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SPONGES AND THEIR SYMBIONTS

The phylum Porifera, from the Latin “bearing pores”, commonly known as 
sponges, constitutes the oldest extant multicellular animals with fossil records 
dating to the Neoproterozoic era (650 Myr ago) (Love et al., 2009; Turner, 
2021; Pankey et al., 2022). Currently, there are more than 20,000 sponge 
species estimated, of which 9,491 are validly described (de Voogd et al., 2022). 
The phylum Porifera is divided into four classes: Calcarea, Hexactinellida, 
Demospongiae and Homoscleromorpha (Gazave et al., 2012). Sponges occur in 
both marine and freshwater environments—from the cold and dark deep seas to 
the shallow tropical reefs—and they come in a variety of shapes and sizes (Figure 
1.1), from flat millimeter-thin encrusting to elaborate branching or meter-wide 
barrel morphologies (Van Soest et al., 2012).
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Figure 1.1 In situ view of sponges with different morphologies photographed by the 
author on Curaçaoan coral reefs. (A) Halisarca caerulea (thin, encrusting), (B) Cliona 
delitrix (thin, encrusting, excavating), (C) Callyspongia plicifera (massive, vase/
tubular), (D) Aplysina archeri (massive, branching/tubular), (E) Agelas clathrodes 
(massive, fan/lobate), and (F) Ircinia campana (massive, vase/cone/barrel).

Sponges process large volumes of water daily (up to ~ 28,000 L per liter of 
sponge) (Southwell et al., 2008) and are efficient filter feeders by capturing 
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particles, such as nano- and picoplankton (Reiswig, 1971; Pile et al., 1996; Ribes 
et al., 1999), but they are also able to take up and release dissolved nutrients 
(Yahel et al., 2003; de Goeij et al., 2008a; Southwell et al., 2008; de Goeij et 
al., 2013). The water is drawn into small pores, called ostia, circulated through 
the body by flagellated filter cells, called choanocytes, into canals leading to 
larger outflow pores, called oscula (Figure 1.2). During this process, the sponge 
takes up food and oxygen and releases metabolic waste and carbon dioxide 
(Maldonado et al., 2012).
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Figure 1.2 Simplified schematic representation of the general body plan and 
cell types of sponges. The seawater is drawn into small pores (ostia), circulated 
through the body by flagellated cells (choanocytes) and expelled through canals 
leading to larger outflow pores (oscula). Between the outer pinacoderm and the 
inner choanoderm layers is the mesohyl, where dense communities of symbiotic 
microorganisms and other cells, like amoebocytes and spicules, are embedded. 
Adapted from Hentschel et al. (2012) and created in BioRender.com.

The body plan of sponges is rather simple, but they have different types of 
cells that perform distinct functions (Figure 1.2). For example, the pinacocytes 
are flattened cells that line the outside of the sponge tissue like a “skin”, 
while the aforementioned choanocytes are filtering cells that line the inner 
chambers or spongocoel with the function of creating water flow by moving 
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their flagella as well as trapping and ingesting food particles by phagocytosis 
(Van Soest et al., 2012). Between these two cell layers (the pinacoderm and 
the choanoderm), there is an inner space called the mesohyl, which consists of 
collagenous extracellular matrix components, spicules (siliceous or calcareous 
skeletal structures) and amoebocyte-like cells, including archaeocytes (involved 
in regeneration and nutrition), sclerocytes (secrete biomaterials to form spicules), 
spongocytes (secrete spongin), collencytes (secrete collagen) and lophocytes 
(mobile cells) (Ruppert & Barnes, 1994). Furthermore, the mesohyl is populated 
by symbiotic bacteria, mostly located extracellularly (Hentschel et al., 2012), but 
in some sponges, they are found also intracellularly within host bacteriocytes 
(Vacelet & Donadey, 1977) and even within host nuclei (Friedrich et al., 1999).

