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Marine sponges: origin and diversity 
 
Sponges (phylum Porifera) are among the most ancient extant Metazoa and hold the basal 
position in the metazoan phylogeny (Borchiellini et al., 2001; Halanych, 2004; Klautau and 
Russo, 2016; Feuda et al., 2017). Sponges most likely originated from a benthic colony of 
choanoflagellate-like organisms that might have distinct cell types for feeding 
(protochoanocytes) and reproduction (protoarchaeocytes) (Valentine, 2004; Klautau and 
Russo, 2016). These organisms later developed multicellular bodies with differentiated cell 
types and an extracellular matrix to evolve into the metazoan ancestor, likely a marine 
sponge, more specifically, a larva of a homoscleromorph-like organism (Maldonado, 2004; 
Klautau and Russo, 2016). The earliest evidence of ancient sponges is a trace of 24-
isopropylcholestane, a substance generated by the breakdown of lipids in sponges, in the 
fossil record from the Cryogenian Period of the Proterozoic Era (about 635 million years 
ago) (Love et al., 2009; Love and Summons, 2015; Gold et al., 2016). Furthermore, evidence 
of sponge skeletons is found in rocks from the Ediacaran Period (630 million to 542 million 
years ago) (Yin et al., 2015b; Gold et al., 2016). However, the most recent evidence suggests 
that sponges may have even appeared 890 million years ago in the early Neoproterozoic era 
(Zumberge et al., 2018; Turner, 2021). 
 
Sponges are distributed globally (Van Soest et al., 2012; Bell et al., 2015). However, the 
majority of sponges live in the marine environment, and only a few species are found in the 
freshwater environment (Manconi and Pronzato, 2008; Van Soest et al., 2012; Prozanto et 
al., 2017). Particularly, in reef ecosystems, sponges are crucial components of the benthic 
community, contributing up to 80% of the biomass and play key functional roles in marine 
ecological processes (Bell, 2008; Wulff, 2016; Pawlik and McMurray, 2020). To date, 
sponges are still among the most diverse and abundant aquatic animals (Van Soest et al., 
2012). According to the World Porifera Database, more than 9,500 valid sponge species have 
been identified so far (de Voogd et al., 2022).  
 
There are five recognized classes of sponges mainly based on the composition of their 
skeletons, including Archaeocyatha (pleospongea), Calcarea (calcareous sponges), 
Hexactinellida (glass sponges), Demospongiae (demosponges), and the recently-recognized, 
encrusting sponges (Homoscleromorpha) (Van Soest et al., 2012; Klautau and Russo, 2016). 
Archaeocyatha have calcium carbonate skeletons and members of this class were crucial reef 
builders during the Cambrian period before becoming extinct (Wood et al., 1992; Antcliffe 
et al., 2019). Calcarea is the only living class that has skeletons made of calcite, which may 
form separate spicules or large masses. Demospongiae is the largest and most diverse class, 
representing up to 80% of the phylum (Van Soest et al., 2012) and is the only class that has 
colonized freshwater habitats and evolved carnivory. Demospongiae often have silicate 
spicules or spongin fibers or both within their soft tissues, but a few species also have massive 
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external skeletons made of aragonite, another form of calcium carbonate (Bergquist, 2001; 
Hooper et al., 2002). Hexactinellida is mostly represented by deep-sea sponges and has 
silicious spicules, with the largest spicules having six rays that may be individual or fused 
(Hooper et al., 2002). The main components of their bodies are syncytia in which large 
numbers of cells share a single external membrane (Bergquist, 2001). Homoscleromorpha 
was previously considered a subclass of Demospongiae, but it has recently been recognized 
as the smallest class of Porifera (Gazave et al., 2012; Morrow and Cárdenas, 2015). The class 
is notable by unique features such as flagellated pinacocytes and a basal membrane lining 
both choanoderm and pinacoderm, oval to spherical choanocyte chambers with large 
choanocytes, and viviparous cinctoblastula larvae (Van Soest et al., 2012). The skeleton of 
members of this class is composed of tetraxonic siliceous spicules with four equal rays (called 
calthrops) and derivatives with reduced (diods, triods) or proliferated rays (lophocalthrops). 
 
Sponge identification and classification 
 
Generally, animal identification and classification at the species level using morphological 
characters are still popular to date, applying morphology-based species concepts (De 
Queiroz, 2007). Nonetheless, strict morphological identification may result in 
misidentifications and incongruent evolutionary theories because distinct morphological 
features are often lacking or misinterpreted (Jenner, 2004). Likewise, traditional sponge 
identification mainly relies on morphological characteristics, such as spicule shapes and other 
skeletal features of sponges (Hooper and Van Soest, 2002; Uriz et al., 2003). Unfortunately, 
traditional sponge identification is seriously hampering due to the simplicity and plasticity 
of their morphological traits, as well as the absence of macroscopic hard structures in the 
majority of sponge species (Cárdenas and Rapp, 2012). 
With the development of molecular techniques, DNA barcoding has been applied to identify 
sponges, such as sequencing fragments of the gene encoding the cytochrome oxidase subunit 
1 (CO1), 28S ribosomal RNA (rRNA) and 18S rRNA. Nonetheless, even with molecular 
approaches, sponge identification is not always reliable. The different evolution rates of DNA 
barcoding genes and rampant polyphyly in sponges challenge species-level molecular 
resolution (Erpenbeck et al., 2007; Redmond et al., 2011). Therefore, for many sponge 
species, identification must combine histological and multi-locus phylogenetic approaches 
(Erpenbeck et al., 2006; Redmond et al., 2011; Morrow and Cárdenas, 2015; Yang et al., 
2017). Chemosystematics has later been suggested as an alternative identification approach 
for such sponge species, albeit with limited success (Erpenbeck and van Soest, 2007). 
 
Sponge body and aquiferous system 
 
Sponges are among the structurally simplest metazoans and lack specialized tissues, organs, 
nerves, muscles, and even epithelia (Figure 1) (Ereskovsky and Dondua, 2006). Instead, 
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sponges have specialized cell types to perform specific functions. Typically, the outer layer 
(pinacoderm) is composed of flattened cells called pinacocytes (i.e., basopinacocytes, 
exopinacocytes, and endopinacocytes) (Ereskovsky and Dondua, 2006). This cell layer 
harbors many pores (ostia) that allow the surrounding seawater to enter inhalant canals in the 
sponge body (Van Soest et al., 2012). The seawater is then filtered through a cell layer of 
choanocytes, forming the choanoderm. Choanocytes are highly specialized collar cells that 
create water flow through the canals and capture food particles such as bacteria, archaea, 
viruses and unicellular algae (Hentschel et al., 2012). The captured particles are subsequently 
transported to the mesohyl and are digested by archaeocytes via phagocytosis or retained in 
the mesohyl as associated microbes (Hentschel et al., 2006; Wehrl et al., 2007). Finally, the 
filtered seawater is extruded from sponges by exhalant canals via exhalant pores (oscula) 
(Van Soest et al., 2012). 
 
The network of canals and choanocyte chambers forms the aquiferous system of sponges. 
Based on its complexity, the aquiferous system of sponges is classified into five main types 
i.e., asconoid, syconoid, sylleibid, leuconoid, and solenoid (Figure 1) (Cavalcanti and 
Klautau, 2011). With highly efficient aquiferous systems, several certain sponge species are 
able to filter a large volume of seawater, up to 24,000 litres per kg per day (Vogel, 1977). 
Nonetheless, their water filtration ability varies widely among species and may be regulated 
in response to environmental changes through dilatation or restriction of ostia, canals, and 
oscula diameter (Asadzadeh et al., 2020; Dahihande and Thakur, 2021). Additionally, active 
pulsatile contractions may participate in enhancing the efficiency of pumping (Nickel et al., 
2011). Surprisingly, one notable exception is that most carnivorous sponges lack an 
aquiferous system and its choanocytes. Therefore, rather than filter feeding, these 
carnivorous sponges have developed the capacity to passively capture tiny invertebrates such 
as crustaceans using filaments or other appendages, coupled with an adhesive surface and the 
ability of sponge cells to transport to and wrap prey objects (Hestetun et al., 2017; Godefroy 
et al., 2019). 
 
The mesohyl is one of the most notable components of the sponge body. It is a fibril-rich, 
loosely organized layer between pinacoderm and choanoderm (Ereskovsky and Dondua, 
2006). This layer contains a variety of cell types, including totipotent cells known as 
archaeocytes, cells involved in the synthesis of organic and inorganic skeleton synthesis (i.e., 
sclerocytes, spongocytes and lophocytes), cells supposed to be involved in chemical 
synthesis and exocytosis of granular and spherulous cells, as well as gametes, skeletal 
elements, and symbiotic microbes (Ereskovsky and Dondua, 2006; Renard et al., 2013). 
 
The mesohyl serves as an endoskeleton and maintains the tubular shape of sponges (Renard 
et al., 2013). The skeletons of sponges are comprised of spicules and spongin fibres, which 
are organized in diverse forms to provide strength and flexibility (Hooper and Van Soest, 
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2002; Uriz et al., 2003). The tiny spicules (microscleres) are randomly distributed on the 
surfaces, whereas the larger spicules (megascleres) maintain the general shape of sponges 
(Uriz et al., 2003). Calcarea possess spicules composed of calcium carbonate in crystalline 
forms e.g., calcite and aragonite, whereas Hexactinellida, Homoscleromorpha, and 
Demospongiae possess siliceous spicules, which are mostly formed of silicic acid, minor 
amounts of sodium, potassium, iron, and chlorine-containing substances, and a small amount 
of organic matter, called spiculin, which forms an axial fibre (Uriz et al., 2003; Sperling et 
al., 2010). However, not all sponge species have spicules, e.g., families Oscarellidae, 
Aplysinidae, the subclasses Keratosa and Verongimorpha (except for the family 
Chondrillidae) lack spicules (Boury-Esnault et al., 1995; Erpenbeck et al., 2012; Gazave et 
al., 2012; Łukowiak et al., 2013). 

 

Figure 1. Body plan of marine sponges. A - Schematic overview of a typical demosponge. 
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B - Enlargement of the internal structure of a typical demosponge (Adapted from Hentschel 
et al. (2012) with permission from Nature Portfolio). C - Schematic representation of the five 
aquiferous systems. Arrows indicate the direction of the seawater flow into the spongocoel 
or atrium (1) and out through the oscule exhalant pore (2). In the more complex types, the 
water initially passes through a choanocyte chamber (3). (Adapted from Godefroy et al. 
(2019) with permission from Springer Nature. 
 
Ecological roles of marine sponges 
 
Sponges are globally distributed across marine and fresh-water ecosystems. They are key 
components of the benthic community in reef ecosystems, and playing numerous ecological 
functions (Bell, 2008; Wulff, 2016; Pawlik and McMurray, 2020). The key architectural roles 
of sponges on reefs include building and fortifying the reef framework with carbonate and 
siliceous skeletons, promoting reef-frame integrity, increasing coral survival by adhering 
living corals to the reef and protecting exposed skeletons against eroders, stabilizing rubble 
after physical damage and improving reef restoration by harnessing the ability of sponge to 
bind rubble (Bell, 2008; Wulff, 2016). Sponges also play vital biological roles on reefs such 
as providing shelter for symbiont species e.g., echinoderms, worms, mollusks, arthropods, 
fishes and multicellular algae, and food for other mobile organisms such as angelfishes, 
hawksbill turtles, and nudibranchs (Wulff, 2016). 
 
With their well-developed aquiferous systems, sponges efficiently filter a large amount of 
water and food particles, thereby having the potential to substantially influence nutrient 
cycling. Sponges do not only remove nutrients (e.g., carbon, nitrogen, phosphorus, sulfur, 
silicon) from the water column but also return processed nutrients e.g., particulate organic 
matter (POM), dissolved organic nitrogen (DON), dissolved organic carbon (DOC), and 
dissolved organic matter (DOM) back to the water column (Maldonado et al., 2012; Pawlik 
and McMurray, 2020). Recent findings indicated that sponges are key contributors in the 
central trophic pathway of DOM to higher trophic levels, the so-called 'sponge loop' (Figure 
2) (de Goeij et al., 2013). In this ‘sponge loop’, sponges make DOM available to fauna by 
rapidly discharging filter cells as detritus, which is then consumed by reef fauna (de Goeij et 
al., 2013; Rix et al., 2018). Subsequent studies on the unprecedented losses of Caribbean 
coral reefs suggested a vicious-cycle hypothesis, where sponges and macroalgae exchange 
nutrients and dissolved organic carbon (DOC) in a positive feedback loop that causes a 
negative impact on reef-building corals through direct spatial competition (Pawlik et al., 
2016). The detritus produced by either sponges or decomposing seaweeds may limit light 
penetration and increase stress on corals in Caribbean reefs (Mumby and Steneck, 2018). 
Significant uptake and depletion of silicon by sponges suggest that sponges may play crucial 
roles in global silicon cycling (Cerrano et al., 2004; Maldonado et al., 2011; Tréguer and De 
La Rocha, 2013; Pawlik and McMurray, 2020). Accordingly, abundant sponge populations 
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can have a considerable impact on the bentho-pelagic coupling by being involved in carbon, 
nitrogen, sulfur, phosphorus, and silicon cycles (Maldonado et al., 2005; Bell, 2008; 
Maldonado, 2016; Pawlik and McMurray, 2020).  

 

Figure 2. The steps of the sponge loop pathway: (1) corals and algae release exudates as 
dissolved organic matter (DOM), (2) sponges take up DOM, (3) sponges release detrital 
particulate organic matter (POM), (4) sponge detritus (POM) is taken up by sponge-
associated and free-living detritivores. Adapted from Rix et al. (2018). 
 
Chemical ecology of marine sponges 
 
In marine habitats, sponges are often affected by predation by spongivorous animals, such as 
fishes, turtles, and nudibranchs (Ruetzler, 2003; Lesser, 2006; Wulff, 2006; Emmett et al., 
2021). Several sponge species are particularly adapted to a higher risk of predation by using 
specialized structural and chemical defensive mechanisms (Burns et al., 2003; Burns and 
Ilan, 2003; Rohde and Schupp, 2011). 
 
Structural components of the sponge, such as siliceous spicules, internal chitin fibers, and 
spongin elements may serve as physical protection against prospective predators (Chanas and 
Pawlik, 1995; Chanas and Pawlik, 1996; Hill and Hill, 2002; Burns and Ilan, 2003; Uriz et 
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al., 2003; Jones et al., 2005; Malcolm et al., 2005), which is similar to the functions of 
external spines of cactuses in terrestrial plants (Aliscioni et al., 2021). Therefore, herbivory 
defense mechanisms in plants are often used to illustrate the defensive strategies of sponges 
(Pawlik, 2011; Rohde and Schupp, 2011). Nonetheless, these physical defenses of sponges 
vary greatly and there is no consistent trend towards a generally defensive effect of these 
structural components (Chanas and Pawlik, 1995; Chanas and Pawlik, 1996; Burns and Ilan, 
2003; Jones et al., 2005). 
 
Chemical defense is a common mechanism of defense in numerous sponge species to prevent 
predation (Thacker et al., 1998; Wilson et al., 1999; Burns et al., 2003; Thoms and Schupp, 
2007; Pawlik, 2011; Loh and Pawlik, 2014; Slattery et al., 2016). This is comparable to 
plants, which rely on defenses induced by inedible or toxic secondary products (Mithöfer and 
Maffei, 2017). In addition, the sponge-derived natural products protect sponges against 
overgrowth by other benthic sessile animals such as, e.g., corals, ascidians, bryozoans, algae, 
and other sponges (Kashman et al., 1980; Sullivan et al., 1983; Thompson et al., 1985; 
Thacker et al., 1998; Engel and Pawlik, 2000; Kubanek et al., 2002; Singh and Thakur, 2016; 
Thakur and Singh, 2016; El-Demerdash et al., 2018).  
 
Experimental investigations with the addition of extracts and chemical compounds from 
sponges in artificial diets of omnivorous or spongivorous reef fish indicated that these 
compounds play an essential role in anti-predatory defenses (Waddell and Pawlik, 2000; 
Pawlik, 2011; Rohde and Schupp, 2011; Loh and Pawlik, 2014; Slattery et al., 2016). For 
example, an investigation with more than 70 Caribbean sponge species reveals that the 
majority of the investigated sponges (69%) are chemically defended (Pawlik et al., 1995). A 
later investigation of 109 Caribbean sponge species also revealed chemical defense in the 
majority of the studied sponges (57.5%) (Loh and Pawlik, 2014). Correspondingly, the 
analyses of fish guts revealed that sponges without known chemical defenses are the primary 
diet of sponge predatory fish (Pawlik, 2011). Concerning the proposed structural defense 
mechanisms of sponges, most results indicate that chemical defense is the main anti-
predatory mechanism in sponges, which can be complemented by structural defenses, like 
spicules (Pawlik, 2011). 
 
Natural products from marine sponges 
 
The capacity of sponges to produce numerous secondary metabolites with potential 
biopharmaceutical applications is one of the primary drivers for the extensive studies on 
sponges. The oceans contain a largely untapped reservoir of secondary metabolites with over 
39,000 marine natural compounds identified so far (Blunt and Munro, 2022). Among them, 
sponges contribute up to 30% of all known marine natural products. They have been the most 
prominent source of novel marine secondary metabolites during the past decades with more 
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than 200 new compounds reported each year (Hu et al., 2015; Carroll et al., 2021; Hong et 
al., 2022). These compounds include structurally diverse chemical classes, such as alkaloids, 
amino acid derivatives, lactones, macrolides, peptides, polyketides, sterols and terpenoids 
(Tasdemir et al., 2002; Sánchez et al., 2006; Molinski et al., 2009; Ebada et al., 2010; Han et 
al., 2019; Bian et al., 2020). Sponge-derived compounds have a high biotechnological 
potential (Proksch et al., 2003; Sipkema et al., 2005; Fenical, 2006; Anjum et al., 2016) with 
diverse pharmacological properties such as, e.g., antibacterial, antifungal, antitumor, 
antiviral, antifouling, and anti-inflammatory compounds (Sipkema et al., 2005; Mehbub et 
al., 2014; Dobson et al., 2015; Jaspars et al., 2016; Mehbub et al., 2016; Choudhary et al., 
2017; Shady et al., 2017; Zhang et al., 2017a; Han et al., 2019; Khalifa et al., 2019; Zhu et 
al., 2019; Bian et al., 2020; Bai et al., 2021). 
 
Numerous promising bioactive compounds have been isolated from marine sponges, for 
instance, the anticancer compound halichondrin B (Hirata and Uemura, 1986), the thrombin 
inhibitory molecule nazumamide A (Hayashi et al., 1992), the antibacterial compounds 
isoaaptamine and psammaplin A, the antifungal compounds lasonolide A, neopeltolide and 
aurantoside A (Sata et al., 1999; Laport et al., 2009), the antimalarial molecule (E)-oroidin, 
the antiprotozoal compounds plakortide B, parguesterol A and B with antituberculosus 
activity, the antiviral compounds manzamine A, mirabamides A, C, and D, and the anti-
inflammatory and antipsoriatic compound avarol (Ferrándiz et al., 1994; Laport et al., 2009). 
However, very few clinical studies have been conducted on them (Ghareeb et al., 2020). This 
is because of the insufficient supply of pure compounds for clinical trials. Normally, marine 
organisms produce only minute concentrations of natural products, frequently less than 1 
ppm of the wet weight (Mendola, 2003; Proksch et al., 2003). To date, only a few FDA-
approved synthetic drugs are originated from sponge-derived compounds e.g., cytarabine 
(arabinosyl cytosine; Ara-C; cancer treatment) and vidarabine (arabinofuranosyladenine; 
Ara-A; viral disease treatment), eribulin mesylate, and palytoxin (Lindequist, 2016; Ghareeb 
et al., 2020). Hence, alternative strategies need to be developed to fulfil the demands for 
drugs, including, e.g., multi-omics approaches, cloning and heterologous expression, 
chemical synthesis and semi-chemical synthesis, and in silico approaches (Wright et al., 
2014; Wohlleben et al., 2016; Loureiro et al., 2018; Wright, 2019; Kiriiri et al., 2020; Lin et 
al., 2020; Atanasov et al., 2021). 
 
Sponge-associated microbes 
 
The symbiotic relationship between sponges and their symbionts is evidenced early in the 
evolutionary history of marine animals. Evidence suggests that prokaryotes most probably 
established symbiosis in ancestral sponges during the late Precambrian (Sara et al, 1997). 
The immunological evidence obtained based on common immunological responses to 
bacteria from diverse sponges implies that bacterial symbionts may have originated from 
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about 600 million years ago (Wilkinson and Smith, 1984), making sponge-microbe 
partnerships one of the most ancient animal-microbe relationships known to date (Taylor et 
al., 2007). With recent advancements in molecular tools, particularly high throughput 
amplicon sequencing of marker genes and metagenomics, the insights into sponge 
microbiomes, such as the diversity, community structures and phylogenetic relationships of 
sponge-specific microbial community assemblages, as well as their potential establishment 
and maintenance mechanisms, are slowly being discovered (Hentschel et al., 2012; Thomas 
et al., 2016; Chaib De Mares et al., 2017). 
 
As filter-feeding metazoans, marine sponges shelter diverse and abundant microbial 
communities. Nonetheless, the density of their associated microbial populations is dissimilar 
between various sponge species (Hentschel et al., 2006), leading to the division of sponges 
into “high-microbial-abundance” (HMA) and “low-microbial-abundance” (LMA) sponges 
(Reiswig, 1981; Hentschel et al., 2006). HMA sponges contain prokaryotic densities in the 
range of 108–1010 cells per gram of sponge wet weight (Hentschel et al., 2012), whereas LMA 
sponges contain only 105–106 prokaryotic cells per gram of sponge wet weight, being similar 
to prokaryotic densities in seawater (Taylor et al., 2007; Moitinho-Silva et al., 2017c). HMA 
sponges often host richer and more diverse microbial communities than LMA sponges, and 
several microbial taxa found differently abundant in either group have been used as indicator 
taxa in the HMA and LMA predictions by a machine learning study (Moitinho-Silva et al., 
2017c). However, the LMA-HMA dichotomy in sponges should be considered carefully by 
a combination of electron microscopical and microbiome data, especially for sponge species 
that harbor intermediate prokaryotic loads (Bayer et al., 2014a; Gloeckner et al., 2014) or 
sponge species that have inconsistent microbiomes with HMA-LMA microbiome profiles 
(Noyer et al., 2010; Bayer et al., 2014a; Moitinho-Silva et al., 2014a). Furthermore, it should 
be noted that this division into HMA and LMA sponges generally does not follow discernable 
phylogenetic and geographic patterns (Bayer et al., 2014a; Gloeckner et al., 2014; Erwin et 
al., 2015). 
 
