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Summary

Summary

Coralline sponges, extraordinary members of the phylum Porifera, form a solid
basal skeleton of calcium carbonate. These sponges are not closely related and
show differences in their basal skeletons. Coralline sponges were dominant and
abundant reef-building organisms during long periods of the Earth’s history.
They belong to the most understudied sponges in terms of associations with mi-
crobial symbionts, although their Silurian fossils point to close interactions with
microorganisms and might indicate an early stage of sponge-microbial symbiosis.
Moreover, the coralline sponge Astrosclera willeyana uses the degraded remains of
bacteria to seed growth of its skeleton in the biomineralization process.

Here we employed molecular methods for a detailed study of microorganisms
associated with distantly related sponges of the genus Astrosclera and Vaceletia in
order to explore the hitherto unknown microbial diversity in coralline sponges.
We also aimed to determine whether the microbial communities of these ‘living
fossils’, likely living representatives of a long-extinct ancient groups, differ from
those reported for other sponges, or whether they show some specific microbial
patterns. Furthermore, we expected to gain some insight into the mechanisms of
maintenance and evolution of microbial symbiosis in sponges. By first construct-
ing an extended 16S rRNA gene clone library of microbiota associated with Vace-
letia crypta, we revealed a highly diverse symbiotic community with a complex
composition of phyla commonly affiliated with marine sponges. Due to the high
similarity of the obtained sequences related to other sponge-derived sequences
and their prevalent affiliations to sponge-specific clusters, we showed that the
‘living fossil’ coralline sponge V. crypta shares features of its microbial commu-
nity with other sponges. By employing denaturing gradient gel electrophoresis
(DGGE) cluster analysis we were then able to confirm the high microbial diver-
sity associated with the Vaceletia species and, moreover, to indicate distinct mi-
crobial communities in the different growth forms (solitary and colonial).

By having a detailed characterization of microbial communities associated with
Astrosclera willeyana from the Great Barrier Reef and the Red Sea (GBR), and

based on further 16S rRNA gene clone libraries, we also exhibited complex and
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abundant consortia of microorganisms with high resemblance to sequences ob-
tained from other sponges. The A. willeyana-associated sequences formed numer-
ous sponge-specific clusters confirming the uniqueness of the microbial associa-
tions in the sponges. A comparison of the clone libraries revealed, despite the
many similarities, a less complex structure of the microbiota hosted by the Red
Sea Astrosclera specimen.

Primary DGGE analysis of microbial communities associated with A. willeyana
samples from different sites at the GBR indicated closer relationships between the
microbial communities with respect to geographic origin (northern vs. southern
GBR) and suggested that the differences in symbiotic community composition
might be an additional indicator of cryptic species. We could confirm this finding
with further DGGE analysis of numerous Astrosclera specimens from nearly the
entire area of occurrence of this coralline sponge, i.e. from the Red Sea to the cen-
tral Pacific.

Finally, through a comparison of the 16S rRNA gene clone libraries constructed
from co-occurring V. crypta and A. willeyana from the GBR, we were able to dem-
onstrate that, despite some differences, very high similarity exists in the phylo-
genetic composition of both symbiotic consortia. Moreover, in contrast to other
sponges, distantly related coralline sponges shared a much higher degree of mi-
crobial species, thus suggesting specific patterns for the constitution of microbial

communities in this unique group of sponges.
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Introduction

Introduction

Sponges

Sponges (phylum Porifera), which have a fossil record dating back nearly 700
million years (Erwin et al. 2011), arguably belong to the earliest branching Meta-
zoa (Philippe et al. 2009, Philippe et al. 2011). The phylum Porifera consists of
four extant classes: the Hexactinellida (glass sponges), Calcarea (calcareous
sponges), Demospongiae (demosponges), and Homoscleromorpha (Wdérheide et
al. 2012) and contains most of so far 8,000 described species out of an estimated
number of more than 15,000 sponge species living today (Hooper & Van Soest
2002). Sponges predominantly inhabit tropical and subtropical oceans as well as
polar regions, the deep sea, and freshwater lakes and streams (Hooper & Van
Soest 2002), where they belong to important members of benthic communities in
terms of their biomass and function (Bell 2008). Their activity not only influences
the sea floor, but also influences pelagic processes, as sessile filter feeders sponges
process great volumes of seawater. A 1 kg sponge can pump up to 24,000 L per
day (Vogel 2008) in order to feed on microorganisms and food particles taken up
from the seawater.