In fact, sponges live in symbiosis with a complex community of microorganisms, 
including bacteria, archaea, unicellular algae, fungi, and viruses (Webster & 
Taylor, 2012). For instance, sponges have been found to associate with up to 
47 different bacterial phyla (Reveillaud et al., 2014). For this reason, sponges 
are described as “holobionts”, i.e., an ecological unit of different species 
symbiotically living together that should be studied as a coherent biological and 
functional entity to understand its biology, ecology, and evolution (Pita et al., 
2018; Dittami et al., 2021). So far, the roles of the metazoan host and of the 
symbiotic bacteria have been studied more extensively compared to those of 
other members of the sponge holobiont (Webster & Thomas, 2016). Symbiont 
transmission in marine sponges seems to follow a mixed model of horizontal 
(acquisition from the surrounding environment) and vertical (acquisition from the 
parents) transmission (Schmitt et al., 2008; Sipkema et al., 2015; Björk et al., 
2019). Since sponge symbionts remain largely uncultivable (Huu Dat et al., 2021), 
culture-independent methodologies, such as metagenomic, metaproteomic, 
and metatranscriptomic sequence analysis of the microbiomes, have provided 
first insights into the metabolic function of these symbionts (Webster & Thomas, 
2016; Pita et al., 2018).

Metabolic core features of sponge microbial symbionts include autotrophic 
and heterotrophic pathways for the utilization of organic and inorganic nutrients 
that are produced by the host or are directly taken up from the surrounding 
seawater (Zhang et al., 2019). For example, many sponges contain heterotrophic 
symbionts that aid in the degradation of complex carbohydrates (Kamke et 
al., 2013; Slaby et al., 2017), but also photoautotrophs (Wilkinson 1983; Erwin 
& Thacker, 2008; Freeman & Thacker, 2011) and chemoautotrophs that can 
fix inorganic carbon (van Duyl et al., 2008; van Duyl et al., 2020). Nitrogen 
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metabolism and cycling have been extensively studied in the symbiotic 
communities of sponges. Ammonia oxidation is the most prevalent pathway, 
given the large quantities of ammonia excreted by the sponge host, but 
also aerobic and anaerobic processes, such as nitrification, nitrogen fixation, 
denitrification, and anammox occur in many sponges (Feng & Li, 2019; Zhang 
et al., 2019). The utilization of sulfur and phosphate has been investigated less 
extensively than carbon and nitrogen, but there is evidence of sponge microbial 
symbionts capable of sulfate-reduction and sulfur-oxidation (Hoffmann et al., 
2005; Tian et al., 2014), as well as phosphate sequestration and release (Colman, 
2015; Zhang et al., 2015). Furthermore, sponge symbionts are enriched in genes 
for vitamin biosynthesis, such as vitamin B1, B2, B6, B7 and B12 (Thomas et 
al., 2010; Siegl et al., 2011; Liu et al., 2012; Fiore et al., 2015; Lackner et al., 
2017), which can be highly beneficial for the sponge host. Defensive features 
of the sponge symbionts include the employment of eukaryotic-like protein 
domains (ELPs), lipopolysaccharide (LPS) modification, CRISPR-Cas and toxin-
antitoxin systems as mechanisms to evade the host innate immune system, and 
phagocytosis (Thomas et al., 2010; Horn et al., 2016; Slaby et al., 2017; Pita et 
al., 2018; Schmittmann et al., 2021).

