernstia sp. 5 was collected at cay Mario from a depth of 10 m
(Figure 24). The sponge was growing deep within a crevice. The color is bright white and there

is no visible osculum in the in situ picture.

Figure 24: A) In situ picture of Ernstia sp. 5 and sampling site (scale bar = 1 cm)
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Genus Nicola Condor-Lujan, Klautau, 2016

Clathrinida exhibit a globular to ovoid body composed of parallel tubes that coalesce at the
apical and basal regions. They do not anastomose nor ramify. The skeleton exclusively contains
sagittal spicules: triactines and tetractines. The paired actines are rudimentary and they form a
straight angle (180°s). The unpaired actine is always the longest actine. The aquiferous system is
asconoid. (Condor-Lujan & Klautau, 2016).

Nicola tetela (Borojevic & Peixinho, 1976)

Remarks — Several samples of Nicola tetela were collected from Puerto Rico (Figure 25),
however, only one specimen was used for the molecular analyses. A second specimen that was
collected form St. Eustatius in 2015 by JEGH was also included in the molecular analysis
(Garcia-Hernandez et al. 2016). All samples of Nicola tetela were collected from cryptic
environments. In Puerto Rico, JEGH found them under overhangs and in deep crevices. In Saint
Eustatius, samples were collected inside a cave. Nicola tetela is a beautifully bright orange

sponge, and resembles a nutmeg mace.

Spicules — Type | triactines have a mean length and width of 267.99 and 8.37 um, respectively
(Figure 26). While Type II tetractines have a mean length and width of 225.13 and 7.81 pm,
respectively (Table 7).
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Figure 25: A) In situ picture of Nicola tetela and sampling sites (scale bar = 1 cm)
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Figure 26: A) Type Il tetractines, and Type I triactines of Nicola tetela.

Table 7: Spicule measurements of Nicola tetela

Spicule Length (um) Width (um) n
Min Mean S Max mean S #

Type | | 102.49 | 267.9973 | 104.3032 | 466.03 | 8.372727 | 2.23391 | 22
Type 1l | 88.49 225.1327 | 73.29828 | 350.05 | 7.810667 | 1.941382 | 30

Family Leucaltidae Dendy & Row, 1913
Genus Ascandra Haeckel, 1872

Van Soest & de Voogd (2015) stated: “The genus is assigned to Leucaltidae in the Systema
Porifera, but it resembles loosely built Clathrinidae, with the added peculiarity that the
continuous choanoderm is folded over the long apical actines of the tetractines. The latter occur
usually in larger proportions than the triactines. Skeleton not differentiated in cortical and atrial
skeleton. In the molecular sequence analysis of Klautau et al. (2013) members of the genus

appeared to end up with the Clathrinidae clade.”.
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Ascandra sp. 1

Remarks — One specimen of Ascandra sp. 1 (Figure 27) was collected on the northwest coast of

Puerto Rico (Sugar Mill) at a depth of 14 m. The specimen is clear white, and was found
overgrowing a demosponge within a crevice. Detailed description of this species will be
described with the assistance of Dr. Michelle Klautau, at the Universidad Federal de Rio de
Janeiro, Brazil.
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Figure 27: A) In situ picture of Ascandra sp. 1 and sampling site (scale bar = 1 cm)

Family Leucettidae De Laubenfels, 1936

Genus Leucetta Haeckel, 1872 Leucettidae exhibits a homogeneous organization of the wall and

a typical leuconoid aquiferous system. There is neither a clear distinction between the cortex and

the choanoskeleton, nor the presence of a distinct layer of subcortical inhalant cavities. The

atrium is frequency reduced to a system of exhalant canals that open directly into the osculum or

may be a large cavity (in Valderrama et al. 2009, modified from Borojevic et al. 2002).
Leucetta floridana (Haeckel, 1872)

Remarks — Leucetta floridana (Figure 28), a common species throughout the Caribbean and

Brazil. A total of 21 specimens of L. floridana were included in the molecular analyses of this

39



study. Specimens of L. floridana were collected from overhangs, crevices and caverns. JEGH
recently collected a specimen of L. floridana from a depth of 45 m, however, this specimen was

not included in the molecular analysis.