Most physiological functions of sponges depend on the flow of ambient water,
which enables nutrition, respiration and gas exchange, the removal of digestion
residuals and excretes, the release and intake of gametes and other reproductive
products, etc. Sponges comprise several different cell layers, which form a body
plan built around an aquiferous system of pores, canals, and chambers (Fig. 0.1)
through which surrounding water is pumped in and out. Water enters a sponge
through the ostia (pores) in the outer pinacoderm layer composed of cells called
pinacocytes, which also cover interior canals that penetrate the sponge body and
lead to the chambers. The chambers are covered with choanoderm, a layer of
special flagellated cells called choanocytes that beat their flagellum to pump the
water from ostia to the exits by the osculum. The choanocytes not only produce
water current, but also filter out from the water food particles including bacteria,
unicellular algae, and even viruses (Hentschel et al. 2012) and transfer them to
the inner mesohyl layer. The mesohyl, a glycosidic matrix, contains several types
of cells; among others archaeocytes, which digest food particles and as totipotent

cells can give rise to any of other sponge cell types. In many demosponges, the
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Figure 0.1. Body plan of sponges: (A) schematic overview of a sponge.
Adopted from Westheide &Rieger (2013) , (B) an enlargement of the internal
structure of a typical demosponge. Adopted from Hentschel et al. (2012).

mesohyl also contains dense and various communities of symbiotic microorgan-
isms, which may include cyanobacteria mostly restricted to the light-exposed
outer regions (Taylor et al. 2007b, Hentschel et al. 2012). Despite the simple body
plan, sponges exhibit different shapes and sizes. They vary from a few millime-
ters, thin encrusting species, to giant sponges of a few meters in size (Hooper &
Van Soest 2002). The structure of most sponges is supported by skeleton of sili-
ceous or calcareous spicules, which have an enormous range of shapes, sizes, and
patterns of organization (Bergquist 2001). Together with collagenous tissues, such
as spongin, these enable the development of large individuals (Hooper & Van
Soest 2002).

Sponges, which reproduce sexually or asexually through a variety of strategies,
may be hermaphrodite or gonochoristic (Maldonado & Riesgo 2008). In terms of
development, sponges can either be oviparous with external embryonic devel-
opment and a free-swimming larval stage or viviparous with embryos brooded
in the mesohyl, where larvae are formed before they are subsequently released
into ambient water (Maldonado & Riesgo 2008). In the development cycle of a
few demosponges, embryos grow directly into juveniles without the free-
swimming larvae stage

For several decades, sponges have attracted attention as the most prolific marine

producers of biologically active natural products (Taylor et al. 2007b). Sponge-
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Introduction

derived compounds fulfill in host a variety of functions, including their use as
predator repellents, anti-pathogen and anti-fouling agents, competition facilita-
tion, involvement in communication between individuals, and involvement in
sponge reproduction (Hay & Fenical 1996, Thoms et al. 2006, Hay 2009, Turon et
al. 2009). Each year, more then 200 new bioactive secondary metabolites with a
wide range of biotechnologically relevant properties are reported from sponges
(Blunt et al. 2013) due to the wide range of their activities including anticancer,
anti-inflammatory, antimicrobial, antifungal, antiviral, and antimalarial functions
(Faulkner 2002, Blunt et al. 2003, Proksch et al. 2003, Newman & Cragg 2004,
Sipkema et al. 2005, Piel 2009). Numerous studies have shown that many secon-
dary metabolites obtained from sponges are, in fact, produced by microorgan-
isms harbored by those hosts (Kobayashi & Ishibashi 1993, Bewley & Faulkner
1998, Schmidt et al. 2000, Proksch et al. 2003, Piel et al. 2004a, Piel et al. 2004b,
Glaser & Mayer 2009).