THE HMA-LMA DICHOTOMY
Sponges can be classified into two groups according to the abundance of 

microbes in their tissues (Figure 1.3). Some sponges can harbor dense bacterial 
communities that can make up to 30–60 % of the sponge tissue volume (Vacelet 
& Donadey, 1977; Wilkinson 1978; Ribes et al., 2012). These types of sponges 
have been named high microbial abundance (HMA) sponges and their bacterial 
density can reach 108-10 bacteria per gram of sponge wet weight (Hentschel et 
al., 2006). Other sponges comprise lower bacterial densities of 105-6 bacteria 
per gram of sponge wet weight, similar to the concentrations found in natural 
seawater, and have hence been termed low microbial abundance (LMA) sponges 
(Hentschel et al., 2006). HMA and LMA are considered two basic divergent life 
strategies. In fact, this dichotomy has been suggested to correlate with other 
morphological differences, with HMA species having a denser mesohyl, more 
complex aquiferous systems, larger choanocyte chambers and slower pumping 
rates than LMA species (Vacelet & Donadey, 1977; Weisz et al., 2008). However, a 
recent study has demonstrated that sponge pumping rates are also determined 
by sponge size and that the magnitude of this effect differs markedly among 
species (Morganti et al., 2019).
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Figure 1.3 Transmission electron micrographs illustrating the differences in the 
density of symbiotic microbes in two of the sponge species studied in this thesis: (A) 
the HMA sponge Chondrilla caribensis and (B) the LMA sponge Scopalina ruetzleri. 
cc, choanocyte chambers; sm, symbiotic microbes. Images provided by Meggie 
Hudspith.

In addition, HMA and LMA sponges also differ in terms of associated 
microbial diversity. HMA sponges usually contain highly diverse microbial 
communities, while LMA sponges contain less diverse microbial communities 
with a composition more similar to that of the seawater bacterioplankton 
(Bayer et al., 2014a; Moitinho-Silva et al., 2014; Moitinho-Silva et al., 2017b; 
Polónia et al., 2018; Cleary et al., 2019). Several microbial taxa have also 
been identified as HMA or LMA indicators, based on their abundance in 
HMA or LMA species (Moitinho-Silva et al., 2017b). For instance, Chloroflexi, 
Acidobacteria, Actinobacteria, PAUC34f, Gemmatimonadetes, Dadabacteria, 
Poribacteria, and AncK6 are usually more abundant in HMA sponges, while 
the phyla Proteobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes, and 
Firmicutes are more abundant in LMA sponges (Moitinho-Silva et al., 2017b; 
Pankey et al., 2022). The distinction between the HMA or LMA status was initially 
based on transmission electron microscopy (TEM), however, this method can 
yield ambiguous results, therefore a combination of TEM and 16S rRNA gene 
sequence data has been shown to be a reliable technique in determining the 
HMA or LMA status of the host sponge (Gloeckner et al., 2014).
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SPONGES, DISSOLVED ORGANIC MATTER, AND CHANGING CORAL 
REEFS

As previously mentioned, sponges are very efficient filter feeders, but their 
key role in dissolved organic matter (DOM) uptake has become more and 
more evident over the past two decades. DOM, which is the fraction of organic 
substances that pass through a 0.1–0.7 μm filter (Mostofa et al., 2013), is the 
largest organic resource available in the oceans and in coral reefs ecosystems 
(Atkinson & Falter, 2003; Hansell et al., 2009; Tanaka et al., 2011). In the ocean, 
DOM uptake by microbes and its subsequent recycling through the microbial 
loop is well established (Azam et al., 1983), but in recent years, sponges have 
also been shown to play a major role in DOM recycling on coral reefs via the 
so-called sponge loop (de Goeij et al., 2013). Through this pathway, encrusting 
sponges that dominate the benthos of cryptic reefs habitats (e.g., overhangs, 
crevices, cavities) were found to take up DOM and convert it into particulate 
organic matter (POM) that is in turn consumed by detritivorous organisms on 
the reef (de Goeij et al., 2013; Rix et al., 2017; Rix et al., 2018). For instance, 
on shallow reefs, DOM can account for more than 90 % of a sponge’s daily 
carbon intake (de Goeij et al., 2017). Recently, it was found that even in the deep 
sea a sponge loop may occur, as deep-sea sponges (both encrusting or with 
massive growth morphologies) have been shown to take up DOM and transfer 
it to associated fauna (Bart et al., 2020; Bart et al., 2021a; Bart et al., 2021b). 
However, several studies showed no detritus production by sponges, or even 
a net uptake, especially by massive and branching upward-growing sponges, 
which predominantly appear on exposed reefs (Hoer et al., 2018; McMurray et 
al., 2018; Wooster et al., 2019). This led to an alternative hypothesis that for these 
species DOM is cycled through a predatory sponge loop, by investing more 
resources in net growth and then being preyed upon by spongivores (Pawlik 
& McMurray, 2020). Both the detrital and predatory sponge loop have been 
found plausible for deep-sea encrusting and massive sponge species (Bart et 
al., 2021b), but to date, no evidence exists that confirms the predatory sponge 
loop. Since DOM is generally inaccessible to most heterotrophic reef organisms, 
DOM turnover by sponges potentially enables the transfer of important nutrients 
to higher trophic levels in shallow and deep-sea marine benthic ecosystems, 
thereby increasing local productivity and diversity.