Sponges host diverse microbial communities, encompassing all three domains of life 
including Bacteria, Archaea and Eukarya (Hentschel et al., 2012). To date, sponges have 
been reported to associate with more than 60 microbial phyla, including the most abundant 
taxa Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Crenarchaeota, 
Cyanobacteria, Firmicutes, Nitrospirae, Proteobacteria, Spirochaetes and several candidate 
phyla such as Poribacteria, PAUC34f, and the so-called sponge-associated unclassified 
lineage (SAUL) (Hentschel et al., 2012; Reveillaud et al., 2014; Thomas et al., 2016; 
Moitinho-Silva et al., 2017b). Members of Candidatus Poribacteria were formerly 
considered to be exclusively found in sponges (Fieseler et al., 2004). However, the recent 
discovery of 13 putative Candidatus Poribacteria-related metagenome-assembled genomes 
from ocean water samples (Tully et al., 2018) resulted in the reclassification and 
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differentiation of sponge-associated Entoporibacteria and free-living Pelagiporibacteria 
within the phylum (Podell et al., 2019). In addition, Candidatus Tethybacterales, a newly 
identified sponge-specific order of ubiquitous sponge beta-proteobacterial symbionts, has 
been described with two families Candidatus Tethybacteraceae and Candidatus 

Persebacteraceae (Taylor et al., 2021). Interestingly, the Candidatus Tethybacterales are 
found in phylogenetically diverse sponges that represent both HMA and LMA sponges 
(Taylor et al., 2021).  Overall, phylogenetic reconstructions based on more than 7500 near-
full-length 16S rRNA gene sequences lead to the proposal of 173 globally distributed sponge-
specific, monophyletic sequence clusters (Simister et al., 2012b). However, subsequent 
studies revealed that parts of the sponge-specific prokaryotes can also be found in very low 
abundances in various marine environments (Taylor et al., 2013; Thomas et al., 2016). 
Therefore, these clusters are not strictly “sponge-specific,” but are better described as 
“sponge-enriched” (Taylor et al., 2013; Thomas et al., 2016). Nevertheless, these findings 
continue to support the general perception that the taxonomic composition of sponge-
associated microbes can be distinguished from the microbial communities present in the 
nearby seawater and sediment e.g., (Vacelet and Donadey, 1977; Wilkinson, 1978b; a; c; 
Hentschel et al., 2002; Taylor et al., 2004b; Webster et al., 2010; Erwin et al., 2015; 
Moitinho-Silva et al., 2017c). 
 
The diversity of the prokaryotic community appears to be influenced by sponge host 
phylogeny at different levels. Generally, the composition of sponge symbionts may be 
characterized by specialists (i.e. found only in one or a few sponge species) and generalists 
(i.e. found in numerous sponges) (Schmitt et al., 2012).  
 
Ecological functions of sponge-associated microbes 
 
Marine sponges host dense and diverse microbial communities, leading to the assumption 
that the sponge microbiota carries out functions that support sponge physiology and ecology 
(Figure 3). Nevertheless, the knowledge on symbiont functions remains limited to date, 
which is partly because all of predominant sponge symbionts remained recalcitrant to 
cultivation. More recently, advances in multi-omics techniques have revealed genetic 
features of sponge-associated microbes that facilitate their symbiotic lifestyle, contributing 
to the sponge metabolism (Slaby et al., 2017; Astudillo-García et al., 2018; Bayer et al., 2018; 
Karimi et al., 2018; Kiran et al., 2018; Podell et al., 2019). Sponge symbionts may contribute 
to sponge chemical defenses against predators and biofouling via production of numerous 
bioactive compounds (Thoms and Schupp, 2007; Lopanik, 2014; Rohde et al., 2015; Helber 
et al., 2018). In addition, sponge symbionts can play a role in the host sponge life cycle by 
promoting larval settlement (Song et al., 2021). 
 
Sponge metabolism and metagenomic studies indicated that nutrient cycles in marine 
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sponges are mediated by their symbionts with both heterotrophic and autotrophic lifestyles 
(Hoffmann et al., 2009; Webster and Thomas, 2016; Moitinho-Silva et al., 2017a; Chaib De 
Mares et al., 2018; Zhang et al., 2019), including participation in the carbon cycle (Burgsdorf 
et al., 2015; Rix et al., 2020), nitrogen cycle (Hoffmann et al., 2009; Schläppy et al., 2010; 
Moeller et al., 2019), phosphorus cycle (Colman, 2015; Zhang et al., 2015), and sulfur cycle 
(Hoffmann et al., 2005; Jensen et al., 2017; Tian et al., 2017; Engelberts et al., 2020), as well 
as supplying vital vitamins and amino acids to the host sponges (Fan et al., 2012; Hentschel 
et al., 2012; Fiore et al., 2015; Webster and Thomas, 2016; Karimi et al., 2019). Microbial 
symbionts also contribute to the removal of metabolic waste from host sponges (Hallam et 
al., 2006; Hoffmann et al., 2009). A number of meta-transcriptomic and metaproteomic 
studies on sponges have also revealed gene and protein expression patterns of complex 
carbon, nitrogen, and silicon cycles in their associated microbes (Liu et al., 2012; Bayer et 
al., 2014c; Moitinho-Silva et al., 2014a; Moitinho-Silva et al., 2014b; Burgsdorf et al., 2022). 
Particularly, nitrification and denitrification may occur in both HMA and LMA sponges, 
confirming that the various nitrogen processes may be performed in separate niches within 
sponges (Schläppy et al., 2010). 

 

Figure 3. Diagram of the components and their possible functions in a marine sponge-
associated microbial community. Adapted from Gutleben (2019). 
 
Ecological roles of several predominant sponge-symbiont taxa have also been elucidated in 
recent experimental and multi-omics studies. For instance, the cyanobacterium Candidatus 
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Synechococcus spongiarum might provide photosynthate, fix nitrogen, and shield the sponge 
from excessive light (Usher, 2008; Webster and Taylor, 2012; Freeman et al., 2013), aid in 
chemical defense (Unson et al., 1994), and produce and store polyphosphate granules (Zhang 
et al., 2015; Astudillo-García et al., 2018). Chloroflexi might synthesize amino acids from 
ammonia, aid in co-factor biosynthesis and secondary metabolite production (Sacristán-
Soriano et al., 2011; Bayer et al., 2018), and degrade sponge-derived carbohydrates (Chaib 
De Mares et al., 2018). Candidatus Poribacteria might degrade sponge-derived 
polysaccharides, perform autotrophic carbon fixation, contribute to nitrogen-cycling, 
produce numerous vitamins (Kamke et al., 2013), metabolize sulfates, uronic acid, and 
propanediol inside their microcompartments (Jahn et al., 2016). SAUL symbionts may play 
a crucial role in the degradation of sponge carbohydrates and the storage of phosphate for the 
sponge during periods of phosphate limitation (Astudillo-García et al., 2018). 
Tethybacterales, a newly identified order, might oxidate carbon monoxide, assimilate sulfur, 
and produce essential amino acids (Gauthier et al., 2016; Taylor et al., 2021; Waterworth et 
al., 2021). 
 
Sponge-associated bacteria have to evade phagocytosis by host sponges and adapt to the 
symbiotic life. Although the ways in which sponges recruit and maintain their specific 
microbiome remain mostly unknown to date, several mechanisms involved in the sponge-
microbe association have been suggested in recent studies. Sponge-associated microbes often 
contain genes encoding a variety of symbiotic factors, including proteins that respond to 
micro-environmental stressors such as heat, osmotic shocks, and oxidative stress (Astudillo-
García et al., 2018). Several sponge symbionts possess proportionally high numbers of genes 
responsible for the stable insertion of mobile DNA as a strategy to rapidly adapt to the host 
sponges (Burgsdorf et al., 2015). Moreover, sponge symbiont genomes are enriched in 
clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 
(CAS) and restriction-modification (RM) systems, which may provide defense against 
foreign DNA such as phages and plasmids (Bolotin et al., 2005; Haft et al., 2005; Horn et al., 
2016; Robbins et al., 2021). Furthermore, sponge microbial metagenomes are enriched in 
tetratricopeptide repeat, ankyrin repeat, and leucine-rich repeat domains, which are important 
in protein interactions between prokaryotes and eukaryotes (Thomas et al., 2010a; Fan et al., 
2012; Burgsdorf et al., 2015; Degnan, 2015; Karimi et al., 2017; Moeller et al., 2019; 
Waterworth et al., 2021). The expression of such proteins can modulate phagocytosis by 
amoebal cells and might represent a mechanism for symbionts to evade digestion by their 
sponge host (Nguyen et al., 2014; Reynolds and Thomas, 2016). Metatranscriptomic 
evidence also supported a high expression of genes encoding membrane transport-associated 
proteins, transposases, and several proteins mediating prokaryote-eukaryote interactions 
(Jahn et al., 2016). Transposases may facilitate the evolutionary adaptation of symbionts to 
the host environment through mediating horizontal gene transfer or removing non-essential 
genes (Fan et al., 2012), whereas transport systems may participate in the uptake of specific 
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host-derived nutrients (Díez-Vives et al., 2018; Karimi et al., 2018; Moeller et al., 2019; 
Taylor et al., 2021). In certain cases, sponge-associated symbionts might reduce their 
genomes to remove genes that are not essential for their symbiotic lifestyle i.e., those coding 
for chemotaxis and motility (Karimi et al., 2018; Konstantinou et al., 2021). 
 
To date, studies into the co-evolution and interaction of sponges and their symbionts follow 
a holobiont model to elucidate the importance of symbionts in marine organisms. Pita et al. 
(2018) introduced the concept of the nested ecosystem in a review on the sponge holobiont, 
which was expanded upon by Vanwonterghem and Webster (2020) in the context of coral 
reef communities. This concept suggests that microbiome functioning at the organismal level 
may modulate holobiont performance, which in turn affects its interactions with the 
surrounding environment. In this way, functional microbiome components influence 
ecosystem health and functioning via cascading effects involving primary production, 
nutrient cycling, disease control, and community structure (Pita et al., 2018; Vanwonterghem 
and Webster, 2020). 
 
Transmissions of sponge-associated microbes 
 
The high stability and specificity of sponge-microbe associations raise the question about 
how those associations are established and maintained. Horizontal transmission is the mode 
in which the sponges acquire free-living symbionts from the surrounding environments. 
Horizontal transmission in sponges is evidenced by the discovery of phylogenetically highly 
related sponge-associated microbes in geographically distant sponges (Hentschel et al., 2006; 
Erwin and Thacker, 2008; Taylor et al., 2021) with sponge-specific sequences being also 
found in the surrounding seawater (Webster et al., 2010; Taylor et al., 2013). For example, 
for Candidatus Tethybacterales it has been suggested that it is acquired from the environment 
through horizontal transmission (Taylor et al., 2021) due to their distribution in globally and 
phylogenetically diverse sponges, including both HMA and LMA sponges (Webster et al., 
2001a; Thiel et al., 2007; Cleary et al., 2013; Croué et al., 2013; Gauthier et al., 2016; 
Waterworth et al., 2017; Cleary et al., 2019; Taylor et al., 2021), and its presence at very low 
abundances in marine water and sediment samples (Taylor et al., 2021). In general many 
sponge symbiont sequences are also found in the surrounding seawater at very low relative 
abundance (Webster et al., 2010; Taylor et al., 2013; Thomas et al., 2016; Turon et al., 2018; 
Oliveira et al., 2020; Taylor et al., 2021), implying that the marine environment may serve 
as a ‘seed bank’ for uptake by sponges and subsequent colonization of the sponge. 
 
Conversely, vertical transmission represents the transfer of symbionts via the gametes or 
larvae of the sponges. This mode of transmission is evidenced by numerous studies that found 
microbes in various sponge reproductive stages (Uriz et al., 2001; Usher et al., 2005; Schmitt 
et al., 2007; Sharp et al., 2007; Schmitt et al., 2008; Lee et al., 2009; Uriz et al., 2012; 
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Engelberts et al., 2022). Recent studies have suggested that several members of Candidatus 
Tethybacterales might be vertically transmitted in sponges such as Tethya rubra (Waterworth 
et al., 2017), Tedania sp. (Wu et al., 2018), and Amphimedon queenslandica (Fieth et al., 
2016). However, it has been noted that vertical transmission of bacterial symbionts to sponge 
larvae is inconsistent and unfaithful, and these symbionts are not as specific to a particular 
host species (Björk et al., 2019). An investigation of global patterns in vertical transmission 
in sponges indicated that vertical transmission is widespread but not universal (Carrier et al., 
2022). For instance, several sponges including, e.g., Halisarca dujardini, Mycale laxissima, 
and Petrosia ficiformis have been reported not to vertically transmit microbial symbionts 
(Korotkova and Aizenshtadt, 1976; Lepore et al., 1995; Maldonado and Riesgo, 2009). A 
study on vertical transmission by looking at microbial communities in sponge parent–
offspring pairs suggested two vertical transmission ways, i.e., direct and indirect vertical 
transmissions. In direct vertical transmission, symbionts are transferred through multiple 
sponge generations, whereas in indirect vertical transmission, symbionts from the adult 
parent may be acquired from the environment and subsequently incorporated into the oocytes 
(Björk et al., 2019). 
 
A mixture of both vertical and horizontal transmission has been suggested by recent studies, 
referred to as the so-called leaky vertical transmission (Schmitt et al., 2012; Thacker and 
Freeman, 2012). It has been reported that microbes that are horizontally transmitted in some 
sponges are phylogenetically related to microbes that are vertically transmitted in other 
sponges (Sipkema et al., 2015). The mixture of vertical and horizontal transmission has also 
been reported in the sponge Ircinia campana, in which the non-core microbiome might be 
acquired by vertical transmission, whereas the core microbiome might be acquired by 
horizontal transmission (Griffiths et al., 2019). These findings support the hypothesis that 
horizontal transmission is a ubiquitous mechanism of symbiont acquisition in sponges and 
plays a crucial role in forming the core microbiomes, whereas vertical transmission appears 
as a rather complementary acquisition mechanism (Turon et al., 2018; Griffiths et al., 2019; 
de Oliveira et al., 2020). A recent review of transmission modes of sponge microbiomes 
suggests that the mixture of vertical and horizontal transmissions is a common transmission 
mechanism for most sponges (de Oliveira et al., 2020). 
 
Cultivation of sponge-associated microbes 
 
Although technological advances in DNA sequencing now easily allow the illustration of 
microbial biodiversity and predict function in environments, microbial cultivation is critical 
for annotating novel or unknown genes, and is a reliable strategy for validating hypotheses 
resulting from multi-omics studies (Pham and Kim, 2012; Muller et al., 2013). Furthermore, 
microbial cultures allow microbial metabolism and interactions to be studied in depth, and 
open the path for biotechnological exploitation of microbes (McLain et al., 2016; Wohlleben 
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et al., 2016). Cultivation of sponge-associated microbes that produce bioactive metabolites 
is of particular interest because it has the potential to alleviate the compound supply problem 
for the pharmaceutical development pipeline (Brinkmann et al., 2017; Steinert et al., 2018; 
Atanasov et al., 2021). Furthermore, the cultivation of sponge-associated microbes would 
allow to experimentally explore the sponge holobiont. 
 
Unfortunately, the number of living microbes in most ecosystems often exceeds the number 
that can be cultivated by orders of magnitude, and sponges are no exception. This fact has 
been dubbed as the “great plate-count anomaly” (Staley and Konopka, 1985; Nichols, 2007) 
or “mysterious dark matter” of the microbial world (Rinke et al., 2013; Lok, 2015). Even 
with the considerable advances in cultivation techniques (Bruns et al., 2002; Zengler et al., 
2005; Aoi et al., 2009; Ferrari and Gillings, 2009; Nichols et al., 2010; Park et al., 2011; Jung 
et al., 2014; Rettedal et al., 2014; Tillich et al., 2014; Lewis et al., 2021), this bottleneck 
remains unsolved. The fact that the majority of microbes is resistant to culture can be 
attributed to a variety of reasons, but the most crucial reason is our failure to precisely 
reproduce the bio-chemical and physico-chemical conditions that characterize the microbial 
native environment in vitro due to our insufficient knowledge about the native conditions. 
The chemistry of micro-habitats, interactions with the host and other microbes, as well as 
interactions between biotic and abiotic factors in the native environment are parameters that 
are particularly challenging to mimic (Alain and Querellou, 2009). 
 
In addition to traditional agar-plating techniques, numerous additional isolation approaches 
have been used to culture sponge symbionts, including the use of liquid cultures, floating 
filters (Sipkema et al., 2011), microcapsule-based cultivation (Gerardo Toledo et al., 2012), 
diffusion growth chambers (Steinert et al., 2014), in situ cultivation devices (Jung et al., 2014; 
Knobloch et al., 2019; Jung et al., 2021; Jung et al., 2022), the addition of antibiotics 
(Versluis et al., 2017), sodium pyruvate, catalase (Olson et al., 2000), alpha-butyrolactone 
(Selvin et al., 2009), sponge extracts (Webster et al., 2001a; Sipkema et al., 2011; Steinert et 
al., 2014; Esteves et al., 2016), spongin-based sponge skeleton (Kaboré et al., 2019), and 
arsenic (Keren et al., 2015; Ray et al., 2016) in culture media, as well as the incorporation of 
sponge-derived physiological and genomic information (Lavy et al., 2014; Gutleben et al., 
2020). Such tremendous culture efforts often yield large numbers of isolates, many of which 
are new species and even produce novel secondary metabolites. Depending on the sponge 
species, the cultivability of sponge symbionts ranges from 0.1 to 14% of the total microbial 
diversity found in sponges by molecular methods (Webster and Hill, 2001; Li et al., 2007a; 
Muscholl-Silberhorn et al., 2008; Abdelmohsen et al., 2010; Santos et al., 2010; Sipkema et 
al., 2011; Öztürk et al., 2013; Hardoim et al., 2014; Lavy et al., 2014; Rua et al., 2014; 
Steinert et al., 2014; Keren et al., 2015; Esteves et al., 2016; Versluis et al., 2017).  
 
To date, multi-omics tools and physiological studies have provided more information on the 
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in vivo conditions of the sponge mesohyl, which is extremely beneficial for enhancing 
sponge-symbiont cultivability. For instance, the detection of momentarily anoxic regions 
occurring during non-pumping periods of sponges (Hoffmann et al., 2005; Hoffmann et al., 
2008) and various nitrogen cycling-related genes and taxa implies nitrogen cycling to be a 
significant process in the sponges (Bayer et al., 2008b; Moitinho-Silva et al., 2014a; Slaby 
et al., 2017). Complex carbohydrates that form the extracellular matrix of sponge mesohyl 
may be an energy-source degradable by sponge-symbionts (Kamke et al., 2013; Fiore et al., 
2015; Bayer et al., 2018; Chaib De Mares et al., 2018). Additionally, it should be noted that 
the doubling-time of environmental microbes adapted to oligotrophic conditions is typically 
longer than the duration of many cultivation experiments (Zengler et al., 2002; Alain and 
Querellou, 2009).  
 
A large number of studies on sponge-associated microbes has revealed the discrepancy of 
microbial communities recovered by cultivation-dependent and -independent approaches 
(Sipkema et al., 2011; Versluis et al., 2017; Knobloch et al., 2019; Gutleben et al., 2020; 
Anteneh et al., 2022; Jung et al., 2022), and only a few true sponge symbionts have been 
successfully cultured so far. For instance, members of the alphaproteobacterial genus 
Pseudovibrio are isolated frequently from various sponges (Muscholl-Silberhorn et al., 2008; 
Santos et al., 2010; Bondarev et al., 2013; Lavy et al., 2014; Versluis et al., 2017). 
Pseudovibrio can produce sponge-derived brominated alkaloids (Nicacio et al., 2017) and 
has been evidenced to be vertically transmitted via larvae in certain cases (Enticknap et al., 
2006). Moreover, cyanobacterial strains of the genus Leptolyngbya have been isolated from 
various sponge species, which can absorb and store phosphorus from seawater (Lafi et al., 
2005; Zhang et al., 2015; Konstantinou et al., 2018; Konstantinou et al., 2021). 
Unfortunately, these cultured sponge symbionts are present at low relative abundances in 
sponges, hence, their roles in the sponge-microbe symbiosis are under debate, whereas the 
predominant sponge-associated microbial phyla e.g., Acidobacteria, Chloroflexi, 
Cyanobacteria, Nitrospirae, Candidatus Poribacteria, and Thaumarchaeota have not yet 
been cultured in vitro (Sipkema et al., 2011; Lavy et al., 2014; Steinert et al., 2014; Keren et 
al., 2015; Versluis et al., 2017). This fact points to a pressing need for continued efforts 
towards the development of innovative approaches for culturing sponge symbionts.  
 
Biosynthesis of secondary metabolites from sponge-associated microbes 
 
Microbial secondary metabolites, also referred to as natural products, are an important source 
of bioactive compounds for healthcare and agriculture applications (Butler et al., 2014; Katz 
and Baltz, 2016; Newman and Cragg, 2016; Singh et al., 2017). These valuable secondary 
metabolites represent a group of low-molecular weight and structurally diverse compounds 
including polyketides (PKs), non-ribosomal peptides (NRPs), ribosomally synthesized and 
post-translationally modified peptides (RiPPs), terpenoids, and a plethora of hybrids. To this 
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end, polyketide synthase (PKS) and non-ribosomal peptide synthase (NRPS) gene clusters 
are the two main clusters responsible for the biosynthesis of numerous secondary metabolites 
(Weissman, 2015). So far, thousands of natural products have been shown to be 
biosynthesized by PKS and NRPS (Brakhage, 2013), including several important currently 
available antibacterial, antifungal, antiviral, immunosuppressant, and anticancer drugs 
(Felnagle et al., 2008). 
 
Polyketides are typically produced by PKS assembly lines that are composed of different 
functional modules, in which each module is responsible for the incorporation and tailoring 
of a two-carbon unit into the final pathway product (Sánchez et al., 2006). NRPS also forms 
multienzyme assembly lines that are similar to those of PKS and produces peptide-containing 
compounds (Miller and Gulick, 2016b). Notably, many bacteria have been found to possess 
hybrid NRPS-PKS enzymes (Masschelein et al., 2013; Mizuno et al., 2013; Komaki et al., 
2014; Komaki et al., 2018; Rischer et al., 2018). These studies indicated that both PKS and 
NRPS function simultaneously in the same assembly line, however, the products synthesized 
by most of the hybrid PKS/NRPS enzymes are still unknown. 
 