Microbial diversity in sponges

Marine sponges host abundant and diverse microbial communities (Taylor et al.
2007b, Webster & Taylor 2012), and those having the most ancient symbiotic as-
sociations between microorganisms and metazoa are estimated to have existed
for 600 million years (Wilkinson 1984). The terms “symbiosis” and “symbiont,”
which are used throughout this thesis with their broadest possible definition, re-
fer simply to any close, permanent, and long-term relationship between two or
more different organisms (similar as by Taylor et al. 2007b). Sponges differentiate
between bacterial symbionts and “food bacteria” (Wilkinson et al. 1984, Wehrl et
al. 2007); the density of symbiotic communities in sponges exceeds 3-4 orders of
magnitude the density of microorganisms in the surrounding seawater (see re-
view Taylor et al. 2007b). Sponges with bacterial population density of 108-101°
bacteria per gram of wet weight were defined as “bacteriosponges” or “high-
microbial-abundance sponges,” whereas up to 70% biomass could consist of mi-
crobial symbionts (Worheide 1998). In the same habitat, “low-microbial-
abundance sponges” may coexist with distinctly lower bacterial population den-
sity of 10°-10° bacteria per gram of sponge wet weight (Vacelet & Donadey 1977,
Hentschel et al. 2002, Hentschel et al. 2006). Advances in molecular techniques

over the past three decades have greatly improved our knowledge of microbial
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diversity in sponges. To date, at least 28 bacterial phyla (18 formerly described
and 10 bacterial candidate phyla), as well as major archaeal linages, have been
reported from sponges (Fig. 0.2) based on cultivation and/or conventional mo-
lecular approaches such as 16S rRNA gene library construction (Hentschel et al.
2012, Webster & Taylor 2012, Webster et al. 2013). The application of next genera-
tion sequencing methods have allowed the detection of several more phyla (Lee
et al. 2011, Schmitt et al. 2012a). Phylogenetic analyses have shown that members
of the phyla Acidobacteria, Actinobacteria, Chloroflexi, Cyanobacteria, Gemmati-
monadetes, Nitrospirae, Proteobacteria, (especially the Alpha, Delta, and Gamma
classes), as well as the candidate phylum “Poribacteria,” occur most frequently
among sponge microbiota and therefore are recognized as “core” taxa and the
dominant sponge symbionts (Taylor et al. 2007b, Hentschel et al. 2012, Webster et
al. 2013).

Microbial associations in sponges reveal low temporal variability and appear to
be fairly stable in individuals and through time (Taylor et al. 2004, Webster et al.
2004, Hentschel et al. 2006). Numerous studies have provided evidence for spe-
cific microbial consortia in sponges from different oceans and for their differences
from those in the surrounding water (Wilkinson 1978, Santavy et al. 1990,
Hentschel et al. 2002, Taylor et al. 2004, Taylor et al. 2007b). Moreover, a new can-
didate phylum “Poribacteria” of sponge-specific bacteria, which do not occur in
seawater or sediment samples and are not yet cultivable in the laboratory, have
been reported (Fieseler et al. 2004). In the original study using phylogenetic
analyses, Hentschel et al. (2002) indicated the existence of monophyletic, sponge-
specific 16S rRNA sequence clusters, where 70% of the 190 sponge-derived se-
quences belonged. Moreover, Hentschel et al. (2002) established criteria for the
definition of monophyletic, sponge-specific clusters: a group of at least three se-
quences that (i) are found in different host sponge species and/or from different
geographic locations, (ii) are more similar to each other than to any other se-
quence from non-sponge source, and (iii) cluster together independently of the
tree construction method. Subsequent studies reported further sponge-specific
16S rRNA sequence clusters from different sponges (Hill 2004, Schirmer et al.
2005, Hill et al. 2006, Taylor et al. 2007b). However, the next generation sequenc-
ing analysis of several samples recently detected the putatively sponge-specific

bacteria in different marine environments, although generally at extremely low
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Figure 0.2. Diversity and specificity of marine sponge-associated microor-
ganisms. Several phyla detected using pyrosequencing are not included.
Adopted from Hentschel et al 2012.