The influence of sponge functional diversity on DOM-processing remains 
poorly understood. Different functional traits, such as shape, microbial 
abundance, microbiome composition, filtering capacity, or pumping rates, have 
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been proposed to influence DOM-processing in sponges (de Goeij et al., 2017; 
Gantt et al., 2019; Pawlik & McMurray, 2020). Since microbes are well established 
DOM processors (i.e., microbial loop), HMA sponges have been considered better 
adapted to utilize DOM due to their high abundances of microbial symbionts 
(Reiswig, 1981; Ribes et al., 1999; Yahel et al., 2003; Morganti et al., 2017; Hoer 
et al., 2018). However, increasing evidence has shown that shallow water and 
deep-sea LMA species take up DOM at rates equaling, or even higher than, 
HMA species (de Goeij et al., 2013; Mueller et al., 2014a; Rix et al., 2017; Bart et 
al., 2020; Bart et al., 2021a). Furthermore, recent nanoscale secondary ion mass 
spectrometry (nanoSIMS) experiments have confirmed at the subcellular level 
that sponge host cells (predominantly choanocytes) are directly involved in DOM 
uptake and that they translocate DOM to their microbial symbionts (Achlatis et 
al., 2019; Rix et al., 2020; Hudspith et al., 2021a). Thus, microbial symbionts are 
not the only drivers of DOM uptake in sponge holobionts. 

DOM-processing by different sponge species could also depend on the 
characteristics and composition of the DOM itself. DOM is a heterogeneous 
mixture of simple biochemicals (e.g., amino acids, sugars, vitamins, fatty acids), 
complex biopolymers (e.g., proteins, polysaccharides, lignins), and very complex 
degradation products (e.g., humic substances), which remains still poorly 
characterized (Hansell & Carlson, 2015). Furthermore, only a minor part of marine 
DOM is readily bioavailable (“labile”), whilst the majority (70–80 %) is considered 
“nonreactive” or “refractory” and can persist for thousands of years (Hansell 
& Carlson, 2015). Therefore, it is important to characterize the composition of 
DOM to fully understand how DOM is decomposed and recycled (Hansell & 
Carlson, 2015). 