Recent (meta)genomic studies revealed that sponge symbionts contained highly diverse 
biosynthetic gene clusters of secondary metabolites (Wakimoto et al., 2014; Wilson et al., 
2014; Ueoka et al., 2015; Freeman et al., 2016; Nakashima et al., 2016; Lackner et al., 2017b; 
Mori et al., 2018; Tianero et al., 2019; Storey et al., 2020; Dharamshi et al., 2022; Loureiro 
et al., 2022), including PKSs (Piel et al., 2004; Helfrich and Piel, 2016; Gavriilidou et al., 
2020; Helfrich et al., 2021), NRPSs (Gavriilidou et al., 2020; Podell et al., 2020; Storey et 
al., 2020; Gavriilidou et al., 2021; Loureiro et al., 2022), terpenes (Thomas et al., 2010b; 
Matobole et al., 2017; Jackson et al., 2018; Karimi et al., 2019; Gavriilidou et al., 2020; 
Gavriilidou et al., 2021), bacteriocins (Phelan et al., 2013; Jackson et al., 2018; Karimi et al., 
2019; Zhou et al., 2019; Gavriilidou et al., 2021), lantipeptides (Harjes et al., 2014; Ian et al., 
2014; Jackson et al., 2018; Gavriilidou et al., 2020; Guerrero-Garzón et al., 2020; Matroodi 
et al., 2020), and other secondary metabolites e.g., aryl polyenes, ladderanes and 
phosphonates (Naughton et al., 2017; Gavriilidou et al., 2020). Many valuable bioactive 
compounds from sponges and their symbionts are known to be biosynthesized by PKSs (e.g., 
diffusomycin, psymberin, onnamide A, calyculin A, swinhoeiamide A, swinhodile A, 
clavosine A, geoetricin A, misakinolide A, oocydin A, mycalamide A) (Piel et al., 2004; 
Helfrich and Piel, 2016; Helfrich et al., 2021). Recently, Phelan et al. (2013) isolated a new 
bacteriocin i.e., subtilomycin from Bacillus subtilis MMA7 associated with the sponge 
Haliclona simulans and found that the subtilomycin biosynthetic gene cluster is widespread 
among B. subtilis strains isolated from different shallow and deep sea sponges. 
 
Some biosynthetic gene clusters appeared to be sponge-specific, i.e. only detected in sponges. 
For example, sponge-derived ketosynthase (KS) sequence analysis revealed the presence of 
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‘sponge-specific’ PKS groups. Fieseler et al. (2007) detected a cluster of sponge-specific 
PKS sequences, termed “symbiont ubiquitous type I PKS” (Sup). In another study, Sala et al. 
(2013) detected another sponge-specific KS group, named “sponge (symbiont) widespread 
fatty acid synthase” (Swf), in HMA sponges. Furthermore, Borchert et al. (2016) investigated 
the diversity of PKS genes in the microbiome of three deep-sea sponges Inflatella pellicula, 
Poecillastra compressa, and Stelletta normani and also found sponge-specific KS groups in 
the investigated sponges. A recent comparative metagenomics study by Loureiro et al. (2022) 
found a novel group of NRPS-like ether lipid-associated gene cluster families widespread 
across three sponge microbiomes. These findings imply PKS and NRPS produced by sponge 
symbionts may play an important role in sponge holobiont defense or communication. 
 
Demand for novel antibiotics and sponge-associated microbes as an untapped reservoir 
of antimicrobials 
 
Before the ‘antibiotic era’, infectious diseases were the leading causes of mortality among 
the human population (Adedeji, 2016; Holmes et al., 2017). The discovery of Penicillin by 
Alexander Fleming in 1928 and subsequent developments of numerous antibiotics resulted 
in significant advances in life expectancy and quality of life (Fleming, 1929; Hutchings et 
al., 2019). These discoveries together with improvements in healthcare in the following 
decades, in the so-called “Golden era of antibiotic discovery”, resulted in a decline in the 
prevalence of infectious diseases as a main cause of morbidity in the general population 
(Smith et al., 2012; Adedeji, 2016). Unfortunately, shortly after the discovery of Penicillin, 
attention was raised to the potential emergence of bacterial resistance to antibiotics. The 
concern was not just regarding Penicillin, but to all antibiotics being used (Levy, 2002; 
Ventola, 2015; Brown and Wright, 2016; Abadi et al., 2019; Dhingra et al., 2020). In reality, 
the evolution of antibiotic resistance has been sped up by over and misuse of antimicrobials, 
particularly in the medical, agricultural and aquacultural sectors (Davies and Davies, 2010; 
White, 2012; Ventola, 2015). The ability of pathogenic bacteria to gain resistance to 
numerous antibiotics is facilitated by mutation, conjugation, transformation and transduction 
(Aminov, 2010). 
 
It is believed that the world is currently in the ‘post-antibiotic era’, in which the prevalence 
of antibiotic-resistant pathogenic microbes is sharply rising, and infectious diseases are once 
again becoming a leading cause of human death (Alanis, 2005; Ashkenazi, 2013). The fast 
emergence of antibiotic resistance among opportunistic human pathogens is a serious threat 
to the healthcare system and a global socioeconomic burden (Barriere, 2015; Ahmad and 
Khan, 2019; Murray et al., 2022). Unfortunately, only a limited number of new antimicrobial 
agents have been released on the market in recent decades, failing to keep up with the rising 
incidence of morbidity and mortality due to infections caused by resistant pathogenic 
microbes (Taylor and Wright, 2008; Ventola, 2015; Dheman et al., 2021). Therefore, further 
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attempts to discover novel antimicrobials are urgently required. 
 
Currently, most of the used antimicrobials are derived from microbes in temperate and 
tropical terrestrial habitats (Montaser and Luesch, 2011; Mullis et al., 2019). Thus, 
unexplored habitats and ecological niches may be untapped reservoirs of uncovered novel 
antibiotics, such as marine sponges and their symbionts, deep seas, hydrothermal vents, 
saline brines sediments, and hot springs (Thornburg et al., 2010; Montaser and Luesch, 2011; 
Anjum et al., 2016; Brinkmann et al., 2017; Mahajan and Balachandran, 2017; Sayed et al., 
2020). For instance, the oceans are unexhaustive sources of secondary metabolites with over 
39,000 marine natural compounds identified so far (Blunt and Munro, 2022), of which 
approximately 30% originated from sponges. However, drug development from sponges is 
hampered by sustainable supply (Thoms and Schupp, 2005; Sagar et al., 2010; Indraningrat 
et al., 2016). As a result, the search for bioactive molecules has been shifted to sponge-
associated microbes since many sponge-derived natural products are of microbial origin 
(Schmidt et al., 1998; Piel et al., 2004; Newman and Hill, 2006; Waters et al., 2014; Tianero 
et al., 2019). Extensive efforts to search for antimicrobial compounds from sponge-associated 
microbes based on cultivation approaches have led to the discovery of numerous 
antimicrobial compounds (Juliana et al., 2014; Indraningrat et al., 2016; Brinkmann et al., 
2017; Fehmida et al., 2017), with many potent antimicrobial compounds such as the antiviral 
sorbicillactone A, chartarutine B, and truncateol M (Bringmann et al., 2003), the antibacterial 
subtilomycin, mayamycin, kocucin, sydonic acid, and valinomycin (Phelan et al., 2013), the 
antifungal saadamycin (El-Gendy and El-Bondkly, 2010) and the antiprotozoal manzamine 
A (Waters et al., 2014). However, none of these antimicrobial compounds have entered 
preclinical and clinical trials or are approved as drugs on the market (Indraningrat et al., 
2016). Furthermore, novel antimicrobials from sponge-associated microbes have been 
mostly unexplored due to the majority of sponge-associated microbes remaining recalcitrant 
to cultivation. As outlined above, cultivation-independent approaches, e.g., metagenomics, 
have revealed highly diverse gene clusters encoding novel natural products from the 
uncultivable sponge-associated symbionts (Schirmer et al., 2005; Siegl and Hentschel, 2010; 
Yung et al., 2011; Wilson et al., 2014; Freeman et al., 2016; Loureiro et al., 2022). Such gene 
clusters may become interesting targets for discovery of novel antimicrobials from yet 
uncultivable sponge-associated microbes through heterologous expression in suitable hosts 
(Alt and Wilkinson, 2015; Loureiro et al., 2018). 
 
Studies in sponges and sponge-associated microorganisms in Vietnam 
 
Vietnam is one of the sixteen greatest biologically diverse countries in the world with over 
50,000 identified species (Thuaire et al., 2021). For marine ecosystems, Vietnam’s coastal 
region is within the Coral Triangle, which includes four out of 35 global biodiversity hotspots 
with unique biota and is a high-priority area for marine conservation (Selig et al., 2014). With 
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a long coastline of 3,260 km and a sea area of over one million square kilometers, Vietnam's 
coastal region is composed of 20 typical marine ecosystems and more than 3,000 inshore and 
offshore islands and islets (Lutaenko et al., 2011; de Queiroz et al., 2013; Mau et al., 2015). 
This coastal region holds high biodiversity conservation values with over 11,000 marine 
species, including 6,000 benthic animals, 2,038 fish, 94 mangroves 662 seaweeds, 15 
seagrasses, 537 phytoplankton species, 659 zooplankton species, 346 hard corals, 43 
seabirds, and 32 marine mammals, reptiles, etc. (Thuaire et al., 2021). Furthermore, the 
coastal areas with their abundant biodiversity resources are important sources of livelihood 
for approximately 20 million people in 125 coastal districts (MONRE, 2014). Nonetheless, 
just like other countries, human activities have significant negative impacts on biodiversity, 
particularly the loss of seagrass areas and coral reefs (Thuaire et al., 2021). 
 
Compared to other marine animals, studies on sponges in Vietnam’s sea have only been 
carried out mainly in the last two decades. Recent investigations on several sea areas of 
Vietnam have identified 100 sponge species in Nha Trang bay, 112 sponge species in Con 
Co island, 54 sponge species in the limestone islands, and 66 sponge species in coastal 
regions of North Central Vietnam (Calcinai et al., 2020; Huong et al., 2020; Do Cong, 2022). 
Currently, more than 223 sponge species have been identified in Vietnam with 124 genera, 
65 families, 18 orders, and 4 classes (Thai, 2013; Do Cong, 2022); however, their diversity 
is still greatly underestimated due to many sea areas of Vietnam that have still not been 
investigated, and these studies focus only on shallow sponges. 
 
Along with studies on sponge taxonomy, investigations of bioactive compounds from marine 
sponges in Vietnam have received considerable attention since 2006. So far, more than 250 
natural products have been isolated and their chemical structures elucidated from about 30 
sponge species, mainly collected in the sea of Northern Vietnam, including more than 50 
new compounds (Kiem et al., 2019). Vietnamese sponge-derived compounds have diverse 
structures and include various classes such as steroids, sesquiterpenes, triterpenes, alkaloids, 
and other compounds. These compounds have been targeted for evaluation of their anticancer 
and anti-inflammatory activities, many of which exhibited outstanding anticancer and anti-
inflammatory effects (Kiem et al., 2019), whereas their pharmacological properties e.g., 
antibacterial, antifungal, antivirus, etc. have not been studied yet. The potential of bioactive 
natural products from Vietnamese sponges is still largely underestimated because only about 
10% identified sponge species in Vietnamese sea were investigated for their natural products, 
and the investigated sponge species are mostly from the sea of Northern Vietnam, whereas 
the majority of sponge species, especially from the sea of Southern Vietnam have yet to be 
investigated for their natural products.  
 
Contrary to studies on sponge taxonomy and sponge-derived natural products, Vietnamese 
sponge-associated microbiota and their natural products remain largely unexplored and have 
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only been studied in the last few years. These studies focused on the isolation of sponge-
associated microbes that produce bioactive compounds (Trinh et al., 2016; Cao et al., 2019; 
Cao et al., 2020; Quang et al., 2020; Trinh et al., 2020; Chau et al., 2021; Quang et al., 2021a; 
Kim et al., 2022; Phan et al., 2022; Trinh et al., 2022). Interestingly, several new 
antimicrobial and cytotoxic compounds have been isolated successfully from Vietnamese 
sponge-associated microbes (Cao et al., 2019; Cao et al., 2020; Trinh et al., 2020; Quang et 
al., 2021a; Kim et al., 2022; Trinh et al., 2022), revealing that microbes associated with 
Vietnamese sponges may be a promising source of new bioactive compounds. A few 
investigations of Vietnamese sponge microbiota by cultivation-independent methods have 
elucidated several interesting insights into Vietnamese sponge microbiomes such as host-
specificity, the influence of environmental quality on their microbiomes, as well as the role 
of seawater in bacteria recruitment and microbiome stability in sponges (Turon et al., 2018; 
Turon et al., 2019a; Turon et al., 2019b; Turon and Uriz, 2020). 
 
Despite these first data on Vietnamese sponges, many sea areas, as well as many sponge 
species in Vietnam, remain unexplored and offer large opportunities for further investigation 
of Vietnamese sponge-associated microbial communities and their antimicrobials to assess 
their potential for developing novel antimicrobial compounds. 
 
Aims and Thesis Outline 
 
Marine sponges host dense microbial communities in their tissue and these symbionts are 
potential producers of bioactive compounds. The Vietnamese sea is known to have a high 
biodiversity of marine organisms, including marine sponges. However, studies on 
Vietnamese sponges have only received attention in the last two decades and many aspects 
of Vietnamese sponges remain largely unexplored, especially sponge microbiomes as well 
as their natural products. The study presented here aims to provide a better understanding of 
prokaryotes associated with Vietnamese sponges and their secondary metabolite gene 
clusters and antimicrobial activity by applying cultivation-dependent and -independent 
approaches (Figure 4). 
 
Chapter 1 introduces marine sponges and their associated microbial communities within 
their evolutionary and ecological contexts. This general information serves as a starting point 
for our current understanding of the sponge-microbe association. These sponge-associated 
microbial symbionts can be studied using both cultivation-dependent and cultivation-
independent techniques that have been applied in the research described in this thesis. 
 
Chapter 2 describes the prokaryotic community composition of 18 Vietnamese sponge 
species using 16S rRNA gene Illumina MiSeq sequencing. Insights of prokaryotic 
communities associated with sponges e.g., the most abundant Operational Taxonomic Units 
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(OTUs), the influence of host identity, sponge-enriched OTUs, and aerobic nitrifying taxa, 
are discussed. 
 
Chapter 3 reports on the diversity of cultivable bacteria associated with 18 Vietnamese 
sponge species and compares it with the diversity of bacteria associated with the same 
Vietnamese sponge species studied by 16S rRNA gene Illumina MiSeq sequencing as 
described in Chapter 2. The bacterial strains associated with the 18 Vietnamese sponge 
species are also evaluated for their antimicrobial properties against microbial indicator strains 
including Gram-positive bacteria, Gram-negative bacteria and a yeast. In addition, a bacterial 
strain exhibiting good antimicrobial activity is subjected to cultivation and isolation of its 
secondary metabolites. The compounds are then evaluated for antimicrobial effects against a 
variety of microbial indicator strains. 
 
Marine sponges are known to contain diverse and dense associated microbiota; however, the 
majority of the bacteria remain recalcitrant to cultivation. Therefore, Chapter 4 provides a 
comprehensive review of the cultivability of sponge-associated bacteria. This chapter (i) 
discusses cultivation techniques that have been used to cultivate sponge-associated bacteria, 
(ii) evaluates and analyzes the cultivable bacterial diversity from sponges and their associated 
culture conditions, and (iii) highlights promising cultivation strategies for cultivating 
currently uncultivable bacteria from sponges. Additionally, isolated sponge-associated 
bacterial taxa that were previously marked as “sponge-specific” and “sponge-enriched” are 
discussed in this chapter. 
 
Recent reviews have reinforced that sponge-associated bacteria are a valuable source of 
structurally diverse secondary metabolites with potent biological properties, which make 
these bacterial communities promising sources of new drug candidates (Cheng et al., 2020). 
However, the overall diversity of secondary metabolite biosynthetic potential present in 
bacteria is difficult to access due to the fact that the majority of bacteria are not readily 
cultured in the laboratory, as shown also in Chapter 3 and Chapter 4. Thus, Chapter 5 uses 
a cultivation-independent approach through metagenomics to investigate the diversity of 
secondary metabolite biosynthetic gene clusters (BGCs) from the metagenomes of bacterial 
communities associated with three of the 18 Vietnamese sponge species: Clathria reinwardti, 
Rhabdastrella globostellata, and Spheciospongia sp. KS sequences related to ‘sponge-
specific’ clusters i.e., SupA and SwfA from the three sponge-associated bacterial communities 
are also discussed in this chapter. 
 
Chapter 6 provides a general discussion, integrating the results obtained in Chapters 2-5, 
and portraying them in the light of recent studies related to aspects of sponge prokaryotic 
symbionts and their antimicrobial secondary metabolites as well as biosynthesis of bacterial 
secondary metabolites from sponges. 
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Figure 4. Overview of the main chapters in this thesis 
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Abstract 
 
Sponge-associated prokaryotic diversity has been studied from a wide range of marine 
environments across the globe. However, for certain regions, e.g. Vietnam, Thailand, 
Cambodia and Singapore, an overview of the sponge-associated prokaryotic communities is 
still pending. In this study we characterized the prokaryotic communities from 27 specimens, 
comprising 18 marine sponge species, sampled from the central coastal region of Vietnam. 
Illumina MiSeq sequencing of 16S rRNA gene fragments was used to investigate sponge-
associated bacterial and archaeal diversity. Overall, 14 bacterial phyla and one archaeal 
phylum were identified among all 27 samples. The phylum Proteobacteria was present in all 
sponges and the most prevalent phylum in 15 out of 18 sponge species, albeit with 
pronounced differences at the class level. In contrast, Chloroflexi was the most abundant 
phylum in Halichondria sp., whereas Spirastrella sp. and Dactylospongia sp. were 
dominated by Actinobacteria. Several bacterial phyla such as Acidobacteria, Actinobacteria, 

Bacteroidetes, Chloroflexi, Deferribacteres, Gemmatimonadetes, and Nitrospirae were 
found in two-thirds of the sponge species. Moreover, the phylum Thaumarchaeota 
(Archaea), which is known to comprise nitrifying archaea, was highly abundant among the 
majority of the 18 investigated sponge species. Altogether, this study demonstrates that the 
diversity of prokaryotic communities associated with Vietnamese sponges is comparable to 
sponge-prokaryotic assemblages from well-documented regions. Furthermore, the 
phylogenetically divergent sponges hosted species-specific prokaryotic communities, thus 
demonstrating the influence of host identity on the composition and diversity of the 
associated communities. Therefore, this high-throughput 16S rRNA gene amplicon analysis 
of Vietnamese sponge-prokaryotic communities provides a foundation for future studies on 
sponge symbiont function and sponge-derived bioactive compounds from this region. 
 
Introduction 
 
Sponges (Porifera) are the sister group to all other metazoans (Simion et al., 2017), and are 
dated back at least 600 million years ago (Maloof et al., 2010; Yin et al., 2015a). Marine 
sponges are distributed across a wide range of habitats, from polar regions, and temperate 
benthic communities to subtropical and tropical coral reefs (Van Soest et al., 2012). They 
play an important ecological role in the carbon, nitrogen and sulfur cycles in benthic 
ecosystems, and both aerobic and anaerobic processes have been observed (Bell, 2008; 
Maldonado et al., 2012). Moreover, the sponge microhabitat provides diverse niches for a 
wide range of different potential symbionts, including archaea, bacteria, microalgae, fungi, 
unicellular eukaryotes, as well as macrofaunal communities that can constitute a large 
fraction of the total sponge biomass (Sarà, 1971; Vacelet and Donadey, 1977; Wilkinson, 
1978c; d; Santavy, 1985; Santavy and Colwell, 1990; Taylor et al., 2007; Bell, 2008; Duris 
et al., 2011; Lattig and Martín, 2011; Thomas et al., 2016). 
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Due to the abundance and composition of the associated prokaryotes, most sponges can be 
grouped in either high microbial abundance (HMA) or low microbial abundance (LMA) 
species (Gloeckner et al., 2014; Moitinho-Silva et al., 2017c). HMA sponges contain a high 
concentration of microorganisms (108-1010 microorganisms per gram sponge tissue), whereas 
the number of microorganisms in LMA sponges is much lower with only 105-106 
microorganisms per gram sponge tissue (Hentschel et al., 2006). In addition, LMA sponges 
harbor less diverse microbial communities at the phylum-level than HMA sponges (Schmitt 
et al., 2011; Bayer et al., 2014b; Moitinho-Silva et al., 2014a). However, exceptions that 
deviate from this pattern have been reported (e.g., Easson and Thacker, 2014; Thomas et al., 
2016). Several sponge microbiota studies revealed that sponge-associated prokaryotic 
communities are distinct from benthic and planktonic communities (e.g., Naim et al., 2014; 
Alex and Antunes, 2015a; Rodríguez-Marconi et al., 2015; Weigel and Erwin, 2015), and 
that, besides evolutionary history of the sponge species, host identity is the most important 
factor for structuring the sponge-prokaryotic communities (Easson and Thacker, 2014; 
Steinert et al., 2016; Thomas et al., 2016). Previous studies report that sponge-associated 
prokaryotic communities are stable despite geographic differences and can exhibit 
monophyletic “sponge-specific” 16S rRNA gene sequences that are not present in the 
surrounding environments (Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012b). 
However, recent studies using deep sequencing revealed that some sequences in these 
monophyletic 16S RNA gene clusters are also found in seawater and sediment samples, albeit 
at very low abundances. Therefore, these clusters are not strictly “sponge-specific”, but better 
described as “sponge-enriched” (Taylor et al., 2013; Thomas et al., 2016). Although our 
knowledge about the prokaryotic communities associated with sponges has substantially 
improved in recent decades, our understanding about the ecological function of sponge 
symbionts is still limited. Animals typically excrete ammonium as inorganic metabolic waste 
rather than nitrate, thus the release of nitrate from sponges has been considered as sign for 
microbial nitrification in sponges (Corredor et al., 1988; Diaz and Ward, 1997; Jiménez and 
Ribes, 2007). Recent studies provided evidence of nitrification related to sponges symbionts 
based on incubation experiments as well as molecular markers (i.e., genes encoding for 
nitrification, for instance the amoA gene or nxrB gene) (Diaz and Ward, 1997; Bayer et al., 
2008a; Steger et al., 2008; Hoffmann et al., 2009; Feng et al., 2016). Studies investigating 
microbial nitrifiers in sponges reported many potential sponge symbionts that are related to 
nitrification such as Nitrosopumilus (AOA: ammonia-oxidizing archaea), 
Nitrosococcus, Nitrosospira (AOB: ammonia-oxidizing bacteria), and Nitrospira (NOB: 
nitrite-oxidizing bacteria) (Kowalchuk and Stephen, 2001; Steger et al., 2008; Hoffmann et 
al., 2009; Turque et al., 2010; Cuvelier et al., 2014; Kennedy et al., 2014; Pfister et al., 2014; 
Medema et al., 2015; Feng et al., 2016). 
 