Figure 28: A) In situ picture of Leucetta floridana and sampling sites (scale bar =1 cm)

Spicules — Two types of triactines were found from L. floridana (Figure 29; Table 8).

Figure 29: Type | and Type Il triactines of Leucetta floridana

Table 8: Spicule measurements of Leucetta floridana

Spicule Length (um) Width (um) n

Min Mean S Max mean S #
Type | | 84.86 137.863 | 20.35166 | 171.11 | 15.27833 | 2.892939 | 30
Type Il | 1363.07 | 1388.97 | 36.62813 | 14.1487 | 168.215 | 16.03011 | 22




Phylogenetic analyses

The final data set consisted of 137 sequences, of which 110 were generated in this study (Table
1). After exclusion of ambiguously aligned sites, the ITS dataset comprised of 450 positions. Our
reconstructed phylogeny is similar to trees of previous studies and congruent with the ITS
phylogenies (Azevedo et al. 2015; Klautau et al. 2016; Voigt et al. 2017) with the vast majority
of taxa forming monophyletic groups (Figure 2). The position of the root of Calcinea, Ernstia
tetractina, did find high posterior probability support (PP). The genera Ernstia formed a
monophyletic clade (PP: 100%), with two sub groups, one with high PP (99%) and the second
with low PP (57%). Leucetta floridana formed a strongly supported monophyletic group (PP:
100%). Within the genus Clathrina, the morphologically defined species C. aurea, C. sp 1, C. sp.
4, C. sp. 5, and C. sp. 6 are monophyletic (PP: 100%, 100%, 97%, 88%, 100%, respectively).
Our specimens from the genera Nicola, Arthuria, and Ernstia formed strongly supported
monophyletic groups with other publicly available sequences identified as Nicola tetela (Condor-
Lujan & Klautau, 2016), Arthuria spp. (Azevedo et al. 2015), and Ernstia spp. (Klautau et al.
2013), respectively (Figure 2). Notable exception was the genus Borojevia, which is depicted as
a polyphyletic group, where in other studies it has shown to be monophyletic (Azevedo et al.
2015; Klautau et al. 2016; Voigt et al. 2017). The results of the Bayesian analyses are shown
with posterior probabilities (PP) at the interior branches of the phylogenetic tree (Figure 2). The
largest sequence divergence was observed between Ernstia citrea (KC843433) from Brazil vs.
Ascandra sp. 1 (CPR245) and Borojevia sp. 2 (CPR202), 32.8% and 31.2%, respectively. The
smallest sequence divergence (0%, i.e. identical sequences), was observed within species (e.g.
Clathrina sp. 1, Clathrina sp. 4, and Leucetta floridana). Within Leucetta floridana, sequence
divergence ranged from 0-0.2%. Within the species Clathrina sp. 4, variation among all
specimens ranged from 0-0.4%, except against specimen CPR024 (2.1%). Within the genus
Ernstia, species sequence divergence ranged from 13.8% to 3.6%.

Figure 2. (shown next page) Phylogenetic tree based on Bayesian inference for ITS1-5.85-1TS2 rDNA
sequences of Calcinea. Posterior probabilities are shown on interior branches. Sponges of the genus
Ernstia were used as the outgroup. Pictures indicate sampled specimens. A) Nicola tetela, B) Arthuria
sp.1, C) Borojevia sp. 1, D) Borojevia sp. 2, E) Leucetta floridana, F) Clathrina aurea, G) Clathrina sp.
4, H) Clathrina sp. 1, 1) Clathrina sp. 3, J) Clathrina sp. 5, K) Clathrina sp. 6, L) Clathrina sp. 7, M)

Clathrina sp. 2, N) Clathrina sp. 8, O) Ascandra sp.1, P) Ernstia sp. 1, Q) Ernstia sp. 3, R) Ernstia sp. 4,
S) Ernstia sp. 2 T) Ernstia sp. 5. Puerto Rican species are written in bold and italic.
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DISCUSSION