abundances. Yet the studies also suggested that those bacteria might survive out-
side of a sponge host (Webster et al. 2010, Taylor et al. 2013). Nevertheless,
Gloeckner and colleagues (2013) have produced new evidence that spawning
leads to a 50% reduction of bacteria cells in the mesohyl of adult Ectyoplasia ferox
and that in addition to symbiotic microorganisms found in embryos, a fraction of
bacteria might be released into seawater. These findings might therefore explain
the presence of symbiont-specific 16S rRNA sequences detected in the seawater
sampled, e.g., around Rhopaloides odorabile during the spawning season (Webster
et al. 2010).

The existence of sponge-specific microbes was recently confirmed through com-
prehensive phylogenetic analyses of 7546 sponge-derived 16S and 18S rRNA se-

quences, as nearly one-third of the analyzed sequences fell into monophyletic,
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sponge-specific sequence clusters (SSC/SCC) (Simister et al. 2012). However, due
to the generally short length of the sequences, the 454 data was excluded from
this analysis; therefore, the existence of “sponge-specific” microbes in non-
sponge samples cannot be ruled out (Simister et al. 2012). The most abundant
sponge-specific clusters occurred among Chloroflexi, Cyanobacteria, “Poribacteria,”
Betaproteobacteria, and Acidobacteria (Fig. 0.2) (Simister et al. 2012). Despite the
evidence of sponge-specific clusters, recent analysis has demonstrated the struc-
ture and composition of microbial communities as specific for particular sponge
species and has excluded a correlation between host phylogeny and arrangement
of symbionts (Webster et al. 2010, Lee et al. 2011, Montalvo & Hill 2011, Erwin et
al. 2012). Erwin et al. (2012) classified numerous physical, chemical and biological
conditions that may have an impact on the structure of symbiotic communities in
marine sponges and showed that host-specific factors, such as mesohyl condi-
tions, shape the structure of sponge-associated microbiota.

Questions about the origin, evolution, and maintenance of sponge-microbe asso-
ciations constitute one of the important future directions of the research on mi-
crobial symbiosis in sponges (Taylor et al. 2007a, Vogel 2008, Webster & Blackall
2008, Hentschel et al. 2012, Webster & Taylor 2012). In a Comprehensive review
predicated on classical methods and molecular approach data, Taylor and col-
leagues (2007b) considered various scenarios of evolution of microbial symbiosis
in sponges including ancient symbiosis maintained by vertical transmission, pa-
rental and environmental symbiont transmission, and environmental acquisition.
The passage of complex assemblages of symbionts from adult sponge to next
generations was first observed fifty years ago by Lévi and Porte (1962) using elec-
tron microscopy. Since then, numerous studies using microscopic methods have
proven a vertical transmission of sponge symbionts (Gaino et al. 1987, Kaye 1991,
Sciscioli et al. 1991, Usher et al. 2001, Ereskovsky et al. 2005, de Caralt et al. 2007),
and more recently, have used molecular techniques including 16S rRNA gene li-
brary sequencing, denaturing gradient gel electrophoresis (DGGE), and fluores-
cence in situ hybridization (FISH) (Enticknap et al. 2006, Schmitt et al. 2007,
Sharp et al. 2007, Schmitt et al. 2008, Steger et al. 2008, Lee et al. 2009, Gloeckner
et al. 2013). The high sponge-specificity of microbial symbionts, absent from the
surrounding seawater, served in the ongoing discussion on the origin and main-