Bacterial and archaeal diversity in sponges has been characterized from a wide range of 
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marine regions across the globe including the Atlantic, Pacific and Indian Oceans as well as 
the Mediterranean, Red Sea, the Caribbean, the Yellow Sea and the South China Sea (Li et 
al., 2007b; Li et al., 2011a; Giles et al., 2013; Thomas et al., 2016). Vietnam exhibits a high 
diversity of marine sponges with at least 229 species, belonging to 124 genera, 65 families, 
18 orders, and 4 classes (Quang, 2013), however, sponge-associated prokaryotic 
communities from Vietnam still remain unexplored. Many sponges in Vietnam have been 
identified as potential sources for new bioactive compounds: new muurolane-type 
sesquiterpenes were isolated from the sponge Dysidea cinerea (Kiem et al., 2014), new 
anticancer sterols from an Ianthella sp. (Nguyen et al., 2009), antifouling 26,27-Cyclosterols 
from Xestospongia testudinaria (Nguyen et al., 2013), and new sesquiterpenes and bis-
sesquiterpene from Dysidea fragilis (Cuc et al., 2015; Nguyen et al., 2015; Kiem et al., 2016). 
However, the true producers of many bioactive compounds from sponges are sponge-
associated microorganisms rather than the sponges themselves (Unson and Faulkner, 1993; 
Fisch et al., 2009; Indraningrat et al., 2016). 
 
Therefore, we aimed to characterize the yet uninvestigated prokaryotic diversity and 
composition of Vietnamese sponges, and to provide a foundation for future studies focusing 
on sponge-associated bioactive compounds. We collected 27 sponge specimens, comprising 
18 sponge species, from the central coastal region of Vietnam. Bacterial and archaeal 
diversity and sponge-specific community composition was characterized using Illumina 
MiSeq sequencing of PCR-amplified 16S ribosomal RNA (rRNA) gene fragments. To the 
best of our knowledge, among these 18 sponge species, six species (i.e., Clathria reinwardti, 

Haliclona amboinensis, Cinachyrella schulzei, Haliclona fascigera, Tespios aploos, and 

Axos cliftoni) are investigated for the first time regarding their prokaryotic communities. 
 
Materials and Methods 
 
Sampling 
Sponge specimens (n = 27) were collected by scuba diving from May to September 2015 at 
three locations from the central coastal region of Vietnam at 5-10 m depth (Supplementary 
Table S1). Lang Co Bay is located in the Phu Loc district within the Thua Thien Hue 
province. Con Co is a small island in the Quang Tri province with an area of 2.3 km2

. Hon 
Mun Island is a marine conservation area in the Nha Trang Bay, Khanh Hoa province. Lang 
Co Bay was sampled in May 2015, Con Co Island in August 2015 and Hon Mun Island in 
September 2015. The distance between sampling sites ranges from 150 km to 540 km. The 
specimens were transferred directly to zip-lock bags containing seawater to prevent contact 
of sponge tissue with air. All samples were immediately transported to the laboratory, rinsed 
three times with sterile artificial seawater (Instant Ocean Aquarium Sea Salt Mixture: Instant 
Ocean), and stored at -80°C until DNA extraction. 
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DNA extraction and PCR amplification of 16S rRNA genes 
Sponge samples prior to extraction were processed using a modified protocol from (Abe et 
al., 2012). In brief, the specimens were rinsed three times with sterile artificial seawater to 
remove any debris attached to the sponge. Then the specimens were further cleaned with a 
sterile scalpel in order to remove any sediment and other organisms strictly attached to the 
sponge. Finally, a piece of sponge tissue was ground in TEN buffer (3.5% sodium chloride, 
10 mM tris-hydroxymethyl-aminomethane, 50 mM ethylenediaminetetraacetic acid, pH 8.5) 
with a sterilized mortar and pestle. Cell suspensions were filtered through a large nylon mesh 
(20 µm) to remove potential contaminants. The filtrates were then centrifuged at 8,000 g for 
15 min at 4°C. The pellets were used to extract total genomic DNA using the ZymoBead™ 
Genomic DNA Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s 
protocol. The concentration of the extracted DNA was determined with a Nanodrop 1000 
spectrophotometer (Nanodrop Technologies, Wilmington, DE), and its integrity was 
examined by gel electrophoresis on a 1% (w/v) agarose gel. The extracted DNA was 
dissolved in TE buffer and stored at -20°C until further analysis. 
 
The prokaryotic communities were characterized by Illumina MiSeq sequencing of 16S 
rRNA gene fragments using a two-step amplification procedure. The V4 region of the 16S 
rRNA genes was amplified by PCR using the 2nd version of the bacterial primers 515F/860R 
(Apprill et al., 2015), which were added to the 3’ end of Unitag1 and Unitag2, respectively 
(Supplementary Tables S2, S3). The PCR amplification was performed in a volume of 40 µL 
containing 8 µL of 5X Phusion HF green buffer (Thermo Scientific, Waltham, USA), 1 µL 
of a 10 mM dNTP mixture (Promega Benelux B.V., Leiden, the Netherlands), 0.4 µL of 
Phusion Hot Start II High-Fidelity DNA polymerase (2 U/µL; Thermo Scientific, Waltham, 
USA), 1 µL of a 10 μM solution of each primer, 1 µL template (20 ng/µL), and 27.6 µL 
nuclease free water. The PCR was performed using the following conditions: an initial 
denaturation at 98°C for 30 s, followed by 25 cycles of denaturation at 98°C for 5 s, annealing 
at 56°C for 20 s, elongation at 72°C for 20 s, and a final elongation at 72°C for 5 min. 
Subsequently, the first PCR product was used as template in a second PCR in order to add 
sample specific barcodes (8 nucleotides). The second PCR consisted of 10 μL Phusion HF 
green buffer (Thermo Scientific, Waltham, USA), 1 μL dNTP mixture (Promega, Benelux 
B.V., Leiden, The Netherlands), 0.5 μL Phusion Hot Start II DNA polymerase (Thermo 
Scientific), 31 μL nuclease free water, 2.5 μL 10 µM forward primer (barcode-linker-
Unitag1), 2.5 μL 10 µM reverse primer (barcode-linker-Unitag2) (Supplementary Table S3) 
and 2.5 μL of the first PCR product. The PCR conditions were 98°C for 30 s, followed by 5 
cycles at 98°C for 10 s, 52°C for 20 s and 72°C for 20 s, and final elongation at 72°C for 10 
min. All PCR products were analyzed on a 1.8% (w/v) agarose gel to verify the products. 
The PCR products were purified using the HighPrepTM PCR clean-up protocol-MagBio kit 
(Magbio, London, UK), and quantified using the Quant-iTdsDNA high-sensitivity assay kit 
and the Qubit fluorometer 2.0 (Invitrogen, Grand Island, NY, USA). Finally, samples were 
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pooled in equimolar concentrations to ensure equal representation of each sample (including 
two mock communities as an internal standard to compare expected with observed 16S rRNA 
gene composition). The pooled library was purified, concentrated and quantified again with 
the HighPrepTM PCR clean-up kit (Magbio, London, UK) and the Quant-iTdsDNA high-
sensitivity assay kit (Invitrogen, Grand Island, NY, USA). The samples were sequenced on 
the Genome Sequencer Illumina MiSeq at GATC Biotech, Germany. Sequencing data was 
deposited in the NCBI Sequence Read Archive under BioProject ID: PRJNA354731 with 
accession numbers: SRS1815731- SRS1815757 (Supplementary Table S3). 
 
Sequence data analyses 
Illumina sequencing data was processed and analyzed using the NG-Tax pipeline (Ramiro-
Garcia et al., 2016). Briefly, paired-end libraries were combined, and only read pairs with 
perfectly matching primers and barcodes were retained. To this end, both primers were 
barcoded to facilitate identification of chimeras produced during library generation after 
pooling of individual PCR products. Reads were trimmed to 100 bp to avoid overlap in 
forward and reverse reads, which would affect the quality filtering. However, both quality 
reads (forward/reverse) were subjected to further analyses. Demultiplexing, OTU picking, 
chimera removal and taxonomic assignment were performed within one single step using the 
OTU_picking_pair_end_read script in NG-Tax. Reads were ranked per sample by 
abundance and OTUs (at a 100% identity level) were added to an initial OTU table for that 
sample starting from the most abundant sequence until the abundance was lower than 0.1%. 
The final OTU table was created by clustering the reads that were initially discarded as they 
represented OTUs < 0.1% of the relative abundance with the OTUs from the initial OTU 
table  with a threshold of (98.5% similarity) (Ramiro-Garcia et al., 2016). Taxonomic 
assignment using the most abundant sequence of each OTU was done utilizing the UCLUST 
algorithm (Edgar, 2010) and the Silva 111 SSU Ref database (Yilmaz et al., 2014). 
 
Prokaryotic community analysis 
Community composition summaries at phylum and class levels were created using the 
summarize_taxa_through_plots.py script from QIIME version 1.9.1 (Caporaso et al., 2010). 
Good's coverage index, rarefaction curves, and alpha diversity metrics (e.g., Shannon, 
inverse Simpson, and evenness) were calculated using the QIIME script 
alpha_rarefaction.py. Alpha diversity indices calculated from prokaryotic communities of 
sponge-species with replicates were tested by the Kruskal-Wallis test using function 
kruskal.test within the FSA package (Ogle, 2017) of R v.3.3.1 (R Core Team, 2016). 
Heatmaps were generated for a) prokaryotic composition at phylum and class level, b) the 
most abundant OTUs containing at least 2.5% of the reads in at least one of the samples, c) 
archaeal OTUs, and d) OTUs related to known nitrifying taxa using the heatmap.2 function 
of the gplots package in R (Warnes et al., 2016). For distance-based multivariate analyses, 
the 16S rRNA gene OTU table was standardized using the decostand function (method = 
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“hellinger”) of the vegan package in R (Oksanen et al., 2016). Hierarchical cluster analysis 
was performed using the functions vegdist (method = “bray”) and hclust (method = 
“average”). The non-metric multidimensional scaling (NMDS) plot was created via the 
function metaMDS (Bray-Curtis distances) of the vegan package (Oksanen et al., 2016). 
Multivariate analysis based on Bray-Curtis dissimilarities of sponge-associated prokaryotic 
communities for sponge-species with replicates were performed using the functions 
betadisper, permutest, and the permutational multivariate analysis of variance (adonis) 
functions of the vegan package. 
 
Sponge-enriched OTUs 
The 91 most abundant OTUs of our study (i.e., at least 2.5% of all reads in at least one of the 
samples) were used to identify OTUs which are significantly enriched in the 3569 sponge 
specimens (comprising 269 sponge species) from the sponge microbiome project (Moitinho-
Silva et al., 2017b). In brief, the representative sequences (n = 91) of the most abundant 
OTUs from our study were subjected to a BLAST search (Altschul et al., 1990) against a 
curated sponge microbiome database, containing 64424 high quality deblurred subOTU 
sequences that were extracted from the sponge Earth Microbiome Project (EMP) database 
(https://github.com/amnona/SpongeEMP). The curated spongeEMP BLAST database and 
additional information describing the database creation can be accessed here: 
https://github.com/marinemoleco/spongeEMP_BLASTdb. The sponge microbiome project 
subOTU sequences with 100% similarity to the present 91 query sequences were uploaded 
to the spongeEMP online server (www.spongeemp.com) in order to identify OTUs that are 
significantly enriched in sponge EMP specimens (p < 0.05 for the category “host-associated” 
in the field env_package). 
 
Molecular sponge identification 
For the taxonomic identification of the sponge specimens, near full length 18S rRNA gene 
and cytochrome c oxidase subunit I (COI) gene fragments from all samples were PCR 
amplified using the primer sets EukF/EukR (Medlin et al., 1988) for the 18S rRNA gene, and 
jgLCO1490/jgHCO2198 (Geller et al., 2013) for COI (Supplementary Table S2). PCR 
products were cloned into pGEM-T Easy vector systems (Promega, Madison, WI, USA) 
according to the manufacturer’s protocol. Positive clones were selected and sequenced using 
the T7/SP6 primer pair. Sequences were trimmed (error probability limit 0.1) using Geneious 
4.8.3 (Kearse et al., 2012). The cloning vector was identified using VecScreen 
(http://www.ncbi.nlm.nih.gov/tools/vecscreen/) and removed. For the 18S rRNA gene, 
forward and reverse sequences were assembled to obtain near full length fragments. The 18S 
rRNA sequences from this study and the three most similar sequences obtained through 
blasting against the NCBI nr/nt database were added to a set of existing sponge 18S rRNA 
sequences (Sipkema et al., 2009), and subsequently aligned using the MAFFT (v.7.222) 
program with the FFT-NS-i strategy (Katoh and Standley, 2013). The same strategy was 
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followed for COI sequences obtained in this study. The additional three COI gene sequences 
were added based on the highest BLAST similarity to our sequences as obtained from the 
NCBI database (nr/nt database), and then aligned as described above. Phylogenetic trees for 
the 18S rRNA and COI genes were created using RAxML version 8.0.0 (Stamatakis, 2014) 
with the GTRGAMMA model and 1000 bootstrap replicates. The final sponge taxonomy 
was determined based on the best position in both phylogenetic trees and their BLAST 
identity to sequences of sponge species deposited in the NCBI database. Specimens were 
identified to species level if their identities were at least 99% with sequences in the NCBI 
database. However, three species showed high identity (>99%) with sequences from sponge 
species in the NCBI database, which known distribution typically does not include the Pacific 
Ocean according to the World Porifera Database (http://www.marinespecies.org/porifera/). 
For those samples, it was decided not to classify down to species level and maintain the 
generic status instead. All generated sequences were deposited in GenBank under the 
accession numbers: KX894454-KX894480 (18S rRNA genes) and KX894481-KX894504 
(COI genes). 
 
Results 
 
Molecular sponge taxonomy 
A total of 27 sponge specimens were collected from the central coastal region of Vietnam 
and identified by sequence analysis of 18S rRNA and COI taxonomic marker genes 
(Supplementary Figures S1 and S2). Eighteen phylogenetically divergent sponge taxa were 
identified: Axinyssa sp., X. testudinaria, C. reinwardti, Spirastrella sp., Dactylospongia sp., 
H. amboinensis, C. schulzei, Niphatidae sp., H. fascigera, Amphimedon sp. 1, Amphimedon 

sp. 2, Haplosclerida sp., R. globostellata, Spheciospongia sp., Halichondria sp., Tedania sp., 
T. aploos, and A. cliftoni (Supplementary Table S1). 
 
Sponge-associated prokaryotic communities 
In total 5,326,187 high-quality reads were retained after quality filtering and were clustered 
into 926 OTUs. For all samples, rarefaction curves indicated near saturation, and coverage 
>99% (Table 1, Supplementary Figure S3). OTUs were classified into 14 bacterial phyla and 
one archaeal phylum (Figure 1). Of all classified reads 88.2% belonged to the domain 
Bacteria, and 11.8% reads to the domain Archaea. Alpha diversity measures (i.e., Shannon, 
inverse Simpson, evenness) of the prokaryotic community associated with each specimen 
showed a wide range of diverse metric values. Evenness values ranged from 0.79 to 0.97, 
Shannon from 2.08 to 5.95, and inverse Simpson from 2.16 to 40 (Table 1). In our study, T. 

aploos, Amphimedon sp. 1, Amphimedon sp. 2, and Niphatidae sp. exhibited the lowest alpha 
diversity indices of the associated prokaryotic communities of all sponge species, whereas 
Tedania sp., Dactylospongia sp., and C. reinwardti exhibited the highest alpha diversity 
indices. The Kruskal-Wallis test for sponge species with duplicates showed significant 
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differences among all prokaryotic alpha diversity indices (i.e., Shannon, inverse Simpson, 
OTU richness, evenness) (Supplementary Table S4). 
 
Table 1. Sequence statistics and alpha diversity of Vietnamese sponge-associated 
prokaryotic communities, including the total number of OTUs, coverage, and alpha diversity 
metrics 

Sample Taxon 
No. of 
OTUs 

Coverage Evenness Shannon 
Inverse 

Simpson 
AMC Amphimedon sp. 1 47 99.8 0.87 2.25 2.16 

AMQ Amphimedon sp. 2 31 99.8 0.84 2.14 2.90 

AXT.1 Axinyssa sp. 94 99.6 0.94 4.95 18.52 

AXT.2 Axinyssa sp. 107 99.5 0.94 4.98 17.86 

AXT.3 Axinyssa sp. 85 99.6 0.94 4.70 15.15 

AXT.4 Axinyssa sp. 99 99.6 0.94 4.84 15.87 

AXC Axos cliftoni 92 99.7 0.95 4.56 10.64 

CIS Cinachyrella schulzei 115 99.4 0.95 4.87 10.75 

CLR.1 Clathria reinwardti 145 99.3 0.96 5.84 27.03 

CLR.2 Clathria reinwardti 176 99.5 0.97 5.95 38.46 

DAS.1 Dactylospongia sp. 157 99.2 0.96 5.81 30.30 

DAS.2 Dactylospongia sp. 141 99.4 0.96 5.70 29.41 

HAS Halichondria sp. 108 99.5 0.94 4.63 11.24 

HAA.1 Haliclona amboinensis 118 99.5 0.93 4.62 10.99 

HAA.2 Haliclona amboinensis 92 99.5 0.93 4.33 9.26 

HAF Haliclona fascigera 89 99.6 0.93 4.77 15.39 

CRV Haplosclerida sp. 58 99.8 0.90 3.58 6.80 

NIS Niphatidae sp. 35 99.8 0.86 2.08 2.36 

RHG Rhabdastrella globostellata 146 99.3 0.96 5.36 15.63 

SPV Spheciospongia sp. 122 99.2 0.96 5.66 26.31 

SPS.1 Spirastrella sp. 98 99.6 0.93 4.37 9.71 

SPS.2 Spirastrella sp. 76 99.7 0.92 3.93 7.94 

TES Tedania sp. 165 99.9 0.97 6.04 40.00 

TEA Terpios aploos 19 99.9 0.79 2.12 3.47 

XES.1 Xestospongia testudinaria 92 99.6 0.95 4.86 13.16 

XES.2 Xestospongia testudinaria 121 99.6 0.95 4.96 12.35 

XES.3 Xestospongia testudinaria 117 99.5 0.95 5.02 16.39 

 

Proteobacteria was the most abundant taxon in 15 of the 18 sponge species, making up 
23.6% (Dactylospongia sp.) to 90.5% (Amphimedon sp. 1) of the total community in a 
sample. Although the phylum Proteobacteria was predominant in most sponge species, 
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individual sponge species hosted different abundant proteobacterial classes: Alpha-, Beta-, 
and Gammaproteobacteria (Figure 1). In contrast, Chloroflexi was the most abundant 
phylum in Halichondria sp., whereas Spirastrella sp. and Dactylospongia sp. were 
dominated by Actinobacteria. Other major phyla such as Acidobacteria, Actinobacteria, 
Chloroflexi and Gemmatimonadetes were present at high relative abundances in different 
sponges (on average 4.5% - 8.7% for all samples). Remaining phyla (e.g., Nitrospirae, 
Bacteroidetes, Cyanobacteria, Deferribacteres, Spirochaetes) were detected at a lower 
relative abundance (<2.5%). 

 

Figure 1. Heatmap of the prokaryotic composition and relative abundance of sponge-
associated prokaryotes at phylum level (at class level for the phylum Proteobacteria). 
Samples were grouped using hierarchical clustering based on the Bray–Curtis distance matrix 
calculated from relative OTU abundances. 
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In this study, all archaeal OTUs (n=73) belonged to the phylum Thaumarchaeota 

(Supplementary Figure S4). The Thaumarchaeota were found in a wide range of species (14 
out of 18 species as well as all specimens of the same species if replicates were available) 
with relative abundances ranging from 0.4% (C. reinwardti) to almost 40% (A. cliftoni), with 
the majority of samples exhibiting relative abundances of archaea greater than 10%. Most 
archaeal OTUs were assigned to Marine Group I (n = 68), and only five OTUs were assigned 
to the Soil Crenarchaeotic Group (SCG). The OTUs belonging to Marine Group I were found 
in all the 14 species that contained archaea, whereas the OTUs belonging to Soil 
Crenarchaeotic Group (SCG) were found in only two species (Supplementary Figure S4). 

 

Figure 2. Non-metric multidimensional scaling (NMDS) plot derived from Bray–Curtis 
distances of sponge prokaryotic communities at OTUs level, NMDS stress value = 0.116. 
The samples of the same species were grouped with ordination ellipse using function 
ordiellipse of vegan package 
 
Non-metric multidimensional analysis of the sponge-associated prokaryotic community based 
on Bray-Curtis dissimilarity showed that replicate specimens of a species (i.e., Axinyssa sp., C. 

reinwardti, Dactylospongia sp., H. amboinensis, Spirastrella sp., and X. testudinaria) clustered 
together (Figure 2). The analysis using adonis based on Bray-Curtis dissimilarity showed strong 
support for the effect of host-identity on their prokaryotic communities for these species (R2 = 
0.94, p < 0.001) (Supplementary Table S5). This was further supported by hierarchical 
clustering with sponge samples belonging to the same species clustering together in spite of 
different sampling locations (Supplementary Figure S5). 
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In addition, the analysis of mock communities showed the good correlation between 
observed and expected profile. The Pearson correlation coefficients between observed and 
expected profiles at genus level of two mock communities in our study were 0.7094 and 
0.8308. 
 
Analysis of the most abundant OTUs 
The 91 OTUs with a relative abundance of at least 2.5% in one of the samples belong to 13 
different phyla (Figure 3). Among these 13 phyla, the following families and genera were 
most prominent: Rhodobacteraceae, Nitrosomonadaceae, Sva0996 marine group, 

Nitrosococcus, and Caldilinea. Approximately two-thirds of these 91 OTUs were shared at 
least among two sponge species (Figure 3). These OTUs belonged to prokaryotic taxa such 
as TK85, Sva0996 marine group, Defluviicoccus, Desulfurellaceae, Nitrospinaceae, Sh765B-

TzT-29, BD2-11, Nitrospira, Marine Group I. Furthermore, 75 out of the 91 OTUs are 100% 
similar to OTUs present in the sponge microbiome database, of which 45 OTUs were 
significantly enriched in the sponge microbiome project specimens (Figure. 3). The 
significantly enriched OTUs were mainly found in Actinobacteria (Sva0996 marine group), 
Bacteroidetes (Rhodothermaceae), Alphaproteobacteria (Defluviicoccus, 
Rhodobacteraceae), Detaproteobacteria (Desulfurellales, Sh765B-TzT-29), 
Gammaproteobacteria (Pseudomonas), Deferribacteres (PAUC34f), Gemmatimonadetes 

(BD2-11 terrestrial group), Nitrospirae (Nitrospira), Thaumarchaeota (Marine group I).  
 