Diversity of Calcinea from Puerto Rico

In the present study, we documented 20 Calcinean species from the southwest and northwest
coasts of Puerto Rico. This high number of calcinean species, 17 of which may be new to science
(based on molecular and preliminary morphological analysis), demonstrates the lack scientific
knowledge of this group, as well as the need of new spongiologists whose expertise focuses on
this enigmatic group of sponges. Three species of calcareous sponges are well known from other
parts of the Caribbean. These include Clathrina aurea (Rossi et al. 2011; Azevedo et al. 2015),
Leucetta floridana (Valderrama et al. 2009), and Nicola tetela (Condor-Lujan & Klautau, et al.
2016). Interestingly, Clathrina aurea was recently reported for the first time off the coast of Peru
(Azevedo et al. 2015), and might be a result of being introduced through anthropogenic means.
Several important records for the Caribbean, and Puerto Rico were gained through this study.
The first records of species belonging to the genera Arthuria, Ascandra, Borojevia, and Ernstia
were discovered. Although, in a recent marine sponge biodiversity study of Martinique, Perez et
al. 2017, also report the presence of a new species of the genera Arthuria and Ernstia
(description in progress by Klautau, Azevedo, Condor-Lujan). A new record for the island
which also represents a geographical expansion is the discovery of Nicola tetela. Condor-Lujan
and Klautau (2016) resurrected a new genus after the description of this particular sponge which
was collected from shallow reefs in Curacao by Eduardo Hajdu. It is also important to note that
the author of this thesis had previously collected various specimens of N. tetela from the
neighboring Dutch Caribbean Island of St. Eustatius during a marine biodiversity expedition of
the island (Garcia-Hernandez et al. 2016; Hoeksema et al. 2017). One specimen was included in
the phylogenetic of this study, the remaining samples are kept with Dr. Nicole de VVoogd at
Naturalis Biodiversity Center, Leiden, The Netherlands.

Besides the taxonomic novelties of this study, our material also provides an insight into the
geographical distribution of calcareous sponges from Puerto Rico. On the southwest coast of the
Puerto Rico, specimens were collected from shallow reefs (3 m) down to deep mesophotic reefs
(45 m), from coral reefs in Guanica, La Parguera, and Cabo Rojo. Along the northwest coast of
the island (Rincon and Aguadilla), specimens were also collected from shallow to deeper reefs

(22 m). Our collection represents a wide taxonomic range of the subclass Calcinea with our
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phylogeny tree demonstrating that our species are distributed all over the tree (Figure 2). Our
analysis revealed the presence of seven different clades (most are monophyletic) from Puerto

Rican coral reefs: Arthuria, Ascandra, Borojevia, Clathrina, Ernstia, Leucetta and Nicola.

Of the 20 different calcinean species collected, twelve species represent ‘single’ locality records
showing the potential of further studies in this group. Our results indicate Clathrina to be the
most diverse genus, with at least eight species, followed by Ernstia with five species. This
pattern has been reported before in several studies. Azevedo et al. (2015) reported eight species
of Calcinea found in Peruvian waters, the majority (five), belonged to the genus Clathrina. If we
compare the total amount of collected calcinean, our study ranks as one of the highest in
biodiversity list to date. Only Van Soest and de VVoogd (2015), from Indonesia, described 39
species of calcareous sponges, 24 of which belong to the subclass Calcinea. Their most species
rich genus is Clathrina, with seven different species, followed by the genus Ernstia with a total
of four different species. Comparing both studies, the number of species is almost identical to
what we report in this Thesis. All sponges analyzed by Van Soest and de VVoogd (2015) were
collected within the area of the “Coral Triangle”, an area known as a biodiversity hotspot, and
with a wider geographical range compared to this study. In the Adriatic Sea, Klautau et al.
(2016) also reported similar values, with a total of 39 species of calcareous sponges, but only 13
of those belong to the subclass Calcinea. Voigt et al. (2017) reported 10 calcinean species from
the Red Sea, with Clathrina being the most diverse genus as well. Azevedo et al. (2009) reported
20 known species of calcareous sponges from Chile, but only 13 are species belonging to
Calcinea. Lastly, Borojevic and Klautau (2000) reported 10 species of calcareous sponges from

New Caledonia, six of which are species of Calcinea.

This study demonstrates that Puerto Rico is a biodiversity hotspot for calcareous sponges.
Even though, sampling only took place on the west side of the island. Future research in
calcareous sponges should take into consideration the remainder parts of the island, including
Mona, Desecheo, Caja de Muerto, Vieques, and Culebra. This will surely yield new species and

new distribution records of calcareous sponges.
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