On coral reefs, DOM is mostly released by primary producers, such as corals, 
and benthic algae (Wild et al., 2004; Wild et al., 2010a; Naumann et al., 2010; 
Haas et al., 2011; Tanaka, Yasuaki & Nakajima, 2018). Worldwide, the benthic 
community composition of coral reef ecosystems is shifting from coral- to algal-
dominance because of the combined effects of human activities (e.g., coastal 
development, overfishing, and eutrophication) and climate change (e.g., ocean 
acidification, seawater temperature rise, hurricanes and tropical cyclones) 
(Hughes, 1994; McManus & Polsenberg, 2004; Hoegh-Guldberg et al., 2007; 
Mumby & Steneck, 2008). This coral-to-algal community shift not only decreases 
the ability of reefs to build structure and maintain biodiversity (Hughes et al., 
2003), but it also affects the quantity and quality of bioavailable DOM. Fleshy 
algae, including turf algae and macroalgae, are found to release higher quantities 
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of different bioavailable DOM than corals (Nelson et al., 2013; Wegley Kelly 
et al., 2022). Algal-DOM causes higher bacterioplankton production, including 
the growth of potential pathogens (Haas et al., 2011; Morrow et al., 2013; 
Cárdenas et al., 2018), resulting in the “microbialization” of coral reefs (Haas et 
al., 2016). As reefs shift from coral to algal dominance, a positive feedback loop 
(DDAM; dissolved organic carbon, disease, algae, microorganisms) can catalyze 
reef destruction, through increased microbial respiration and other pathogenic 
mechanisms at the coral-algal interface (Rohwer et al., 2010; Dinsdale & Rohwer, 
2011; Barott & Rohwer, 2012; Haas et al., 2016), which can weaken or even 
kill corals and frees space for further algal growth (Smith et al., 2006; Kline et 
al., 2006; Roach et al., 2020). By converting DOM into detritus and dissolved 
inorganic nutrients, sponges have been proposed to additionally fertilize algal 
growth, upregulating DDAM and thereby catalyzing the coral to algal shift (de 
Goeij et al., 2017). Little is known about how sponges process various types of 
DOM, but a recent study showed differential processing of naturally sourced 
13C- and 15N-enriched algal- and coral-DOM by Red Sea sponges, showing that 
macroalgal-DOM is generally more bioavailable to the sponge holobiont than 
coral-DOM (Rix et al., 2017). However, to understand if sponges facilitate or 
buffer against the microbialization of reefs, we first need to study the differential 
processing of coral- and algal-DOM, not only at the physiological level but also 
at the metabolic level in sponges.

DETECTING METABOLIC ACTIVITY: WHO IS DOING WHAT? 
Measuring the metabolic activity of the sponge host and associated symbionts 

is key for understanding the activity of specific genes and pathways that 
contribute to the fitness of the holobiont. Methods to detect metabolic activity 
include omics-based and label-based approaches and a combination of the two 
(Figure 1.4).

The rapid development of next-generation sequencing (NGS) technologies 
has allowed a fast growth in the range and accessibility of omics techniques, 
such as genomics, transcriptomics, proteomics, and metabolomics, where the 
term -omics refer to different methodologies targeting specific biomolecules 
(Figure 1.4) (Joyce & Palsson, 2006). These methodologies can be applied to 
a single organism or to a community of organisms, in the latter case the prefix 
meta- is added to the name of these methodologies, e.g., metagenomics, 
metatranscriptomics, metaproteomics, except for metabolomics that becomes 
metabonomics.
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Figure 1.4 Schematic representation of label-based and omics-based approaches 
used to detect metabolic potential (shown in the green ellipse) and metabolic 
activity (shown in the blue ellipse). The biomolecules (e.g., DNA, RNA) targeted in 
each technique are shown in the round-edged frames. Created in BioRender.com.

Among the techniques that developed most rapidly (and therefore are 
most affordable) are those based on DNA molecule analysis, such as amplicon 
sequencing and metagenomics. However, these techniques only allow for 
the characterization of phylogenetic identities and metabolic potential. DNA 
functions as long-term storage of the genetic information needed to carry out 
all cellular processes and to produce all proteins, but it does not show which 
processes or proteins are actively expressed. RNA, instead, and more specifically 
messenger RNA (mRNA), makes a copy of the information stored in the DNA 
through a process called transcription, after which ribosomes use this information 
to produce proteins, in a process called translation (Clark, 2005). Thereby, 
mRNA transcripts provide the active information expressed within the cell, 
which can change in response to internal or external stimuli, modifying the gene 
expression pattern. Hence, to detect the metabolic activity of organisms, omics 
methodologies based on the extraction of mRNA, proteins or even metabolites, 
need to be used. The integration of meta-proteomics and metabonomics with 
meta-transcriptomics could complement the expression of functional genes 
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with their actual outcome, providing a holistic view of the metabolic functions 
of holobionts. The downsides of these methodologies are the higher costs, the 
lower stability of RNA compared to DNA, and the difficulty in retrieving the 
complete set of transcripts, proteins, and metabolites from community samples 
where one of the organisms is dominating. For instance, when working with 
sponge holobionts, one of the main challenges is acquiring sufficient coverage 
of the microbiome since most of the transcripts will be of host origin (Engelberts 
et al., 2021). 