tenance of microbial communities as one further argument for vertical transmis-

14



Introduction

sion (Taylor et al. 2007b). The second strategy, where sponges acquired their
symbionts from the surrounding sea water during filter-feeding process, could be
evidenced only indirectly (Hentschel et al. 2012, Schmitt et al. 2012a). Uniform
distribution of symbionts and general conformity in the microbial signatures in
taxonomically distantly related sponges, with geographically non-overlapping
distributions patterns (Hentschel et al. 2002, Olson & McCarthy 2005, Hill et al.
2006, Taylor et al. 2007b) and relatively small divergence between the sponge-
derived microbial 16S rRNA gene sequences in SSC/SCC (Taylor et al. 2007b)
were cited as arguments in support of this thesis. Detection of sponge-specific
microorganisms in several marine environments (Webster et al. 2010, Taylor et al.
2013) suggested that members of the rare seawater biosphere can act as seed or-
ganisms for sponge-specific microbes (Webster et al. 2010). Support for this hy-
pothesis is provided by the fact that sponges can differentiate between the func-
tional categories food bacteria and bacterial symbionts taken from seawater
(Wilkinson et al. 1984, Wehrl et al. 2007). Recent studies have indicated that mi-
crobial communities in marine sponges are being shaped instead through a com-
bination of both strategies (Hentschel et al. 2012, Schmitt et al. 2012a). Neverthe-
less, several issues concerning the evolutionary origin and timing of the strate-

gies shaping sponge-microbe associations remain unresolved.

Coralline sponges

Coralline sponges, also called sclerosponges, are unique members of the phylum
Porifera (Reitner 1992, Worheide 2008). In addition to a spicular skeleton, which
is characteristic for recent sponges, coralline sponges build an unusual solid cal-
careous skeleton (Reitner 1992, Chombard et al. 1997), similar in appearance to
some reef building corals. During long periods of the earth’s history, sclero-
sponges (e.g., “Stromatoporoids,” “Chaetetids,” and “Sphinctozoans”) domi-
nated as diverse and abundant reef-building organisms (Vacelet 1985). Beginning
in the late Jurassic period, hermatypic corals replaced them in their reef building
function (Reitner 1992). Coralline sponges were thought to be extinct until their
rediscovery in the late 1960s (Hartman 1969). Today, only approximately 15 taxa
live. They are mainly restricted to the cryptic niches of coral reefs with reduced
light and strict oligotrophic conditions such as caves, and deeper fore-reef areas

(Reitner 1992, Worheide 1998). Coralline sponges are long-lived and grow slowly
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(0.15 to 1.2mm year?) (Fallon & Guilderson 2005). Their skeletons enable recon-
structions of the paleoclimate from proxy records of salinity and water tempera-
ture over the 100 to 1000 year time range (Fallon et al. 2005) and also have pro-
vided insight into early mechanisms of biomineralization (Jackson et al. 2007).
Sclerosponge genera, such as Acanthochatetes, Vaceletia or Astrosclera, are regarded
as "living fossils" due to their occupation of the same ecological niches for hun-
dreds of millions of years. In addition, these organisms display very similar mor-
phological characteristics when compared to their fossil relatives that lived mil-
lions of years ago (Reitner et al. 2001). Fossil records of Silurian stromatoporoids
found near ubiquitous microbial laminae, or less commonly encrusted by cyano-
bacteria, denote close associations (Soja et al. 2003) and might indicate an early
stage of sponge-microbial symbiosis. Therefore, coralline sponges might provide
insight into the evolution of sponge-microbial associations. Microbial communi-
ties in coralline sponges have not hitherto been investigated using molecular

techniques.

Vaceletia crypta

The coralline sponge Vaceletia is the only recent member of a sphinctozoan-like
sponges, which were reef-building organisms in the Permo-Triassic (Worheide &
Reitner 1996, Vacelet 2002). The discovery of Vaceletia crypta by Vacelet (1977) re-
versed the common belief that sphinctozoan-type coralline sponges were long
extinct (see also Worheide and Reitner 1996, Worheide 2008). Vaceletia widely oc-
curs throughout the Indo-Pacific in semi-closed cavities of coral reefs, front reef
caves, and bathyal environments; it has been reported at depth ranging from 10
m to 530 m (Vacelet 2002). Based on the analyses of partial 28S and full-length 185
rDNA sequences, Worheide (2008) showed that monophyletic taxon Vaceletia be-
longs to the Keratosa. Vaceletia had the highest affinities to the (possibly paraphy-
letic) extant order Dictyoceratida, which includes the commonly known bath
sponges (Worheide 2008).