Discussion 
 
Microbial communities in Vietnamese marine sponges 
To the best of our knowledge, of the 18 sponge species in the present study, the associated 
prokaryotic communities were examined for the first time for the following six species: C. 

reinwardti, C. schulzei, H. amboinensis, H. fascigera, A. cliftoni and T. aploos. Moreover, 
this is the first time that the associated prokaryotic community of a sponge from the genus 
Axos has been described. All 15 prokaryotic phyla detected belong to the 41 phyla that have 
so far been detected in marine sponges (Thomas et al., 2016). The prokaryotic taxa with a 
high relative abundance in the present study (e.g., Nitrospinaceae, PAUC34f, Caldilineaceae, 
Nitrosomonadales, Rhodobacteraceae, Endozoicomonas, Rhodospirillaceae) are also 
abundant in other marine sponges, which can be found in vastly different marine regions 
(Rodríguez-Marconi et al., 2015; Steinert et al., 2016; Thomas et al., 2016). Regarding the 
six newly studied sponges, in four of them (i.e., C. reinwardti, H. amboinensis, H. fascigera, 

C. schulzei) all prokaryotic phyla were also found in other sponge species belonging to the 
same sponge genera (Sipkema et al., 2009; Erwin et al., 2011; Cleary et al., 2013; Khan et 
al., 2013; Naim et al., 2014; Alex and Antunes, 2015a; Jasmin et al., 2015; Thomas et al., 
2016). In contrast, three additional bacterial phyla (i.e., Actinobacteria, Firmicutes, 

Planctomycetes) have not been found to be associated with the genus Terpios in a previous 
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study (Tang et al., 2011). 
 
Furthermore, we exhibited that members of the Thaumarchaeota were associated with a wide 
range of present Vietnamese sponges and that Thaumarchaeota accounted for a high relative 
abundance (> 10%) in over half of the prokaryotic communities (15 out of 27 samples). This 
phylum has also been detected in many other sponge taxa from the Pacific, Atlantic, Antarctic 
ocean, Mediterranean Sea, Caribbean and Floridian reefs as well as in cold-water sponges 
(Webster et al., 2001b; Margot et al., 2002; Lee et al., 2011; Radax et al., 2012; Dupont et 
al., 2013; Cuvelier et al., 2014; Polónia et al., 2014; Alex and Antunes, 2015a; Rodríguez-
Marconi et al., 2015), and with particular high abundances in deep-sea sponges that generally 
exceed relative abundances in the seawater (Jackson et al., 2013; Kennedy et al., 2014). 
Members of the Thaumarchaeota - formerly Marine Group I Crenarchaeota - are capable of 
oxidizing ammonia and play an important role in the nitrogen cycle in marine environments 
(Capone et al., 2008; Prosser and Nicol, 2008; Ward, 2011). These ammonia-oxidizing 
archaea are the primary ammonia-oxidizing components in marine systems, displaying amoA 
abundances of up to 108 copies L-1 (Wuchter et al., 2006; Tolar et al., 2013). It has been 
reported that nitrogen input such as ammonia is one of the factors influencing the abundance 
of Thaumarchaeota (Herfort et al., 2007; Kirchman et al., 2007; Hatzenpichler, 2012; Hong 
and Cho, 2015; Oton et al., 2015). The environmental monitoring data at the sampling 
locations from our study revealed varying concentrations of inorganic nitrogen. For example, 
the ammonia concentration varied from 0.05 to 0.3 mg/L in Quang Tri, from 0.03 - 0.1 mg/L 
in Lang Co bay and was lowest (0.003 to 0.008 mg/L) in Hon Mun island as this island is in 
the protected area (Linh et al., 2015; QCEEM, 2015; MONRE, 2016). However, besides 
nitrogen input, other environmental factors may influence the abundance of Thaumarchaeota 
lineages, such as pH, depth, oxygen levels, as well as other organic substrates (Di et al., 2010; 
Verhamme et al., 2011; Isobe et al., 2012; Tolar et al., 2013; Yao et al., 2013; Hong and Cho, 
2015). 
 
Finally, Bray-Curtis dissimilarity analysis of the prokaryotic communities in those sponge 
species with replicates (i.e., Axinyssa sp., C. reinwardti, Dactylospongia sp., H. amboinensis, 
Spirastrella sp., and X. testudinaria) showed similar pattern of host-specificity, which was 
already found in other studies (e.g., Pita et al., 2013b; Easson and Thacker, 2014; Naim et 
al., 2014; Steinert et al., 2016; Thomas et al., 2016). In addition, specimens sampled from 
different locations at different time points still clustered together, supporting earlier 
observations of stable host-specific prokaryotic communities despite geographic and 
temporal differences (Taylor et al., 2007; Pita et al., 2013b; Hardoim and Costa, 2014; Erwin 
et al., 2015). 
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Figure 3. Heatmap of the most abundant OTUs (≥2.5% of the total reads in at least one of 
the samples). Samples were grouped using hierarchical clustering based on the Bray–Curtis 
distance matrix calculated from the relative abundances of these OTUs. If applicable, OTU 
taxonomy was assigned to the phylum (p), class (c), order (o), family (f), or genus (g) by NG-
tax. The blue colors of OTU names indicate that these OTUs significantly enriched in the 
sponge microbiome project database (http://www.spongeemp.com). 
 
Sponge-enriched OTUs 
Previous studies have identified “sponge-specific” and/or “sponge coral-specific” clusters 
based on monophyletic 16S rRNA gene clusters derived from sponge-associated 
microorganisms (Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012b; Steinert 
et al., 2014). However, many prokaryotic members of sponge-specific clusters were also 
found in seawater and sediment samples, albeit at low abundances, therefore these clusters 
should be considered as “sponge-enriched” instead of “sponge-specific” (Taylor et al., 2013; 
Thomas et al., 2016). Approximately half of the most abundant OTUs in the present study 
are significantly enriched in sponges belonging to the large collection of sponge microbiome 
project specimens (Moitinho-Silva et al., 2017b). These sponge-enriched OTUs belong to 
certain phyla and classes (e.g., Alphaproteobacteria, Gammaproteobacteria, 
Deltaproteobacteria, Deferribacteres, Gemmatimonadetes, Nitrospirae, Thaumarchaeota), 
which comprised many “sponge-specific” sequences in past studies (Taylor et al., 2007; 
Simister et al., 2012b). At lower taxonomic levels, many sponge-enriched OTUs represent 
still uncultured prokaryotes; hence their ecological functions are still unknown (e.g., Sva0996 

marine group, Sh765B-TzT-29, PAUC34f, Marine Group I). While uncultured, these taxa are 
often associated with sponge hosts (Moitinho-Silva et al., 2014a; Thomas et al., 2016; 
Steinert et al., 2017; Verhoeven et al., 2017). In contrast, other sponge-enriched OTUs in our 
study belong to known nitrification and denitrification related prokaryotic taxa (e.g., 
Nitrosomonadaceae, Desulfurellaceae, Nitrospinaceae, Nitrosococcus, Nitrospira), 
suggesting that these symbionts may play a role in nitrogen cycling processes. 
 
Aerobic nitrification in Vietnamese sponges 
Ammonia is known as metabolic waste products excreted by sponge cells, and the microbial 
nitrifiers may be key components in ammonia waste removal (e.g., Jiménez and Ribes, 2007; 
Bayer et al., 2008a; Hoffmann et al., 2009). Taxonomic analysis of OTUs at lower levels 
showed that a large number of OTUs (n = 78) belonged to prokaryotic taxa whose 
representatives are known aerobic nitrifiers: Candidatus Nitrosopumilus (AOA), 
Nitrosococcus, Nitrosomonadaceae (AOB), and Nitrospira (NOB: nitrite-oxidizing bacteria) 
(Supplementary Figure S6). Recent studies have demonstrated that some Nitrospira are also 
capable of performing complete ammonium oxidation (Comammox) (e.g., Daims et al., 
2015; Van Kessel et al., 2015; Pinto et al., 2016). These OTUs were found in most of the 
Vietnamese sponges studied here (17 out of 18 species and 26 out of 27 samples), of which 
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some species harbored a large proportion (> 20% in prokaryotic communities) of these taxa 
(i.e., Amphimedon sp. 1, T. aploos, C. schulzei, Haplosclerida sp., H. amboinensis, 
Niphatidae sp.). However, the sponges investigated harbored different prokaryotic partners 
putatively able to perform aerobic nitrification: Amphimedon sp. 1, C. schulzei, 
Haplosclerida sp., and Niphatidae sp. predominantly hosted Nitrosomonadaceae, T. aploos 
Nitrosococcus, H. amboinensis Candidatus Nitrosopumilus, and Dactylospongia sp. 
Nitrospira. To date, all AOA found by these studies belonged to the phylum 
Thaumarchaeota, including the genera Nitrosopumilus and Cenarchaeum, whereas the NOB 
detected in sponges mostly belonged to Nitrospira (Kowalchuk and Stephen, 2001; Steger et 
al., 2008; Hoffmann et al., 2009; Turque et al., 2010; Cuvelier et al., 2014; Kennedy et al., 
2014; Pfister et al., 2014; Medema et al., 2015; Feng et al., 2016). In addition, Nitrosospira 

(AOB) was found in specimens Aplysina aerophoba from the Mediterranean Sea (Bayer et 
al., 2008a). Overall, these findings suggest that nitrification is an important microbial process 
in marine sponges. The appearance of abundant OTUs related to prokaryotic taxa known for 
nitrification in Vietnamese sponges further supports this idea. 
 
Conclusion 
 
In our present study we investigated the sponge-associated prokaryotic composition of 18 
sponge species collected from the central coastal region of Vietnam. Our study highlights the 
prokaryotic diversity associated with Vietnamese sponges as well as the pattern of host-
specificity among samples with replicates. The presence of OTUs significantly enriched in 
sponge microbiome database supports the general consensus that sponges host certain 
prokaryotic taxa that are not found or found only in a few samples of other environments. In 
addition, our study reveals the presence of prokaryotic taxa particularly known for 
nitrification, which indicates nitrification might be an important microbial process in sponge 
hosts.  
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Supplementary Table S4. Kruskal-Wallis analysis of the prokaryotic alpha diversity indices 
of sponge-species with duplicates. The Kruskal-Wallis test was performed using 
function kruskal.test within the FSA package in R. Significant differences are highlighted in 
bold. 
 

Index df Kruskal-Wallis chi-squared p-value 

Richness 5 11.837 0.03709 

Shannon 5 11.967 0.03525 

Evenness 5 13.087 0.02257 

Inverse Simpson 5 12.742 0.02592 

 
Supplementary Table S5. Multivariate analysis of the influence of host-identity on their 
prokaryotic communities for sponge-species with replicates. Multivariate analyses were 
performed using the functions betadisper, permutest, and the permutational multivariate 
analysis of variance function (adonis) of the vegan package in R. Significant differences are 
highlighted in bold. 
 

 

Betadisper 

df Sum Sq Mean Sq F-value p-value 

Sponge-species group 5 0.044123 0.008825 2.4873 0.1019 

Residuals 9 0.031931 0.003548   

Total 14 0.076054    

 

Adonis 

df Sum Sq Mean Sq R2 p-value 

Sponge-species group 5 4.6035 0.92069 0.94 0.000999 

Residuals 9 0.2936 0.03263 0.06  

Total 14 4.8971  1  

 



Chapter 2 

56 
 

 

Supplementary Figure S1. Phylogenetic tree based on 18S rRNA gene sequences (>1700 
bp sequences) of sponge specimens in this study (green bold font) and their closest sequences 
derived from NCBI (black). The sequences were aligned using MAFFT (v.7.222) with the 
FFT-NS-i strategy. The phylogenetic tree was constructed using RAxML version 7.2.6 with 
the GTRGAMMA model and 1000 bootstrap replicates. Bootstrap value < 50 are not shown. 
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Supplementary Figure S2. Phylogenetic tree based on COI gene sequences (>600 bp 
sequences) of sponge specimens in this study (green bold font) and their closest sequences 
derived from NCBI (black). The sequences were aligned using MAFFT (v.7.222) with the 
FFT-NS-i strategy. Phylogenetic tree was constructed using RAxML version 7.2.6 with the 
GTRGAMMA model and 1000 bootstrap replicates. Bootstrap value < 50 are not shown. 
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Supplementary Figure S3. Rarefaction curves indicating the average observed species for 
the different samples using QIIME script alpha_rarefaction.py. 
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Supplementary Figure S4. Heatmap and bar chart of archaeal OTUs 
(phylum Thaumarchaeota) in different sponges. OTU taxonomy was assigned by NG-tax. 
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Supplementary Figure S5. Dendrogram displaying Bray-Curtis dissimilarity among sponge 
prokaryotic communities at OTU level. The hierarchical clustering based on Bray-Curtis 
similarity was calculated using the vegdist (method = “bray”) function of the vegan package 
in R version 3.3.1. 
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Supplementary Figure S6. Heatmap and bar chart of OTUs belonging to known nitrification 
taxa in different sponges. OTU taxonomy was assigned by NG-tax. 
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Abstract 
 
This study aimed to assess the diversity and antimicrobial activity of cultivable bacteria 
associated with Vietnamese sponges. In total, 460 bacterial isolates were obtained from 18 
marine sponges. Of these, 58.3% belonged to Proteobacteria, 16.5% to Actinobacteria, 
18.0% to Firmicutes, and 7.2% to Bacteroidetes. At the genus level, isolated strains belonged 
to 55 genera, of which several genera, such as Bacillus, Pseudovibrio, Ruegeria, Vibrio, and 
Streptomyces, were the most predominant. Culture media influenced the cultivable bacterial 
composition, whereas, from different sponge species, similar cultivable bacteria were 
recovered. Interestingly, there was little overlap of bacterial composition associated with 
sponges when the taxa isolated were compared to cultivation-independent data. Subsequent 
antimicrobial assays showed that 90 isolated strains exhibited antimicrobial activity against 
at least one of seven indicator microorganisms. From the culture broth of the isolated strain 
with the strongest activity (Bacillus sp. M1_CRV_171), four secondary metabolites were 
isolated and identified, including cyclo(L-Pro-L-Tyr) (1), macrolactin A (2), macrolactin H 
(3), and 15,17-epoxy-16-hydroxy macrolactin A (4). Of these, compounds 2–4 exhibited 
antimicrobial activity against a broad spectrum of reference microorganisms. 
 
Introduction 
 
Antimicrobial resistance decreases the possibilities for prevention and treatment of infectious 
diseases caused by viruses, bacteria, parasites, and fungi. Factors listed as causes for the 
rising prevalence of antibiotic resistance include over-prescription of antibiotics both in 
hospitals and agriculture, poor infection control in hospitals and clinics, lack of hygiene, and 
poor sanitation (Cantón et al., 2013; Manyi-Loh et al., 2018; Collignon and Beggs, 2019; 
Malik and Bhattacharyya, 2019; Saleem et al., 2019). Thus, antibiotic resistance has 
considerable social and economic impact by the increase of morbidity and mortality of 
infectious diseases. Currently, it is estimated that approximately 700,000 people die every 
year from drug-resistant infections. By 2050, antibiotic resistance may attribute to 10 million 
deaths worldwide each year and trigger an economic loss of up to 100 trillion US dollars 
(O'Neill, 2014). While antibiotic resistance increases, only a limited number of new 
antibiotics have been discovered and approved for medical treatment (Taylor and Wright, 
2008). Therefore, increasing efforts towards discovery and exploitation of novel 
antimicrobial compounds are urgently needed. 
 
Modifications of existing drugs are often not effective enough to overcome the mutation rate 
of microbial pathogens and do not lead to the introduction of new classes of antimicrobial 
compounds (Projan, 2003). In addition, chemical synthesis and semi-synthesis approaches of 
new antimicrobial compounds and their analogues are hindered by the complexity of the 
molecules and low yield (Breitling and Takano, 2016; Kunakom and Eustáquio, 2019). 
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Therefore, the discovery of novel antimicrobial compounds from the biosphere remains an 
important avenue for finding our future antibiotics. 
 
The terrestrial environment has been the main source of new antibiotics in recent decades. 
However, re-discovery of known compounds has limited the development of new drugs from 
the terrestrial environment for treating infectious diseases (Taylor and Wright, 2008). The 
marine environment encompasses several of the richest ecosystems on Earth, with an extreme 
diversity of life forms. However, its bioactive compounds have been largely unexplored 
(Hughes and Fenical, 2010; Montaser and Luesch, 2011; Choudhary et al., 2017). Of marine 
organisms, sponges (phylum Porifera) are considered the most promising source of bioactive 
natural products and contribute about 30% of the known marine natural products (Mehbub 
et al., 2014; Carroll et al., 2019). Furthermore, sponge-derived compounds exhibit a wide 
spectrum of biological properties, including antimicrobial, anticancer, anti-inflammatory, 
immunosuppressive, and neurosuppressive activity (Sipkema et al., 2005; Mehbub et al., 
2014; Jaspars et al., 2016; Carroll et al., 2019). However, the low concentration of sponge-
derived compounds in their tissues has led to issues with supply and halted preclinical and 
clinical studies of many promising therapeutic drug candidates (Proksch et al., 2003). 
 
To date, of many sponge-derived secondary metabolites, the true origin is unknown. The 
secondary metabolites could be produced by the sponges, by their microbial symbionts, or 
by the cooperation between sponges and symbionts (Wagner-Döbler et al., 2002). 
Interestingly, several studies have highlighted that many bioactive compounds from sponges 
might be of bacterial origin due to the structural similarity of the molecules to compounds 
found in terrestrial microorganisms (Thoms and Schupp, 2005; Taylor et al., 2007; Fuerst, 
2014). For example, it is now known that polybrominated biphenyl ether antibiotics isolated 
from the sponge Dysidea herbacea are actually produced by the endosymbiotic 
cyanobacterium Oscillatoria spongeliae (Newman and Hill, 2006). The antifungal peptide 
theopalauamide isolated from the marine sponge Theonella swinhoei has been found to be 
contained in a δ-proteobacterial symbiont (Schmidt et al., 1998). Furthermore, recent studies 
have confirmed that sponge-associated microorganisms are a valuable source of 
antimicrobial compounds with potent biological activity and diverse structural features, 
which make these microbial communities promising sources of novel antimicrobials (Laport 
et al., 2009; Fuerst, 2014; Juliana et al., 2014; Santos-Gandelman et al., 2014; Indraningrat 
et al., 2016). Thus, obtaining the sponge-associated bacterial producers of these compounds 
as pure cultures presents a way to overcome the supply issue. 
 
A previous study based on cultivation-independent methods showed a high diversity of the 
prokaryotic communities associated with Vietnamese sponges (Dat et al., 2018). To explore 
the antimicrobial activity from sponge-associated bacteria, in this study, we aimed to isolate 
bacteria and screen the antimicrobial activity from 18 Vietnamese sponge species. The strain 
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(Bacillus sp. M1_CRV_171) with the highest antimicrobial activity was then subjected to 
isolation and purification of antimicrobial compounds. 
 
Materials and Methods  
 
Collection and identification of sponges 
Sponge specimens were collected by Scuba diving from May to September 2015 from the 
central coastal region of Vietnam at 5–10 m depth and identified using molecular markers 
(18S rRNA and cytochrome oxidase I (COI) genes) in a previous study: Axinyssa sp., 
Xestospongia testudinaria, Clathria reinwardti, Spirastrella sp., Dactylospongia sp., 
Haliclona amboinensis, Cinachyrella schulzei, Niphatidae sp., Haliclona fascigera, 
Amphimedon sp. (1), Amphimedon sp. (2), Haplosclerida sp., Rhabdastrella globostellata, 
Spheciospongia sp., Halichondria sp., Tedania sp., Terpios aploos, and Axos cliftoni (Dat et 
al., 2018). 
 
Isolation of bacteria from sponges 
The sponge specimens were rinsed three times with sterile seawater to remove bacteria 
attached to the surface of sponges. The specimens were then further cleaned with a sterile 
scalpel in order to remove sediment and other organisms attached to the sponge. A piece of 
sponge specimen (~1 cm3) was crushed with a sterile mortar and pestle and then homogenized 
in 10 volumes of sterile seawater. The cell suspension was serially diluted till 10−6 and 
subsequently plated onto seven different media: MA (0.5% peptone, 0.1% yeast extract, 1.5% 
agar) (modified from Weiner et al., 1985); M1 (1.0% starch, 0.4% yeast extract, 0.2% 
peptone, 1.5% agar) (modified from Mincer et al., 2002); R2A (0.05% yeast extract, 0.05% 
glucose, 0.05% peptone, 0.05% casein hydrolysate, 0.05% starch, 0.03% sodium pyruvate, 
0.03% K2HPO4, 0.005% MgSO4, 1.5% agar) (modified from Reasoner and Geldreich, 1985); 
SCA (0.5% starch, 0.002% casein, 0.1% KNO3, 0.1% NaCl, 0.1% K2HPO4, 0.5 mL/L MgSO4 
100 mM; 0.5 mL/L FeSO4 100 mM, 0.5 mL/L CaCO3 100 mM, 1.5% agar) (modified from 
Kuster and William, 1964); AIA (0.01% peptone, 0.001% L-asparagine, 0.4% sodium 
propionate, 0.005% K2HPO4, 0.001% MgSO4, 0.001 g/L FeSO4, 1 mL/L glycerol, 1.5% agar) 
(Sipkema et al., 2011); OLIGO (0.05% yeast extract, 0.05% tryptone, 0.01% sodium 
glycerolphosphate, 1.5% agar) (Olson et al., 2000); SWA (1.5% agar). Nalidixic acid and 
cycloheximide were supplemented into culture media at concentrations of 100 µg/L and 25 
µg/L, respectively, to reduce growth of fast-growing Gram-negative bacteria and fungi. All 
culture media were prepared with sterile natural seawater at pH 7.8 and all plates were 
produced in triplicate and incubated for 3–5 days at 30 °C. The pure cultures were obtained 
by streaking on agar plates and were stored with 20% glycerol (v/v) at −80 °C at the 
Mientrung Institute for Scientific Research, Hue city, Thua Thien Hue province, Vietnam. 
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Screening for antimicrobial activity of the isolates  
The isolates (n = 460) were incubated in M1 broth under aerobic conditions on a rotary shaker 
(150 rpm) at 30 °C until they reached the stationary phase, then the cultures were centrifuged 
at 14,000× g for 10 min. The cell-free supernatants were used for screening their 
antimicrobial activity. 
 
Antimicrobial activity of the isolates was tested against seven indicator strains, including 
Gram positive bacteria: Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 25923, 
Enterococcus faecalis ATCC 29212, Gram negative bacteria: Escherichia coli ATCC 25922, 
Pseudomonas aeruginosa ATCC 27853, Salmonella enterica ATCC 13076, and the yeast 
Candida albicans ATCC 10231 using the agar well diffusion method. The indicator bacteria 
were grown in nutrient broth (NB), whereas the yeast was grown in potato dextrose agar 
(PDA). All indicator strains were grown aerobically on a rotary shaker (150 rpm) overnight 
and then the density of the strains in cultures was adjusted to an OD600 of 0.5. Subsequently, 
100 µL of these growing cultures was spread on Mueller-Hinton (MH) agar (for bacteria) 
and RMPI agar supplemented with 2% glucose (for yeast). The agar wells were prepared by 
using a sterilized cork borer (6 mm in diameter). Antimicrobial activity of the isolates was 
examined by adding 100 µL of the cell-free supernatant of each isolate to the wells. For the 
negative controls, 100 µL of the respective sterile, uninoculated liquid media was added to 
the 6 mm wells. For positive controls, Ampicillin (10 µg), Kanamycin (30 µg), and 
Tetracycline (30 µg) were added to the 6 mm wells. The assay was conducted in triplicate 
for each of the indicator strains. 
 