In addition to amplicon sequencing and metagenomics, meta-transcriptomics 
approaches are becoming more widespread in sponge molecular ecology. Many 
studies have focused on the transcriptome of the sponge host, to characterize 
pathways and cellular processes activated by the hosts (Riesgo et al., 2014a; 
Fernandez-Valverde et al., 2015; Desplat et al., 2021) or to compare the gene 
expression response to different factors, such as symbiont uptake (Riesgo et al., 
2014b), wounding and predation (Kenny et al., 2018; Wu et al., 2022), warmer 
temperatures (González-Aravena et al., 2019; Koutsouveli et al., 2020a), elevated 
nitrogen (Luter et al., 2020), and immune responses to microbe-associated 
molecular patterns (MAMPs)  (Pita et al., 2018) and lipopolysaccharides (LPSs) 
(Schmittmann et al., 2021). Given the prevalence of host genetic information, 
only a few studies have focused on the metatranscriptome of sponge microbial 
symbionts (Radax et al., 2012; Moitinho-Silva et al., 2014; Moitinho-Silva et al., 
2017a; Díez-Vives et al., 2017; Taylor et al., 2022), and even less have looked 
into the metabolism of both the sponge host and its symbionts using a meta-
transcriptomic approach (Fiore et al., 2015; Ryu et al., 2016; Strehlow et al., 
2021).

An innovative step to link metabolic activity with the phylogenetic identities 
of active organisms was the development of label-based, i.e., stable- and 
radioactive-isotope labelling techniques. The principle of stable-isotope probing 
(SIP) is to incubate an organism with a substrate enriched with a heavy stable 
isotope (e.g., 13C or 15N) and track the incorporation of the labelled compounds 
into cellular biomass components, such as bulk tissue, phospholipid fatty acids 
(PLFAs), proteins, DNA or RNA (Radajewski et al., 2000; Dumont & Murrell, 2005; 
Seifert et al., 2012). While the combination of SIP with bulk tissue analysis provides 
information on the metabolic activity of the consortium as a whole, coupling SIP 
with PLFA profiling has the advantage of distinguishing the relative incorporation 
of the labeled substrate by organisms belonging to different domains. For 
example, 13C-PLFA profiles have been analyzed in sponge holobionts to 
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differentiate DOM assimilation by the eukaryotic sponge host versus associated 
prokaryotic symbionts (de Goeij et al., 2008b; Rix et al., 2017; Bart et al., 2020). 
Another method to quantify the relative incorporation of a labeled substrate by 
the sponge host versus microbial symbionts is to combine host−symbiont cell 
separation with bulk-tissue SIP (Hudspith et al., 2021b). Protein-SIP detects label 
incorporation into peptides, providing a direct indication of specific metabolic 
activities, however, the corresponding phylogenetic resolution depends on the 
availability of in-depth (meta-)genome sequences, which are often difficult to 
obtain from complex communities (von Bergen et al., 2013). 