Vaceletia has long been considered a widespread monotypic genus with a single
species, V. crypta. However, several morphotypes with different growth modes
(solitary vs. colonial) of Vaceletin have been discovered in the Indo-Pacific, al-
though their taxonomic status remained unclear (Vacelet et al. 2002; Worheide &

Reitner 1996). The colonial form, thus far only found in shallow water reef caves
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Figure 0.3. (A) Vaceletia crypta from Guam, dimension unknown, photo
adopted from www.flmnh.ufl.edu; (B) colonial Vaceletia from Coral Sea, di-
ameter approx. 5 cm, photo Karlifiska-Batres

in the western Pacific, has a reef-building capability. The solitary V. crypta (Fig
0.3), non-colonial form, has no reef building potential (Vacelet 2002) and is more
widespread in the darkest areas of reef caves of Indo-Pacific (Worheide & Reitner
1996, Worheide 2008). The living part reaches 5-9 mm (height) and 3 mm (diame-
ter), and has a grey color (Vacelet 2002).

Astrosclera willeyana

Astrosclera willeyana (Fig. 0.4) is considered to be a living relative of the long-
extinct “Stromatoporoidea,” which formed extensive reefs during the Paleozoic
and Mesozoic eras (Wood 1987, Chombard et al. 1997). Genus Astrosclera was
thought to be extinct until it was rediscovered in the Pacific by Lister (1900)
(Worheide 1998). In today's coral reefs, A. willeyana is the most common coralline
sponge throughout the Indo-Pacific, from the northern Red Sea to Tahiti
(Worheide 1998, 2008). A. willeyana occurs at depths from 1 m to 185 m (Hartman
1980); in shallow waters, it can be found mainly in caves, sometimes at the dimly
lit cave entrances and under overhangs less than 10 m (Worheide 1998). The very
darkest areas of caves almost entirely lack A. willeyana (Worheide 1998). As with
all coralline sponges, A. willeyana grows slowly, at a rate of 0.2-1.2 mm/a
(Worheide 1998, Fallon & Guilderson 2005) and has a pyriform-half spherical
(mushroom) growth form (Wérheide 1998). The color of A. willeyana depends on
the light intensity and varies from bright salmon orange in dark areas to greenish

(caused by green algae) and/or red by overhangs and cave entrances with dim
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Figure 0.4. A. willeyana from Osprey Reef; diameter approx. 9 cm (A) and
approx. 6 cm (B). Pictures adopted from Wérheide (1998)

lighting (Worheide 1998). The living tissue of A. willeyana that contains the asso-
ciated microorganisms, penetrates the basal skeleton to a maximum depth of 50%
in small specimens; this ratio decreases with increasing specimen size (Worheide
et al. 2007). In a detailed characterization of the A. willeyana from the Indo-Pacific,
Worheide (1998) described the large bacterial populations in their soft tissue,
mostly rod- or coccoid-shaped, although he also noted an unequal distribution of
bacteria in all of the tissue zones. The choanosome contained a large number of
symbiotic bacteria; here, the number in some areas exceeded 70% of total biomass
(Worheide 1998). However, some parts of the sponges’ tissues were nearly free of
symbiotic bacteria (Worheide 1998). Based on TEM studies, Worheide (1998) dis-
tinguished four major bacterial morphotypes: rod-shaped; spherical to ovoid
with a dense membrane; ellipsoid with a dense membrane and surrounded by
loosely bound EPS sheets; and larger bacteria with a diffuse protoplasm and
outer “capsule” (supposed EPS capsule). Jackson et al. (2010) employed A. willey-
ana as a model to elucidate the early mechanisms of biocalcification. This study
showed that in A. willeyana remaining bacterial matter are entrapped to seed the
growth of CaCOs crystals during the process of biomineralization. Moreover,
based on fossil evidence, this study implied that the reef-building stromatopor-
oids from the Paleozoic and Mesozoic eras conducted similar processes of bacte-
rially induced skeleton formation (Jackson et al. 2010). Therefore, this microbi-
al-metazoan relationship might have established some ancient reef ecosystems
(Jackson et al. 2010). Jackson et al. (2011) recently published further data suggest-

ing ancient origins of the sponge-microbial association. This study indicated a
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