The agar plates were incubated at 35 °C for 24 h (for the indicator bacteria) and 28 °C for 48 
h (for the yeast). After incubation, antimicrobial activity of isolates was determined based on 
the formation of inhibition zones around wells. 
 
Identification of the isolates by 16S rRNA gene analysis 
The glycerol stocks of picked isolates were regrown in the liquid media that were used for 
their initial isolation. The regrown isolates were identified by colony PCR. For cell lysis, the 
liquid cultures (2 mL) were centrifuged at 14,000× g for 10 min and the obtained pellets were 
suspended in 50 µL nuclease-free water. Subsequently, the cell suspension was stored at −20 
°C for 2 h, followed by incubation at 98 °C for 10 min. The 16S rRNA gene of isolates was 
directly amplified with universal primers: 27f and 1492r (Lane et al., 1985) through the 
following PCR program: an initial denaturation at 94 °C for 5 min, followed by 30 cycles of 
denaturation at 94 °C for 1 min, annealing at 56 °C for 50 s, amplification at 72 °C for 1.5 
min, and a final extension at 72 °C for 7 min. The 16S rRNA gene sequencing was carried 
with a ABI PRISM 3100® Genetic Analyzer (Applied Bioscience and Hitachi, Foster city, 
CA, USA) with primers 27f and 907r / 1492r (Lane, 1991) to facilitate alignment with 
Illumina MiSeq sequencing reads that were used to characterize the prokaryotic communities 
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of the sponges previously (Dat et al., 2018). The sequences were quality checked, and low-
quality regions were removed from the sequence ends using BioEdit software v.7.2.6.1. The 
quality-checked sequences of the isolates were compared to available sequences in the NCBI 
GenBank using BLAST v.2.7.1+ (Altschul et al., 1990), with the algorithm megablast and 
the database nt (5 September 2018). 
 
Alpha diversity indices (i.e., observed richness S, Shannon diversity index H, inverse 
Simpson In, Pielou’s evenness J) were calculated in R v.3.0.3 with the vegan package 
(Oksanen et al., 2016; R Core Team, 2016). The relative abundance of the cultivable 
bacteria at the genus level from different sponge species and media was visualized with 
JColorGrid (Joachimiak et al., 2006). 
 
To compare the sequences of the isolates to the cultivation-independent fraction, 16S rRNA 
gene sequences of the isolates in this study were blasted against Illumina MiSeq sequences 
of prokaryotic OTUs from the same sponge specimens described in the previous study (Dat 
et al., 2018) using a BLAST search (Altschul et al., 1990). A match was defined as sequences 
shared between the cultivation-dependent fraction and cultivation-independent fraction if 
their identity was 100%. The relative abundance of the shared OTUs from the cultivation 
fraction and cultivation-independent fraction was visualized with JColorGrid (Joachimiak 
et al., 2006). 
 
Cultivation, extraction, and isolation of secondary metabolites 
The strain Bacillus sp. M1_CRV_171 was cultured in a 250 mL flask containing 125 mL M1 
broth at 30 °C for 48 h in a shaking incubator. The culture was transferred to a 5 L bioreactor 
(BioFlo 120, Eppendorf, Hamburg, Germany) containing 2.5 L M1 broth with an inoculum 
of 5% (v/v). The reactor was operated at 30 °C with agitation of 150 rpm for 48 h. 
Subsequently, the culture was used to inoculate a 100 L bioreactor (BioFlo 610, Eppendorf, 
Hamburg, Germany) containing 50 L M1 medium with an inoculum 5% (v/v). The reactor 
was operated at 30 °C with agitation of 150 rpm for 7 days. The culture broth (50 L) was 
extracted with ethyl acetate (25 L × 3 times) at room temperature. The ethyl acetate extract 
was concentrated under a reduced pressure to yield 11.0 g of crude residue. The residue was 
subjected to a silica gel chromatography column (CC) (Kiesel gel 60, 70–230 mesh, and 230–
400 mesh, Merck, Germany) and eluted with a dichloromethane/methanol gradient (100/1 to 
1/100, v/v) to give seven fractions VKB1-VKB7. The fraction VKB2 was chromatographed 
on an RP-18 column (30–50 μm, Fuji Silysia Chemical Ltd., Kasugai Aichi, Japan) and 
eluted with methanol/water (1/1, v/v) to obtain compound 2 (17.8 mg) and a subfraction 
VKB2.1. Compound 1 (6.3 mg) was obtained from fraction VKB2.1 by silica gel CC, eluted 
with dichloromethane/methanol (30/1, v/v). The fraction VKB3 was subjected to a silica gel 
CC and eluted with dichloromethane/methanol (30/1, v/v) to give two smaller fractions 
VKB3.1-VKB3.2. The fraction VKB3.1 was further separated on an RP-18 column and 
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eluted with methanol/water (1.5/1, v/v) to give compound 3 (3.7 mg). Compound 4 (3.4 mg) 
was purified from the fraction VKB3.2 on an RP-18 column eluted with methanol/water 
(1.5/1, v/v). 
 
The electrospray ionization mass spectra (ESI-MS) of the compounds were recorded on a 
MicroQ-TOF III mass spectrometer (Bruker Daltonics, Bremen, Germany), and the NMR 
spectra (1H NMR, 13C NMR, HMBC, HSQC) of the compounds were recorded on a Bruker 
Avance III HD 500 FT NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany) with 
TMS as an internal standard. The optical rotations were recorded on a JASCO P-2000 digital 
polarimeter (JASCO, Tokyo, Japan). The structures of the isolated compounds were 
elucidated by the examination of their ESI-MS, NMR spectra and compared with reported 
data. 
 
Compound 1 (Cyclo(L-Pro-L-Tyr)): white solid; ESI-MS m/z 261.1 [M+H]+; [α]D

24 = -17.5 
(c 0.05, MeOH); 1H NMR (500 MHz, CD3OD) δH (ppm): δH 1.82 (2H, m, H-4), 2.11 (2H, 
m, H-5), 3.07 (2H, m, H-10), 3.37 (1H, m, Ha-3), 3.57 (1H, m, Hb-3), 4.07 (1H, m, H-6), 4.37 
(1H, m, H-9), 6.72 (2H, d, J = 8.5 Hz, H-3’, 5’), 7.05 (2H, d, J = 8.5 Hz, H-2’, 6’); 13C NMR 
(125 MHz, CD3OD) δC (ppm): δC 22.7 (C-4), 29.3 (C-5), 37.6 (C-10), 45.9 (C-3), 57.9 (C-
9), 60.0 (C-6), 116.2 (C-3’, 5’), 127.6 (C-1’), 132.1 (C-2’, 6’), 157.6 (C-4’), 166.9 (C-1), 
170.8 (C-7). 
 
Compound 2 (Macrolactin A): amorphous solid; ESI-MS m/z 403.2 [M+H]+; [α]D

24 = -8.3 (c 
0.10, MeOH); 1H NMR (500 MHz, CD3OD) δH (ppm): δH 1.27 (3H, d, J = 6.5 Hz, H-24), 
1.52 (2H, m, H-21), 1.59 (1H, m, Ha-22), 1.63 (2H, m, H-14), 1.65 (1H, m, Hb-22), 2.12 (1H, 
m, Ha-20), 2.20 (1H, m, Hb-20), 2.34 (1H, m, Ha-12), 2.44 (2H, m, H-6), 2.50 (1H, m, Hb-
12), 3.87 (1H, m, H-13), 4.28 (1H, m, H-7), 4.32 (1H, m, H-15), 5.02 (1H, m, H-23), 5.55 
(1H, m, H-11), 5.56 (1H, m, H-2), 5.57 (1H, m, H-16), 5.66 (1H, m, H-19), 5.77 (1H, dd, J 
= 6.0, 15.0 Hz, H-8), 6.05 (1H, m, H-18), 6.10 (1H, m, H-17), 6.13 (1H, m, H-10), 6.19 (2H, 
m, H-5), 6.58 (1H, dd, J = 11.0, 15.0 Hz, H-9), 6.65 (1H, t, J = 11.5 Hz, H-3), 7.23 (1H, m, 
H-4); 13C NMR (125 MHz, CD3OD) δC (ppm): δC 20.1 (C-24), 25.6 (C-21), 32.9 (C-20), 36.1 
(C-22), 36.4 (C-12), 42.8 (C-6), 43.9 (C-14), 69.2 (C-13), 69.8 (C-15), 72.2 (C-23), 72.3 (C-
7), 117.9 (C-2), 125.9 (C-9), 128.4 (C-11), 130.2 (C-4), 131.2 (C-17), 131.3 (C-10), 131.7 
(C-18), 135.1 (C-19), 135.2 (C-16), 137.5 (C-8), 142.1 (C-5), 144.9 (C-3), 168.0 (C-1). 
 
Compound 3 (Macrolactin H): amorphous solid; ESI-MS m/z 377.3 [M+H]+; [α]D

24 = -24.6 
(c 0.05, MeOH); 1H NMR (500 MHz, CD3OD) δH (ppm): δH 1.27 (3H, d, J = 6.5 Hz, H-22), 
1.40 (2H, m, H-19), 1.58 (1H, m, Ha-12), 1.59 (2H, m, H-14), 1.65 (1H, m, Ha-20), 2.08 (2H, 
m, H-18), 2.33 (1H, m, Hb-12), 2.45 (2H, m, H-6), 4.26 (1H, m, H-15), 4.28 (1H, m, H-21), 
4.32 (1H, m, H-13), 4.98 (1H, m, H-7), 5.46 (1H, m, H-11), 5.55 (2H, m, H-2, 16), 5.59 (1H, 
m, H-4), 5.63 (1H, m, H-10), 5.65 (2H, m, H-3, 17), 5.76 (1H, m, H-8), 6.17 (1H, m, H-5), 
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6.75 (1H, m, H-9); 13C NMR (125 MHz, CD3OD) δC (ppm): δC 166.3 (C-1), 118.0 (C-2), 
144.8 (C-3), 130.4 (C-4), 141.7 (C-5), 42.5 (C-6), 72.0 (C-7), 137.2 (C-8), 126.1 (C-9), 131.0 
(C-10), 134.7 (C-11), 36.5 (C-12), 69.7 (C-13), 44.6 (C-14), 70.2 (C-15), 128.3 (C-16), 131.7 
(C-17), 32.9 (C-18), 25.9 (C-19), 36.6 (C-20), 70.8 (C-21), 20.1 (C-22). 
 
Compound 4 (15,17-epoxy-16-hydroxy macrolactin A): amorphous powder; ESI-MS m/z 
419.3 [M+H]+; [α]D

24 = -37.2 (c 0.01, MeOH); 1H NMR (500 MHz, CD3OD) δH (ppm): δH 
1.28 (3H, d, J = 6.0 Hz, H-24), 1.40 (1H, m, Ha-14), 1.52 (2H, m, H-21), 1.67 (2H, m, H-22), 
1.99 (1H, m, Hb-14), 2.05 (1H, m, Ha-20), 2.11 (1H, m, Hb-20), 2.13 (1H, m, Ha-12), 2.42 
(1H, m, Ha-6), 2.51 (1H, m, Hb-6), 2.57 (1H, m, Hb-12), 2.94 (1H, t, J = 9.0 Hz, H-16), 3.46 
(2H, m, H-13, 17), 3.54 (1H, m, H-15), 4.27 (1H, m, H-7), 4.98 (1H, m, H-23), 5.46 (1H, m, 
H-11), 5.54 (1H, d, J = 11.5 Hz, H-2), 5.64 (1H, m, H-8), 5.67 (1H, m, H-18), 5.70 (1H, m, 
H-19), 6.07 (1H, t, J = 11.0 Hz, H-10), 6.27 (1H, m, H-5), 6.56 (1H, dd, J = 11.0, 15.0 Hz, 
H-9), 6.67 (1H, t, J = 11.5 Hz, H-3), 7.25 (1H, m, H-4); 13C NMR (125 MHz, CD3OD) δC 
(ppm): δC 19.8 (C-24), 26.6 (C-21), 34.4 (C-20), 35.1 (C-12), 36.8 (C-22), 40.8 (C-14), 42.7 
(C-6), 72.9 (C-23), 73.1 (C-7), 73.9 (C-15), 76.0 (C-13), 77.7 (C-16), 80.2 (C-17), 118.2 (C-
2), 127.7 (C-9), 129.1 (C-18), 129.5 (C-11), 130.6 (C-4), 131.4 (C-10), 132.2 (C-19), 136.2 
(C-8), 141.4 (C-5), 144.6 (C-3), 168.2 (C-1). 
 
Antimicrobial activity of the secondary metabolites 
Antimicrobial activities of the isolated secondary metabolites 1–4 were tested against a broad 
spectrum of reference microorganisms. Besides the seven reference microorganisms used for 
antimicrobial screening assays of isolated strains (see above), antimicrobial activity was 
evaluated against several microbial plant and aquaculture pathogens isolated in Vietnam: P. 
putida MISR 71218, Rhodococcus sp. MISR 16518, B. cereus MISR 12818, Vibrio 

parahaemolyticus MISR 21116, V. vulnificus MISR 20716, V. alginolyticus MISR 30816, 
Aspergillus niger MISR-11215, Fusarium oxisporum MISR 20415, and Rhizoctonia solani 
MISR 11115. 
 
MICs of the secondary metabolites against reference microorganisms were determined using 
the broth microdilution method. Determination of MICs of the isolated compounds against 
the indicator bacteria was performed according to recommendations of the European 
Committee on Antimicrobial Susceptibility Testing (EUCAST) discussion document E.Dis 
5.1 (EUCAST, 2003). Briefly, the isolated compounds were dissolved in dimethyl sulfoxide 
(DMSO) and serially two-fold diluted in MH broth to a concentration range that was twice 
the desired final concentration (0.5–512 µg/mL) and obtained by adding an equal volume of 
indicator bacteria cell suspension (see below). 100 µL of the compound solutions were added 
to wells of 96-well plates. The indicator Bacteria were then incubated overnight in NB on a 
rotary shaker (150 rpm) at 37 °C, then the density of strains was adjusted to a McFarland 
standard of 0.5, which contains approximately 1.5 × 108 CFU/mL (range 1–2 × 108 CFU/mL). 
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The bacterial solution was subsequently diluted 150-fold in MH broth to reach a starting 
inoculum of 1 × 106 CFU/mL. Finally, 100 µL of this inoculum was added to wells containing 
100 µL of the compound solution (see above) to obtain a final inoculum of 5 × 105 CFU/mL. 
The plates included growth control wells (inoculated in compound-free medium) and sterile 
(uninoculated) wells. The plate was incubated at 37 °C for 24 h, then the absorbance at 630 
nm was measured using a microplate reader. The MIC was defined as the lowest 
concentration of a compound, at which there was no visible growth of indicator bacteria. 
 
Determination of MICs of the isolated compounds against the yeast (C. albicans) was 
performed as recommended in the EUCAST definitive document E.DEF 7.3 (Arendrup et 
al., 2015a). The isolated compound solutions were diluted to the same concentrations (0.5–
512 µg/mL) as the antibacterial assay in double strength RPMI 1640 broth (with L-glutamine 
and a pH indicator but without bicarbonate), supplemented with glucose to a final 
concentration of 2% (RPMI 2% G), similar to the above-described concentrations. The yeast 
strain was grown on PDA at 35 °C for 48 h, then colonies were suspended in 10 mL distilled 
water. The suspension was homogenized by vortexing for 15 s. Subsequently, the cell density 
was adjusted to the 0.5 McFarland standard, which contains approximately 1–5 × 106 
CFU/mL by measuring the absorbance at a wavelength of 530 nm. The yeast solution was 
diluted 10-fold in sterile distilled water to obtain a starting inoculum of 1–5 × 105 CFU/mL, 
and 100 µL of this inoculum was then added to wells containing 100 µL of the compound 
solution (see above) to obtain a final inoculum of 0.5–2.5 × 105 CFU/mL. The plates included 
growth control wells (inoculated in compound-free medium) and sterile (uninoculated) wells. 
The plate was incubated at 35 °C for 24 h, then the absorbance at 530 nm was measured using 
a microplate reader. The MICs were defined as the lowest concentration of antifungal 
compounds, at which there was no visible growth of the indicator yeast. 
 
Determination of MICs of the isolated compounds against the filamentous fungi was 
performed as recommended in the EUCAST definitive document E.DEF 9.3 (Arendrup et 
al., 2015b). For the filamentous fungi, the microdilution was performed as described for the 
yeast, with an exception for the preparation of the inoculum. Fungi were grown on PDA at 
28 °C for 5 days, and the fungal colonies were covered with 10 mL distilled water 
supplemented with 0.1% Tween 20, and suspensions were made by scraping the surface with 
a sterile loop. Heavy particles in the suspension were allowed to settle for 15 to 20 min at 
room temperature. The suspension in the upper clear phase was transferred to sterile tubes 
and homogenized by vortexing for 15 s. The suspension was filtered using Whatman filter 
paper no. 1 with a pore size of 11 µm to remove large hyphal fragments. The optical density 
of the suspensions was recorded at 530 nm and then adjusted to transmittance of 80 to 85%. 
The number of colony-forming units was quantified by plating 100 µL of suspension on PDA 
and counting the colonies after incubating at 28 °C for 5 days. The inoculum concentrations 
used ranged from 2 to 5 × 106 CFU/mL. Each suspension was diluted (1:10) with sterile 
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distilled water to obtain the working inoculum concentration of 2 to 5 × 105 CFU/mL. An 
aliquot of 100 µL of this inoculum was then added to wells containing 100 µL of the 
compound solution (see above) to obtain a final inoculum of 1–2.5 × 105 CFU/mL. The plates 
included growth control wells (inoculated in compound-free medium) and sterile 
(uninoculated) wells. The plate was incubated at 28 °C for 48 h, and MICs of the antifungal 
compounds were determined visually as the lowest concentration, at which there was no 
visible growth of the fungi. The antibiotics ampicillin, kanamycin, tetracycline, and 
miconazole were used as positive controls. 
 
Results 
 
Diversity of sponge-associated cultivable bacteria 
In total, agar plates with seven different media yielded 473 bacterial colonies from 18 sponge 
species (Supplementary Table S1). Of these, 460 bacterial colonies were regrown and 
identified by their 16S rRNA gene sequences. The isolated strains included four phyla: 
Proteobacteria (α-, γ- and β-proteobacteria), Actinobacteria, Firmicutes, and Bacteroidetes 
(Figure 1A). Among them, the phylum Proteobacteria was the most predominant (58.3% of 
the isolated strains), followed by Firmicutes (18.0%) and Actinobacteria (16.5%), whereas 
the phylum Bacteroidetes represented 7.2% of the isolated strains. At the genus level, 55 
genera were represented, of which the genera Bacillus, Pseudovibrio, Ruegeria, Vibrio, and 
Streptomyces were the most predominant, each accounting for more than 5% of all isolated 
strains (Figures 1B and 2). The number of bacterial genera recovered from sponges ranged 
from 15 to 21. The composition of cultivable bacteria from different sponges was relatively 
similar at the genus level (Figure 2). 
 
The culture media significantly affected the cultivable bacteria (p-values of 0.21 (Betadisper) 
and <0.001 (Adonis)) (Supplementary Table S2). Although the most abundant genera 
Bacillus, Pseudovibrio, Ruegeria, Vibrio, and Streptomyces were isolated on all cultivation 
media, several genera were only isolated from nutrient-poor media, such as Arthrobacter, 
Curtobacterium, Nonlabens, Tenacibaculum, Exiguobacterium, Anderseniella, 
Pseudoruegeria, Thalassobius, and Alcanivorax (Figure 3). None of the isolated strains 
represented new species as, based on their 16S ribosomal RNA (rRNA) gene sequence, they 
were all 99–100% similar to known strains (Supplementary Table S5). The nutrient-rich 
media resulted in higher numbers of colonies and genera than nutrient-poor media (e.g., 
OLIGO, SWA) (Supplementary Table S1). M1 medium yielded the highest number of genera 
(38), followed by MA medium (35 genera), R2A (33 genera), SCA (30 genera), AIA (27 
genera), and OLIGO (23 genera), and the lowest number of genera was observed with SWA, 
on which 17 genera were recovered (Figure 3). In addition, nutrient-rich media had 
significantly higher richness, Shannon diversity, and Inverse Simpson diversity, while 
nutrient-poor media (i.e., OLIGO, SWA) exhibited higher evenness (Tables S3 and S4). The 
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higher alpha diversity indices for rich media may be partially explained by the higher number 
of colonies obtained from those media (Supplementary Table S1). 

 

Figure 1. Composition of cultivable bacteria associated with sponges at the phylum level (at 
the class level for the phylum Proteobacteria) (A) and the genus level (B). Composition of 
bacteria with antimicrobial activity associated with sponges at the genus level (C). 
 
The 16S rRNA gene sequences from the isolated strains were compared to sequences that 
were generated by direct Illumina MiSeq amplicon sequencing analysis of the same sponge 
samples (Dat et al., 2018). Six OTUs out of 921 OTUs detected by MiSeq sequences were 
also found by cultivation; however, their abundance was distinct for the two methods (Figure 
4). For example, OTU909 (Bacillus), OTU337 (Pseudovibrio), OTU541 (Ruegeria), and 
OTU710 (Pseudoalteromonas) were cultivated from all sponge species; however, these 
OTUs were not detected or detected at very low relative abundance from the same sponge 
species by MiSeq analysis. 
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Figure 2. Heatmap of the composition and relative abundance of cultivable bacteria isolated 
from different sponge species at the genus level. 
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Figure 3. Heat map of the composition and relative abundance of cultivable bacteria isolated 
from different culture media at the genus level. 
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Figure 4. Heat map of relative abundance of shared OTUs recovered by cultivation and 
cultivation-independent approaches (MiSeq). The relative abundance of OTUs in the 
cultivable fraction was calculated for total sequences for all sponge species, whereas the 
relative abundance of OTUs in Illumina MiSeq data was calculated for each sponge species. 
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Antimicrobial activity of isolated strains 
Cell-free supernatants from cultures of all isolated strains (n = 460) were screened for their 
antimicrobial activity against seven indicator microorganisms: Escherichia coli ATCC 
25922, Pseudomonas aeruginosa ATCC 27853, Bacillus subtilis ATCC 6633, 
Staphylococcus aureus ATCC 25923, Candida albicans ATCC 10231, Salmonella enterica 
ATCC 13076, and Enterococcus faecalis ATCC 29212. The cell-free culture supernatants of 
90 isolated strains (nearly 20%) showed antimicrobial activity against one or more of the 
tested indicator microorganisms (Table 1). Among them, the cell-free culture supernatants of 
57 isolated strains exhibited activity against one indicator strain, while 21 isolated strains 
exhibited activity against 2 indicator strains, 8 isolated strains exhibited activity against 3 
indicator strains, 3 isolated strains exhibited activity against 4 indicator strains, and 1 isolated 
strain exhibited activity against 5 tested indicator strains. It was observed that the cell-free 
culture supernatants showed more antimicrobial activity towards Gram-positive bacteria (21 
isolated strains against S. aureus, 26 isolated strains against E. faecalis, and 27 isolated 
strains against B. subtilis) than Gram-negative bacteria (16 isolated strains against P. 

aeruginosa, 17 isolated strains against S. enterica, and 20 isolated strains against E. coli), 
whereas the number of isolated strains exhibiting activity against yeast was the lowest (15 
isolated strains). The identification of the active isolated strains revealed that they belonged 
to 13 genera, with Bacillus, Streptomyces, and Pseudovibrio being predominant with 23.3%, 
18.9%, and 15.6%, respectively (Figure 1C). 
  