Over the past twenty years, DNA- and RNA-SIP have become more and more 
applied in microbial ecology, along with the rapid development in sequencing 
technologies. Both DNA- and RNA-SIP are based on the incorporation of 
the amended labeled substrate into nucleic acids. Once extracted, the DNA 
or RNA are physically separated by isopycnic gradient centrifugation, which 
creates a density gradient along which the cellular components labelled by the 
heavy isotope can be isolated into multiple fractions and sequenced (Neufeld 
et al., 2007a; Whiteley et al., 2007). By sequencing these fractions with gene 
biomarkers, such as the 16S rRNA gene, it is possible to link the taxonomical 
identity of the organisms, even down to amplicon sequence variant (ASV) or 
operational taxonomical unit (OTU) level, with the uptake of a specific substrate. 
The advantage of using DNA is its stability, but the time required for the synthesis 
and incorporation of the label substrate into newly synthesized nucleic acids 
makes RNA a more sensitive proxy than DNA (Dumont & Murrell, 2005). Further 
developments in the DNA- and RNA-SIP approaches extended their application 
with metagenomic and metatranscriptomic sequencing, enabling to link the 
function and identity of uncultivated microorganisms in environmental samples 
(Friedrich, 2006; Lueders et al., 2016). So far, DNA- and RNA-SIP have been 
mostly applied in environmental community samples, while the application in 
animal holobiont systems remains still challenging.
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THESIS AIM

The broad aim of this thesis is to relate how sponge functional traits and 
different types of dissolved organic matter modulate the processing of energy 
and nutrients by sponge holobionts on coral reefs. This aim is translated into the 
following objectives: 

 o Identify which members of the sponge symbiotic community are actively 
involved in DOM processing.

 o Explore whether sponge symbionts respond to changes in naturally 
available DOM sources.

 o Determine if the abundance of sponge-associated microbes affects the 
processing of naturally produced coral- and macroalgal-DOM sources.

 o Investigate whether the exposure to nutrients released by corals and 
macroalgae affects the metabolic pathways activated by the sponge host 
and their associated symbionts over a short- and a long-time frame. 

THESIS OUTLINE
Chapter 2: DNA stable-isotope probing (DNA-SIP) identifies marine 
sponge-associated bacteria actively utilizing dissolved organic matter 
(DOM)

DOM is the largest food source available in tropical coral reefs, where its 
consumption by sponges is crucial for the cycling of energy and nutrients. Sponge 
symbionts are considered essential drivers of several metabolic processes in 
sponges, including the uptake of DOM. Metagenomic studies have explored the 
metabolic potential of several sponge symbionts, however, the identity of the 
symbionts actively involved in DOM uptake and processing within the sponge 
holobiont remains unresolved. An emerging method to link metabolic activity 
with the phylogenetic identity of uncultivated microorganisms is the coupling 
of stable-isotope probing with DNA sequencing (DNA-SIP). In this chapter, we 
present a new analytical application of DNA-SIP to detect, for the first time, 
DOM substrate incorporation into the complex bacterial community associated 
with a marine holobiont. We provide new experimental evidence that links the 
identity of diverse sponge-associated bacteria to the consumption of DOM and 
confirm their significant ecological role in the sponge holobiont.
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Chapter 3: Marine sponges maintain stable bacterial communities 
between reef sites with different coral to algae cover ratios

On coral reefs, sun-powered primary producers, such as macroalgae and 
corals, release a significant part of their photosynthetic “over” production as 
DOM, an important resource in the otherwise oligotrophic tropical seas. Over 
the past few decades, coral reefs have been declining worldwide, and many 
reefs witnessed a major shift from coral- to macroalgal-dominated communities. 
Corals and macroalgae release different types of DOM. Macroalgae produce 
higher quantities of bioavailable DOM than corals, which in turn causes higher 
ambient bacterioplankton production rates and a shift in bacterioplankton 
community composition. Given the key role that sponges and their symbionts 
play in the processing of DOM on coral reefs, we investigated whether the 
sponge-associated bacterial communities change when exposed to reef sites 
with different coral-to-macroalgae cover ratios. We sampled four different sponge 
species (representing different morphologies, phylogenies and abundances of 
associated microbes) in situ at two reef sites that were characterized by different 
benthic communities (i.e., a site with high-coral/low-macroalgal relative cover and 
vice versa). Additionally, we performed a reciprocal transplantation experiment 
of two of these sponge species to assess their associated bacterial community 
composition after three weeks of reallocation between the two reef sites.