Table 1. Antimicrobial activity of isolated bacterial strains. 

Isolated Strains Genus 

Inhibition Zone Diameter (mm) 

Gram-Negative Gram-Positive Yeast 

SE EC PA SA EF BS CA 

MA_AMC_32 Bacillus - - - 10 ± 2 - - - 

MA_AMQ_66 Bacillus - 7 ± 2  - - - 8 ± 3 - 

MA_AXT_69 Bacillus 7 ± 2 - - - - - - 

MA_AXT_70 Bacillus 5 ± 2 - 8 ± 3 6 ± 3 - 8 ± 3 - 

MA_AXC_75 Bacillus - 7 ± 2 - - - - - 

MA_CIS_78 Bacillus - - - - - - 6 ± 2 

M1_CRV_171 Bacillus - 5 ± 2 8 ± 2 7 ± 3 10 ± 3 - 6 ± 2 

M1_DAS_199 Bacillus - - 12 ± 3 - - - - 

M1_HAA_234 Bacillus - - - - 5 ± 1 11 ± 3 7 ± 2 

M1_HAA_246 Bacillus - - - 6 ± 2 - - - 

M1_NIS_274 Bacillus 5 ± 2 - - - - - - 

R2A_NIS_276 Bacillus - - - - - 12 ± 3 - 

R2A_RHG_312 Bacillus - - - 5 ± 2 - - - 

R2A_SPV_326 Bacillus - - 7 ± 2 - 5 ± 2 7 ± 2 - 
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R2A_SPV_338 Bacillus - 4 ± 1 - - 3 ± 1 - 6 ± 2 

SCA_SPS_344 Bacillus - - - - - 4 ± 1 - 

SCA_TES_347 Bacillus - - - - - - 4 ± 1 

AIA_TEA_438 Bacillus - - - - 4 ± 1 - - 

AIA_XES_454 Bacillus - - 15± 3 - - - - 

AIA_XES_458 Bacillus 12 ± 3 - - - - - 10 ± 3 

M1_HAF_272 Bacillus - 10 ± 3 - - - 8 ± 3 - 

AIA_SPV_375 Brevibacterium - - - - 12 ± 3 - - 

AIA_HAS_264 Brevibacterium - - - - - 4 ± 1 - 

M1_AXC_175 Brevibacterium - - - - 6 ± 2 10 ± 3 - 

MA_AMQ_34 Brevibacterium - 8 ± 3 - - - 9 ± 2 - 

R2A_AXC_194 Kocuria 10 ± 4 - - 14 ± 4 - - 7 ± 2 

MA_AMC_87 Microbacterium - - - 6 ± 2 - - - 

R2A_SPS_90 Microbacterium - - - 4 ± 1  - - - 

M1_AXT_2 Microbulbifer - - - 5 ± 1 - - - 

R2A_DAS_4 Microbulbifer - - 3 ± 1 - - - - 

AIA_TES_7 Microbulbifer - 12 ± 4 - - - - - 

R2A_CIS_91 Micrococcus - - - - - - 9 ± 2 

SCA_CLR_217 Micrococcus 8 ± 3 - - - - - - 

M1_AXT_88 Micrococcus 11 ± 3 - - - - - - 

R2A_CRV_10 Micromonospora - - 13 ± 3 - - 8 ± 2 - 

SCA_HAS_11 Micromonospora - - - 6 ± 2  6 ± 2 - 4 ± 1 

M1_AXC_17 Pseudoalteromonas - - - - 8 ± 3 - - 

MA_AMC_15 Pseudoalteromonas 6 ± 2 - - 10 ± 4 8 ± 4 - 4 ± 2 

R2A_CIS_18 Pseudoalteromonas - - - - - 7 ± 2 - 

SCA_CRV_19 Pseudoalteromonas - - - - 6 ± 1 - - 

MA_AMQ_98 Pseudomonas - - 6 ± 2 - - - 4 ± 1 

M1_AXT_131 Pseudomonas - 12 ± 4 - - - - - 

R2A_AXC_259 Pseudomonas - - - - - 6 ± 2 - 

SCA_CLR_279 Pseudomonas - - 9 ± 3 - - - - 

AIA_HAA_313 Pseudomonas - 11 ± 4 - - 9 ± 2 14 ± 4 - 

MA_AMC_93 Pseudovibrio - - - 3 ± 1 - - - 

MA_AMC_33 Pseudovibrio - - 6 ± 3 - - - - 

MA_AMQ_100 Pseudovibrio - - - - 12 ± 4 - - 

MA_AXT_177 Pseudovibrio 13 ± 4 - - 10 ± 3 - - - 

MA_AXC_181 Pseudovibrio 13 ± 4 - - - - - - 

MA_CIS_184 Pseudovibrio 11 ± 4 - - - 8 ± 2 10 ± 3 - 
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MA_CIS_186 Pseudovibrio - - 5 ± 1 - - - - 

MA_CIS_195 Pseudovibrio - - - - - 7 ± 1 - 

MA_CRV_231 Pseudovibrio - 8 ± 3 - - - - - 

M1_DAS_236 Pseudovibrio - 13 ± 3 - - 7 ± 2 10 ± 3 - 

M1_HAA_265 Pseudovibrio - - - - - - 5 ± 1 

R2A_RHG_301 Pseudovibrio - - 6 ± 2 - - - - 

SCA_TES_374 Pseudovibrio 8 ± 2 - - 14 ± 4 - - - 

AIA_TEA_401 Pseudovibrio - 15 ± 4  - - - - - 

MA_AMQ_136 Ruegeria - - 6 ± 2 - - - - 

MA_AXT_139 Ruegeria 4 ± 1 - - 7 ± 2  7 ± 2 13 ± 4 - 

MA_CIS_145 Ruegeria - 13 ± 4 - - 7 ± 2 - - 

M1_DAS_153 Ruegeria 3 ± 1 - - - - - - 

R2A_SPV_381 Ruegeria - 6 ± 2 - - - - - 

MA_AMC_38 Streptomyces - - 3 ± 1 - 8 ± 4 - - 

MA_AMQ_39 Streptomyces 7 ± 2 - - 5 ± 2 - - - 

M1_AXT_41 Streptomyces - 13 ± 3 - - - - - 

M1_CIS_51 Streptomyces - - - 6 ± 2 - 10 ± 3 - 

R2A_CLR_53 Streptomyces - 4 ± 1  - 4 ± 2 - - - 

R2A_DAS_58 Streptomyces - - - - - 8 ± 3 - 

R2A_HAS_60 Streptomyces - - - - 7 ± 2 - - 

SCA_HAF_63 Streptomyces - 9 ± 3 - - - - - 

SCA_RHG_65 Streptomyces - - - 7 ± 2 - - - 

AIA_SPV_83 Streptomyces - 6 ± 2 - - - - - 

AIA_SPS_85 Streptomyces - - - - - 4 ± 2 - 

AIA_TEA_127 Streptomyces - - - - 5 ± 2 - - 

AIA_TES_126 Streptomyces - - - - - 14 ± 4 - 

AIA_TES_125 Streptomyces - 4 ±1  - 7 ± 2 - - - 

OLIGO_XES_128 Streptomyces 3 ± 1 - - - - - - 

SWA_XES_129 Streptomyces - 8 ± 3 - - - 10 ± 3 - 

AIA_SPV_84 Streptomyces - - - - - 10 ± 3 7 ± 2 

MA_AMC_44 Vibrio - - - - 5 ± 3 - 6 ± 2 

R2A_SPS_117 Vibrio - - - - - 8 ± 3 - 

MA_AMQ_46 Vibrio - - - 10 ± 3  - - - 

AIA_TEA_122 Vibrio - - - - 4 ± 2 - - 

M1_RHG_114 Vibrio - - - - - - 4 ± 1 

M1_HAA_109 Vibrio - - 12 ± 3 - - - - 

MA_CIS_55 Vibrio - - - - 5 ± 1 - - 

SCA_TES_120 Vibrio 11 ± 3 - - - 17 ± 3 - - 

M1_CLR_86 Vibrio - - 13 ± 4 - - - - 
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Ampicillin  18 ± 3 20 ± 4 - 25 ± 4 21 ± 3 23 ± 3 na 

Kanamycin  12 ± 2 17 ± 3 - 19 ± 3 18 ± 2 19 ± 2 na 

Tetracycline  10 ± 2 19 ± 3 - 22 ± 3 15 ± 2 21 ± 3 na 

Miconazole  na na na na na na 17 ± 2 

SE—Salmonella enterica ATCC 13076; EC—Escherichia coli ATCC 25922; PA—
Pseudomonas aeruginosa ATCC 27853; SA—Staphylococcus aureus ATCC 25923; EF—
Enterococcus faecalis ATCC 29212; BS—Bacillus subtilis ATCC 6633; CA—Candida 

albicans ATCC 10231; “-“: no inhibition; na: not applicable; values in table: mean ± SD of 
triplicate. 

 
Isolation and identification of the compounds produced by Bacillus sp. M1_CRV_171 
Well diffusion assays revealed that Bacillus sp. M1_CRV_171 was the only isolated strain 
to inhibit five reference strains, including Gram-negative bacteria, Gram-positive bacteria, 
and yeast. Furthermore, this isolated strain was also found in the same sponge by the 
cultivation-independent method (Dat et al., 2018), as the 16S rRNA gene sequence of this 
isolated strain was 100% identical with a bacterial OTU recovered from sponge tissue. 
Therefore, this isolated strain was subjected to isolation of secondary metabolites. 

 

Figure 5. Chemical structures of isolated compounds (1–4) 
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Isolation and purification of ethyl acetate extracts from the culture broth of Bacillus sp. 
M1_CRV_171 led to the isolation of four compounds 1–4 (Figure 5). The structures of these 
compounds were elucidated by the examination of their ESI-MS and NMR (1H NMR, 13C 
NMR, HMBC, HSQC) spectra (Figures S1–S20) and comparison with reported data. The 
compounds were identified as cyclo(L-Pro-L-Tyr) (1) (Wattana-Amorn et al., 2016), 
macrolactin A (2) (Lee et al., 2004; Romero-Tabarez et al., 2006), macrolactin H (3) (Nagao 
et al., 2001), and 15,17-epoxy-16-hydroxy macrolactin A (4) (Mondol et al., 2011). 
 
Antimicrobial activity of the isolated secondary metabolites 
The four compounds isolated from the strain Bacillus sp. M1_CRV_171 were evaluated for 
their antimicrobial activity against a broad spectrum of microorganisms (Table 2). 
 
Table 2. Antimicrobial activity of the isolated compounds 1, 2, 3, and 4. 

Reference Microorganisms 
MIC (µg/mL) 

1 2 3 4 Amp Kan Tet Mic 

Gram negative bacteria 

E. coli ATCC 25922 - 64 16 32 8 16 4 na 

S. enterica ATCC 13076 - - >256 >256 16 64 32 na 

P. aeruginosa ATCC 27853 - 8 64 64 >256 >256 64 na 

P. putida MISR 71218 - 128 128 128 >256 64 64 na 

V. parahaemolyticus MISR 21116 >256 128 64 128 64 32 32 na 

V. vulnificus MISR 20716 - - 128 256 32 64 32 na 

V. alginolyticus MISR 30816 - - 256 128 >256 32 64 na 

Gram positive bacteria 

E. faecalis ATCC 29212 - - >256 >256 8 128 32 na 

S. aureus ATCC 25923 >256 16 32 64 16 16 4 na 

B. subtilis ATCC 6633 - 128 64 64 8 16 32 na 

B. cereus MISR 12818 - 128 64 64 32 16 64 na 

Rhodococcus sp. MISR 16518 - 32 64 128 16 8 32 na 

Fungi 

C. albicans ATCC 10231 - 128 64 64 na na na 32 

A. niger MISR 11215 - 64 64 64 na na na 8 

F. oxisporum MISR 20415 >256 64 64 64 na na na 32 

R. solani MISR 11115 >256 64 64 64 na na na 32 

Amp—ampicillin; Kan—kanamycin; Tet—tetracycline; Mic—miconazole; “-“: no activity; 
na: not applicable. 
 
Compound 1 was inactive against most of the reference strains, except for S. aureus, Vibrio 

parahaemolyticus, Fusarium oxisporum, and Ralstonia solani, with minimum inhibitory 
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concentrations (MICs) > 256 µg/mL. Compounds 2–4 exhibited antimicrobial activity 
against a wide spectrum of reference strains. Compound 2 exhibited antimicrobial activity 
against P. aeruginosa, S. aureus, and Rhodococcus sp., with MICs of 8, 16, and 32 µg/mL, 
respectively. Notably, antimicrobial activity against P. aeruginosa of compound 2 was 
comparable to the positive controls tetracycline (MIC > 64 µg/mL), kanamycin (MIC > 256 
µg/mL), and ampicillin (MIC > 256 µg/mL). Furthermore, compound 2 exhibited 
antimicrobial activity against a wide spectrum of tested microorganisms, with MICs ranging 
from 64 to >256 µg/mL, while it was inactive against S. enterica, E. faecalis, Vibrio 

vulnificus, and Vibrio alginolyticus. Compound 3 showed antimicrobial activity against E. 

coli and S. aureus, with MIC values of 16 µg/mL and 32 µg/mL, respectively, which was 
comparable to the positive controls (ampicillin, kanamycin, and tetracycline), with MIC 
values ranging from 4 to 16 µg/mL. Compound 3 also exhibited antimicrobial activity against 
other tested microorganisms, with MICs ranging from 64 to >256 µg/mL. For compound 4, 
the strongest activity was found against E. coli, with a MIC value of 32 µg/mL. For other 
tested microorganisms, compound 4 showed antimicrobial activity with MICs ≥ 64 µg/mL. 

 
Discussion 
 
Cultivable bacteria from Vietnamese sponges 
It is well known that bacteria associated with marine sponges are phylogenetically diverse 
and an important source of bioactive compounds, including antimicrobial compounds 
(Laport et al., 2009; Fuerst, 2014; Juliana et al., 2014; Santos-Gandelman et al., 2014; 
Indraningrat et al., 2016). The present study aimed to isolate bacteria associated with 
Vietnamese sponges, which have only been studied very little, and screen for antimicrobial 
activity of the isolated strains. The 16S rRNA gene sequence analysis showed that cultivable 
bacteria from the Vietnamese sponges belonged to four phyla, which is much lower 
compared to the 15 phyla that were detected by direct Illumina MiSeq amplicon sequencing 
analysis of the same sponge samples (Dat et al., 2018). This discrepancy has also been 
observed in previous investigations of sponge-associated bacteria using both cultivation-
dependent and -independent approaches (Li et al., 2011a; Sipkema et al., 2011; Hardoim and 
Costa, 2014; Montalvo et al., 2014; Versluis et al., 2017). The failure of obtaining the diverse 
bacteria associated with sponges by cultivation can be partially explained by the failure to 
mimic the natural growth conditions of sponge-associated bacteria (e.g., host-symbiont 
interactions, substrates required for growth) in the laboratory. Recent developments in 
reconstructing composite genomes of currently uncultivable bacteria out of metagenomes 
have provided clues on growth substrates of some sponge-associated bacteria, e.g., predicted 
consumption of carnitine, spermidine, and sulfated polysaccharides (Slaby et al., 2017; 
Taylor et al., 2021), compounds that are hardly ever included in bacterial cultivation media. 
In addition, extensive cultivation efforts by using alternative techniques (e.g., cultivation 
media and growth condition diversification, liquid culture, floating filter, diffusion chamber 



Chapter 3 

84 
 

cultivation) have improved the cultivability of sponge-associated bacteria and should be used 
in more bacterial cultivation experiments with sponges (Sipkema et al., 2011; Steinert et al., 
2014; Esteves et al., 2016; Versluis et al., 2017). 
 
At the genus level, cultivable bacteria from Vietnamese sponges were predominated by 
genera such as Bacillus, Pseudovibrio, and Ruegeria, which are commonly isolated from 
marine sponges (Hentschel et al., 2001; Webster and Hill, 2001; Enticknap et al., 2006; 
Muscholl-Silberhorn et al., 2008; O’ Halloran et al., 2011; Sipkema et al., 2011; Montalvo 
et al., 2014; Esteves et al., 2016). A cultivable Pseudovibrio sp. has also been found in sponge 
larvae and may thus represent a bacterium that is vertically transmitted in sponges (Enticknap 
et al., 2006). Despite their predominance in our cultivation experiment, these genera were 
not detected, or were detected at very low relative abundance, in the same sponge specimens 
by direct Illumina MiSeq amplicon sequencing analysis (Dat et al., 2018). It is possible that 
these bacteria may be selected for cultivation experiments as they may grow quickly in rich-
nutrient media and outcompete other slow-growing species, although they are not abundant 
in the original inoculum (Garland et al., 2001). In addition, several common genera, such as 
Pseudovibrio, Bacillus, Vibrio, and Ruegeria grew well on different cultivation media, 
suggesting that these genera can adapt well to different cultivation media and conditions. 
Recent genome studies have reported that genomes of these genera contain the genetic 
machinery encoding for a versatile metabolism and harbor diverse genomic features linked 
to symbiosis and lifestyles allowing for host switching (Steil et al., 2003; Bondarev et al., 
2013; Ian et al., 2014; Alex and Antunes, 2015b; Tian et al., 2016; Belbahri et al., 2017; Alex 
and Antunes, 2018; Brito et al., 2018; Díez-Vives et al., 2018; Hernández-González et al., 
2018; Lin et al., 2018; Romano, 2018; Versluis et al., 2018). 
 
Antimicrobial activity of sponge-associated bacteria 
Marine sponges are sessile organisms, and their defense mechanism against predators (e.g., 
bacteria, eukaryotic organisms, viruses) is mainly based on the production of a diverse range 
of secondary metabolite products, allowing efficient chemical protection (Pawlik, 2011; 
Rohde et al., 2015; Helber et al., 2018). Increasing evidence has shown that many bioactive 
compounds, including antimicrobial compounds (Laport et al., 2009; Fuerst, 2014; Juliana et 
al., 2014; Santos-Gandelman et al., 2014; Indraningrat et al., 2016), from sponges are 
produced by their microbial symbionts (Flowers et al., 1998; Schmidt et al., 1998; Haygood 
et al., 1999; Faulkner et al., 2000; Hildebrand et al., 2004; Piel et al., 2004; Newman and 
Hill, 2006). The antimicrobial screening assay of cultured bacteria in this study showed that 
approximately 20% of the isolated strains exhibited antimicrobial activity. It was observed 
that strains showed more activity against Gram-positive bacteria than Gram-negative 
bacteria. The difference in membrane structure between Gram-positive and Gram-negative 
bacteria could partially explain their different sensitivity to antimicrobial agents. The outer 
membrane of Gram-negative bacteria is covered by a layer of lipopolysaccharide, which 



Chapter 3 

85 
 

protects them from antibiotics attacking the peptidoglycan layer (Page, 2012). Among the 
isolated strains with antimicrobial activity, Bacillus, Streptomyces, and Pseudovibrio were 
the most frequently obtained. These genera have been reported as major producers of 
bioactive compounds with antimicrobial activity in sponges (Indraningrat et al., 2016). 
Genome analyses of sponge-derived isolated bacteria from these genera have reported that 
they contain a large number of secondary metabolite biosynthesis gene clusters (Ian et al., 
2014; Belbahri et al., 2017; Naughton et al., 2017; Harwood et al., 2018; Romano, 2018; 
Versluis et al., 2018; Xu et al., 2019). One Bacillus isolated strain (M1_CRV_171) inhibited 
the growth of Gram-positive and Gram-negative bacteria and fungi. The genus Bacillus 
produces versatile antimicrobials with diverse structures (e.g., polyketides, ribosomal 
peptides, non-ribosomal peptides, lipopeptides, macrolactones, polypeptides, isocoumarins) 
(Mondol et al., 2013; Sumi et al., 2014; Caulier et al., 2019). A large-scale analysis of 1566 
genomes of Bacillus strains resulted in identifying nearly 20,000 biosynthetic gene clusters 
(BGCs) (Grubbs et al., 2017). Of these, a large number of BGCs encode the enzymes required 
for the production of unknown compounds, indicating Bacillus as a prolific source of 
secondary metabolites. It is estimated that at least 4–8% of the genome of Bacillus is devoted 
to synthesizing antimicrobial compounds (Kunst et al., 1997; Stein, 2005; Chen et al., 2007). 
 