Chapter 4: Processing of naturally sourced coral- and macroalgal-
dissolved organic matter (DOM) by high and low microbial abundance 
encrusting sponges

To unravel how the exposure to coral- versus macroalgal-DOM affects DOM 
processing by different sponge holobionts, an ex situ experimental set-up 
under controlled conditions is preferable. Therefore, we tested the differential 
processing of coral- and macroalgal-DOM by three high and three low microbial 
abundance (HMA and LMA) encrusting sponge species using ex situ incubations 
in a running seawater aquarium. Firstly, we produced naturally sourced 13C- and 
15N-enriched coral- and macroalgal-DOM. Then, during short-term (6 hour) 
incubations, we followed the assimilation of 13C- and 15N from the two enriched 
DOM sources into the sponge bulk tissue. In addition, we used 13C-phospholipid 
fatty acids (PLFAs) biomarker analysis to reveal sponge host- versus bacterial-
specific assimilation. To compare the bioavailability of the two naturally produced 
DOM types with traditional DOM tracers we also assessed the assimilation of 
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13C- and 15N-enriched laboratory-made diatom-DOM into bulk tissue and host- 
versus bacteria-specific PLFAs. Furthermore, we measured the inorganic nutrient 
fluxes related to the processing of coral- and macroalgal-DOM by the six sponge 
holobionts.

Chapter 5: Meta-transcriptomic comparison of two sponge holobionts 
feeding on coral- and macroalgal-dissolved organic matter

In chapter 4 we quantified the differential processing of coral- and macroalgal-
DOM by HMA and LMA sponges as assimilation into bulk and PLFAs and nutrient 
fluxes. To gain a better understanding of what is driving these physiological 
differences at the metabolic level and to transcend “potential functions” of 
sponges derived from metagenomics studies, we examined the metabolic 
activity of two of the sponge species incubated in chapter 4. At the end of the 
incubations of the HMA sponge Plakortis angulospiculatus and the LMA sponge 
Haliclona vansoesti, a sponge tissue sample was also taken for RNA extraction. 
Using RNA sequencing and meta-transcriptomic analysis, we examined the 
differential transcript expression of the sponge host and of the sponge-
associated microbiota 6 hours after feeding on coral- and macroalgal-DOM. This 
work provides two new sponge meta-transcriptomes and a database of putative 
genes and genetic pathways that are involved in the differential processing of 
coral- versus macroalgal-DOM as food source to sponges with high and low 
abundances of associated microbes.

Chapter 6: Integrated meta-transcriptomic, amplicon, and physiological 
analyses of two sponge holobionts after exposure to coral and 
macroalgal exudates

With stable isotope incubation experiments we have shown that sponges 
differentially process coral- and macroalgal-DOM with moderate differences in 
transcript expression, already after 6 h of feeding on the two DOM sources. 
However, sponges naturally experience continuous exposure to the different 
nutrients released by these benthic primary producers, and it is yet unknown 
how sponges adapt to a shift in the availability of these nutrients, i.e., when 
reefs shift from coral to algal dominance. In this chapter, we therefore analyzed 
the metabolic activity (i.e., physiological and transcriptional response) of the 
HMA sponge Plakortis angulospiculatus and the LMA sponge Halisarca caerulea 
when exposed to coral versus macroalgal exudates over a longer 12-day time 
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frame. In addition, we characterized the sponge-associated bacterial community 
composition before and after exposure to the exudates in order to detect 
possible community changes triggered by the different treatments.

Chapter 7: Synthesis
This chapter will discuss the implications of the main results obtained in the 

previous chapters and propose new research directions in sponge holobiont 
research.