Among the antimicrobial isolated strains, the strain Bacillus sp. M1_CRV_171 is one of the 
cultured strains that was found in the cultivation-independent bacterial community analysis 
(OTU909). Therefore, this isolated strain was subjected to investigation of its secondary 
metabolites. From culture broth of Bacillus sp. M1_CRV_171, one cyclic dipeptide, cyclo(L-
pro-L-tyr) (1), was isolated and purified. This cyclic dipeptide has been reported to be 
produced by different bacteria (i.e., Bacillus, Pseudomonas, Ruegeria, Psychrobacter) 
associated with different sponges (Jayatilake et al., 1996; De Rosa et al., 2003; Mitova et al., 
2004; Huayue et al., 2008; Sawangwong et al., 2008; Abbamondi et al., 2014), indicating 
that it may play a role in the sponge holobiont. The antimicrobial assays in our study showed 
that cyclo(L-pro-L-tyr) exhibited antimicrobial activity against S. aureus, V. 

parahaemolyticus, F. oxisporum, and R. solani and showed no activity against the other 
tested microorganisms. This confirms previous bioactivity investigations of cyclo(L-pro-L-
tyr), which reported that this cyclic dipeptide exhibits antimicrobial activity against several 
bacteria and plant pathogenic fungi, such as S. epidermis, Klebsiella pneumoniae, Proteus 

mirabilis, and V. cholerae (Kumar et al., 2014), Micrococcus luteus, S. aureus, S. enterica, 
E. coli, and Fusarium sp. (Smaoui et al., 2012), Xanthomonas axonopodis pv. citri, and 
Ralstonia solanacearum (Wattana-Amorn et al., 2016), F. oxysporum and Penicillium sp. 
(Sansinenea et al., 2016), A. niger (Yonezawa et al., 2011), Phytophthora infestans, and 
Plasmopara viticola (Cimmino et al., 2014; Puopolo et al., 2014). However, cyclic 
dipeptides, including cyclo(L-pro-L-tyr), have gained more attention because of their role as 
quorum sensing (QS) signal molecules (Holden et al., 1999; Degrassi et al., 2002; González 
and Keshavan, 2006; Ryan and Dow, 2008; Wang et al., 2010; Li et al., 2011b; Ortiz-Castro 
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et al., 2011; Teasdale et al., 2011). It has been reported that sponge-associated bacteria, as 
well as cyclic dipeptides isolated from sponge-associated bacteria, are involved in QS by 
activating acyl homoserine lactones (AHLs) bioreporters (Abbamondi et al., 2014). AHLs 
are QS signal molecules mainly produced by Gram-negative bacteria and may directly bind 
to transcription factors (e.g., LuxR) to regulate gene expression (Fuqua et al., 2001; Smith et 
al., 2006), indicating that these bacteria and cyclic dipeptides may interact with AHL 
producers and play a certain role in QS. Interestingly, previous studies have demonstrated 
the production of AHLs by both sponges and their associated bacteria (Taylor et al., 2004a; 
Bin Saidin et al., 2016; Bose et al., 2017; Britstein et al., 2017), and these compounds may 
thus be involved in communication in the sponge holobiont. 
 
Furthermore, three macrolides 2–4 were isolated from culture broth of Bacillus sp. 
M1_CRV_171. Macrolide compounds are widely used as antibiotics in clinics (e.g., 
erythromycin) and display different biological activities, including modulating inflammation 
(Kanoh and Rubin, 2010). Macrolactins are a large group of macrolide antibiotics with a 22- 
to 24-member lactone ring mainly discovered in marine microorganisms, especially in the 
genus Bacillus (Mondol et al., 2013; Karpiński, 2019). Although numerous macrolide 
compounds have been isolated and identified from sponges and their symbionts (Karpiński, 
2019), this is the first study to report the isolation of macrolactins from sponge-associated 
bacteria. Macrolactin A (2) has been frequently isolated from different bacteria (Nagao et al., 
2001; Lee et al., 2004; Romero-Tabarez et al., 2006; Lu et al., 2008; Kim et al., 2011; Tareq 
et al., 2013; Li et al., 2016a), whereas macrolactin H (3) and 15, 17-epoxy-16-hydroxy 
macrolactin A (4) have been rarely isolated (Nagao et al., 2001; Mondol et al., 2011). 
Previous bioassays revealed that macrolactin A exhibited antimicrobial activity against 
Gram-negative bacteria (i.e., E. coli), Gram-positive bacteria (i.e., S. aureus, methicillin-
sensitive S. aureus (MSSA), methicillin-resistant S. aureus (MRSA), B. subtilis, E. faecalis, 
and vancomycin-resistant enterococci), as well as fungi (i.e., Botrytis cinerea, A. niger, B. 

cinerea, Colletotrichum acutatum, R. solani, S. cerevisiae, C. albicans, Pestalotiopsis theae, 
and C. gloeosporioides) (Nagao et al., 2001; Lee et al., 2004; Romero-Tabarez et al., 2006; 
Lu et al., 2008; Kim et al., 2011; Tareq et al., 2013; Li et al., 2016a). The antimicrobial assays 
in our studies showed similar results, in which macrolactin A exhibited antimicrobial activity 
against a broad spectrum of reference microorganisms. Furthermore, antibacterial activity of 
macrolactin A against Vibrio spp. was reported for the first time in this study. The biological 
properties of macrolactin H (3) and 15, 17-Epoxy-16-hydroxy macrolactin A (4) are less well 
known. The isolation and antimicrobial activity of these two compounds have been reported 
once by (Mondol et al., 2011) and (Nagao et al., 2001), respectively. Macrolactin H was 
reported to exhibit antimicrobial activity against S. aureus (MIC = 10 µg/mL) and B. subtilis 

(MIC = 60 µg/mL) (Nagao et al., 2001), whereas 15, 17-epoxy-16-hydroxy macrolactin A 
was reported to exhibit antimicrobial activity against B. subtilis, E. coli, and S. cerevisiae 
with the same MICs of 0.16 µM (Mondol et al., 2011). Although macrolactins show 



Chapter 3 

87 
 

antimicrobial activity against a broad spectrum of microorganisms, including Gram-negative 
and Gram-positive bacteria and fungi, the mode of action of macrolactins is not understood. 
However, several recent studies indicate that some macrolactin compounds, such as 7-O-
Malonyl Macrolactin A, induce disruption of cell division (Romero-Tabarez et al., 2006) and 
macrolactin N inhibits bacterial peptide deformylase (Kim et al., 2011), whereas 
bamemacrolactin C affects fungal mycelial morphology, the cell wall, and protein expression 
by interrupting the oxidative phosphorylation (Li et al., 2016a). In addition, Zotchev et al. 
(2006) speculate that the antibacterial activity of macrolactins could be due to the inhibition 
of the H+-transporting two-sector ATPase, which is essential for viability of bacterial cells. 
 
Conclusion 
 
This study yielded cultivable bacteria from 18 Vietnamese sponge species and represented 
four bacterial phyla and 55 genera. The cultivable bacteria were predominantly members of 
the genera Bacillus, Pseudovibrio, Ruegeria, Vibrio, and Streptomyces. A big gap was 
observed between bacterial communities detected by cultivation-dependent and cultivation-
independent approaches. Nevertheless, antimicrobial assays showed that 90 cultivable 
bacteria in this study exhibited antimicrobial activity against a large number of indicator 
microorganisms. From Bacillus sp. M1_CRV_171, the isolated strain with the most versatile 
antimicrobial activity, four known compounds with antimicrobial activity against a wide 
spectrum of indicator microorganisms were isolated: the cyclic dipeptide, cyclo(L-pro-L-tyr) 
and three macrolactins. Although these results confirm that many sponge-associated bacterial 
isolates have antimicrobial activity, they also stress the risks of rediscovery of compounds 
based on isolates obtained through traditional techniques. Therefore, the uncultivated 
majority of the bacteria should be targeted to get access to the full arsenal of bioactive 
molecules from sponges. 
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Supplementary Table S2. Betadisper and Adonis analyses of cultivable bacteria isolated 
from different culture media types 

  

Betadisper 

df Sum Sq Mean Sq F p-value 

Culture media types 6 0.040115 0.0066858 1.7053 0.2068 

Residuals 14 0.054889 0.0039206   

Total 20 0.076054       

  

Adonis 

df Sum Sq Mean Sq R2 p-value 

Culture media types 6 1.7159 0.28598 0.46294 0.001 

Residuals 14 1.9907 0.14219 0.53706  

Total 20 3.7066   1   

 
 
Supplementary Table S3. Alpha diversity indexes of cultivable bacteria isolated from 
culture media 

Media S H J In 

MA 17.0±1.0 2.75±0.06 0.970±0.002 14.14±0.94 

M1 17.0±1.0 2.75±0.06 0.972±0.001 14.42±0.86 

R2A 17.7±1.5 2.84±0.09 0.989±0.002 16.51±1.54 

SCA 16.0±1.0 2.75±0.06 0.993±0.003 15.34±0.80 

AIA 13.0±1.0 2.55±0.07 0.994±0.002 12.60±0.87 

OLIGO 10.7±1.5 2.35±0.15 0.997±0.001 10.52±1.52 

SWA 8.0±1.0 2.06±0.13 0.995±0.001 7.84±1.00 

 
 
Supplementary Table S4. Kruskal-Wallis chi-squared of alpha diversity indexes of 
cultivable bacteria isolated from culture media 

Index df Kruskal-Wallis chi-squared p-value 

Richness (S) 6 17.083 0.0090 

Shannon (H) 6 16.639 0.0107 

Evenness (J) 6 18.085 0.0060 

Inverse Simpson (In) 6 17.522 0.0075 
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Supplementary Table S6. 1H and 13C NMR data of Cyclo-(L-Pro-L-Tyr) (1) 
 

Position #δC
a δC

a,b δH
a,c mult (J = Hz) 

1 165.6 166.9 - 
2 - - - 
3 44.5 45.9 3.37 m, 3.57 m 
4 21.3 22.7 1.82 (2H, m) 
5 28.0 29.3 2.11 (2H, m) 
6 58.7 60.0 4.07 (m) 
7 169.4 170.8 - 
8 - - - 
9 56.5 57.9 4.37 (m) 
10 36.3 37.6 3.07 (2H, m) 
1ʹ 126.4 127.6 - 

2ʹ, 6ʹ 130.7 132.1 7.05 (2H, d, 8.5) 
3ʹ, 5ʹ 114.8 116.2 6.72 (2H, d, 8.5) 

4ʹ 156.3 157.6 - 

 

Measured in a)CD3OD, b)125 MHz, c) 500 MHz, #δC of Cyclo-(L-Pro-L-Tyr) (Quyen et al., 

2015) 
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Supplementary Table S7. 1H and 13C NMR data of macrolactin A (2) 
 

Position #δC
a δC

a,b δH
a,c mult (J = Hz) 

1 166.83 168.0  
2 118.15 117.9 5.56 (m) 
3 145.12 144.9 6.65 (t, 11.5) 
4 130.42 130.2 7.23 (m) 
5 142.34 142.1 6.19 (m) 
6 43.02 42.8 2.44 (2H, m) 
7 72.37 72.3 4.28 (m) 
8 137.71 137.5 5.77 (dd, 6.0, 15.0) 
9 126.10 125.9 6.58 (dd, 11.0, 15.0) 
10 131.56 131.3 6.13 (m) 
11 128.54 128.4 5.55 (m) 
12 36.67 36.4 2.34 (m), 2.50 (m) 
13 69.37 69.2 3.87 (m) 
14 44.07 43.9 1.63 (2H, m) 
15 69.97 69.8 4.32 (m) 
16 135.40 135.2 5.57 (m) 
17 131.36 131.2 6.10 (m) 
18 131.87 131.7 6.05 (m) 
19 135.29 135.1 5.66 (m) 
20 25.81 25.6 1.52 (2H, m) 
21 33.14 32.9 2.12 (m), 2.20 (m) 
22 36.17 36.0 1.59 (m), 1.65 (m) 
23 72.49 72.2 5.02 (m) 
24 20.27 20.1 1.27 (3H, d, 6.5) 

 

Measured in a) CD3OD, b) 500 MHz, c) 125 MHz, #δC of macrolactin A (Lee et al., 2004) 
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Supplementary Table S8. 1H and 13C NMR data of macrolactin H (3) 
 

Position #δC
d δC

a,b δH
a,c mult (J = Hz) 

1 166.3 166.3 - 
2 117.9 118.0 5.55 (m) 
3 143.7 144.8 6.65 (m) 
4 130.1 130.4 5.59 (m) 
5 139.9 141.7 6.17 (m) 
6 41.5 42.5 2.45 (2H, m) 
7 70.6 72.0 4.98 (m) 
8 135.9 137.2 5.76 (m) 
9 126.0 126.1 6.75 (m) 
10 130.7 131.0 5.63 (m) 
11 134.2 134.7 5.46 (m) 
12 36.1 36.5 1.58 (m), 2.23 (m) 
13 69.8 69.7 4.32 (m) 
14 41.5 44.6 1.59 (2H, m) 
15 70.6 70.2 4.26 (m) 
16 128.1 128.3 5.55 (m) 
17 130.4 131.7 5.65 (m) 
18 32.1 32.9 2.08 (2H, m) 
19 24.7 25.9 1.40 (2H, m) 
20 35.0 36.6 1.65 (2H, m) 
21 70.8 70.8 4.28 (m) 
22 19.6 20.1 1.27 (3H, d, 6.5) 

 

Measured in a) CD3OD, b)125 MHz, c) 500 MHz, d) Benzen-d6, #δC of macrolactin H (Nagao et 
al., 2001) 
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Supplementary Table S9. 1H and 13C NMR data of 15,17-epoxy-16-hydroxy macrolactin 
A (4) 
 

Position #δC
a,d δC

a,b δH
a,c mult (J = Hz) 

1 168.3 168.2 - 
2 118.3 118.2 5.54 (d, 11.5) 
3 144.8 144.6 6.67 (t, 11.5) 
4 130.7 130.6 7.25 (m) 
5 141.6 141.4 6.27 (m) 
6 42.9 42.7 2.51 (m), 2.42 (m) 
7 73.2 73.1 4.27 (m) 
8 136.4 136.2 5.64 (m) 
9 127.9 127.7 6.56 (dd, 11.0, 15.0) 
10 131.5 131.4 6.07 (t, 11.0) 
11 129.7 129.5 5.46 (m) 
12 35.3 35.1 2.57 (m), 2.13 (m) 
13 76.1 76.0 3.46 (m) 
14 40.9 40.8 1.99 (m), 1.40 (m) 
15 74.0 73.9 3.54 (m) 
16 77.8 77.7 2.94 (t, 9.0) 
17 80.3 80.2 3.46 (m) 
18 129.2 129.1 5.67 (m) 
19 132.3 132.2 5.70 (m) 
20 34.6 34.4 2.11 (m), 2.05 (m) 
21 26.8 26.6 1.52 (2H, m) 
22 37.0 36.8 1.67 (2H, m) 
23 73.1 72.9 4.98 (m) 
24 20.0 19.8 1.28 (3H, d, 6.0) 

 

Measured in a) CD3OD, b) 125 MHz, c) 500 MHz, #δC of 15,17-epoxy-16-hydroxy macrolactin 

A (Mondol et al., 2011) 
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Spectra of the isolated compounds 
 

Supplementary Figure S1. ESI-MS spectrum of Cyclo-(L-Pro-L-Tyr) (1)  
Supplementary Figure S2. 1H NMR spectrum of Cyclo-(L-Pro-L-Tyr) (1)   
Supplementary Figure S3. 13C NMR spectrum of Cyclo-(L-Pro-L-Tyr) (1) 
Supplementary Figure S4. HSQC spectrum of Cyclo-(L-Pro-L-Tyr) (1)  
Supplementary Figure S5. HMBC spectrum of Cyclo-(L-Pro-L-Tyr) (1)    
Supplementary Figure S6. ESI-MS spectrum of macrolactin A (2)    
Supplementary Figure S7. 1H NMR spectrum of macrolactin A (2)    
Supplementary Figure S8. 13C NMR spectrum of macrolactin A (2)    
Supplementary Figure S9. HSQC spectrum of macrolactin A (2)    
Supplementary Figure S10. HMBC spectrum of macrolactin A (2)   
Supplementary Figure S11. ESI-MS spectrum of macrolactin H (3)    
Supplementary Figure S12. 1H NMR spectrum of macrolactin H (3)    
Supplementary Figure S13. 13C NMR spectrum of macrolactin H (3)    
Supplementary Figure S14. HSQC spectrum of macrolactin H (3)    
Supplementary Figure S15. HMBC spectrum of macrolactin H (3)    
Supplementary Figure S16. ESI-MS spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
Supplementary Figure S17. 1H NMR spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
Supplementary Figure S18. 13C NMR spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
Supplementary Figure S19. HSQC spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
Supplementary Figure S20. HMBC spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
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Supplementary Figure S1. ESI-MS spectrum of Cyclo-(L-Pro-L-Tyr) (1) 

 

 
 
Supplementary Figure S2. 1H NMR spectrum of Cyclo-(L-Pro-L-Tyr) (1) 
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Supplementary Figure S3. 13C NMR spectrum of Cyclo-(L-Pro-L-Tyr) (1) 

 

 
 
Supplementary Figure S4. HSQC spectrum of Cyclo-(L-Pro-L-Tyr) (1) 
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Supplementary Figure S5. HMBC spectrum of Cyclo-(L-Pro-L-Tyr) (1) 

 

 
 

Supplementary Figure S6. ESI-MS spectrum of macrolactin A (2) 
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Supplementary Figure S7. 1H NMR spectrum of macrolactin A (2) 
 

 
 

Supplementary Figure S8. 13C NMR spectrum of macrolactin A (2) 
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Supplementary Figure S9. HSQC spectrum of macrolactin A (2) 

 

 
 
Supplementary Figure S10. HMBC spectrum of macrolactin A (2) 
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Supplementary Figure S11. ESI-MS spectrum of macrolactin H (3) 
 

 
 

Supplementary Figure S12. 1H NMR spectrum of macrolactin H (3) 
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Supplementary Figure S13. 13C NMR spectrum of macrolactin H (3) 

 

 
 
Supplementary Figure S14. HSQC spectrum of macrolactin H (3) 
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Supplementary Figure S15. HMBC spectrum of macrolactin H (3) 
 

 
 

Supplementary Figure S16. ESI-MS spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
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Supplementary Figure S17. 1H NMR spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
 

 
 

Supplementary Figure S18. 13C NMR spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
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Supplementary Figure S19. HSQC spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
 

 
 
Supplementary Figure S20. HMBC spectrum of 15,17-epoxy-16-hydroxy macrolactin A (4) 
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Supplementary Figure S21. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of E. coli ATCC 25922 
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Supplementary Figure S22. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of S. enterica ATCC 13076 
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Supplementary Figure S23. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of P. aeruginosa ATCC 27853 
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Supplementary Figure S24. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of P. putida MISR 71218 
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Supplementary Figure S25. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of V. parahaemolyticus MISR 21116 
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Supplementary Figure S26. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of V. alginolyticus MISR 30816 
  



Chapter 3 

132 
 

 
 
Supplementary Supplementary Figure S27. Effects of compounds Cyclo-(L-Pro-L-Tyr) 
(A), macrolactin A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), 
Ampicillin (E), Kanamycin (F) and Tetracycline (G) on the growth of V. vulnificus MISR 
20716 
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Supplementary Figure S28. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of E. faecalis ATCC 29212 
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Supplementary Figure S29. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of S. aureus ATCC 25923 
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Supplementary Figure S30. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of B. subtilis ATCC 6633 
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Supplementary Figure S31. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of B. cereus MISR 12818 
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Supplementary Figure S32. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Ampicillin (E), 
Kanamycin (F) and Tetracycline (G) on the growth of Rhodococcus sp. MISR 16518 
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Supplementary Figure S33. Effects of compounds Cyclo-(L-Pro-L-Tyr) (A), macrolactin 
A (B), macrolactin H (C), 15,17-epoxy-16-hydroxy macrolactin A (D), Miconazole (E) on 
the growth of C. albicans ATCC 10231 
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Abstract 
 
The application of high-throughput microbial community profiling as well as ‘omics’ 
approaches unveiled high diversity and host-specificity of bacteria associated with marine 
sponges, which are renowned for their wide range of bioactive natural products. However, 
exploration and exploitation of bioactive compounds from sponge-associated bacteria have 
been limited because the majority of the bacteria remains recalcitrant to cultivation. In this 
review, we i) discuss recent/novel cultivation techniques that have been used to isolate 
sponge-associated bacteria, ii) provide an overview of bacteria isolated from sponges until 
2017 and the associated culture conditions and identify the bacteria not yet cultured from 
sponges, and iii) outline promising cultivation strategies for cultivating the uncultivated 
majority of bacteria from sponges in the future. Despite intensive cultivation attempts, the 
diversity of bacteria obtained through cultivation remains much lower than that seen through 
cultivation-independent methods, which is particularly noticeable for those taxa that were 
previously marked as ‘sponge-specific’ and ‘sponge-enriched’. This poses an urgent need for 
more efficient cultivation methods. Refining cultivation media and conditions based on 
information obtained from metagenomic datasets and cultivation under simulated natural 
conditions are the most promising strategies to isolate the most wanted sponge-associated 
bacteria. 
 
Introduction 
 
As the most ancient of multi-cellular metazoans (Feuda et al., 2017), marine sponges 
represent an ecologically important and highly diverse component of marine benthic 
communities (Wulff, 2006; Bell, 2008; Maldonado et al., 2012; de Goeij et al., 2013). While 
sponges exhibit a relatively simple body plan, the different sponge cell layers (Hentschel et 
al., 2012) provide unique ecological niches for a wide range of different symbionts, such as 
archaea, bacteria, and micro- and macroeukaryotes (Taylor et al., 2007; Duris et al., 2011; 
Lattig and Martín, 2011; Li et al., 2011a; Hentschel et al., 2012; Thomas et al., 2016). 
Microorganisms can constitute up to one-third of the sponge’s biomass (Hentschel et al., 
2006) and perform diverse metabolic functions in the holobiont, including nitrogen, carbon, 
sulfur, and phosphorus cycling (Zhang et al., 2015; Li et al., 2016b; Pita et al., 2018). Sponge-
associated microorganisms also produce secondary metabolites that contribute to the defence 
of the host against predation, fouling, and diseases (Hentschel et al., 2006; Taylor et al., 2007; 
Pawlik, 2011; Hentschel et al., 2012). 
 
During the last decade, especially high-throughput sequencing provided a wealth of 
information with respect to the composition, host specificity and spatio-temporal dynamics 
of sponge-associated microbial communities (Schmitt et al., 2012; White et al., 2012; Cleary 
et al., 2013; Steinert et al., 2017; Dat et al., 2018). To date, more than 60 bacterial phyla, 
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including newly discovered candidate phyla that lack any cultured representative, have been 
reported from sponges (Thomas et al., 2016; Moitinho-Silva et al., 2017b; Taylor et al., 
2021). Although molecular methods have provided a lot of information about the diversity 
and composition of bacteria associated with sponges, studies on the cultivation of pure 
bacterial strains from sponges have not lost their relevance. Phenotypic characteristics can 
only be comprehensively characterised based on pure cultures. Omics-based approaches 
(e.g., metagenomics, metatranscriptomics, metaproteomics, and metabolomics) are highly 
relevant to make predictions of the lifestyle of currently uncultivated bacteria, but bacterial 
isolates are needed for the verification of such predictions (Gutleben et al., 2018). 
Furthermore, omics-based approaches have limited predictive power for truly novel or 
unexpected physiological functions of not-yet-cultured bacteria since functional predictions 
mainly rely on available well-annotated genomes from cultured microorganisms. Thus, a 
large fraction of detected genes cannot be unequivocally assigned to any function and/or 
metabolic pathway (Overmann et al., 2017). 
 
Sponge-associated bacteria are also a prolific and rich source of natural products, which 
include pharmacologically valuable compounds (Abdelmohsen et al., 2014; Indraningrat et 
al., 2016; Brinkmann et al., 2017; Fehmida et al., 2017; Zhang et al., 2017b). Unfortunately, 
despite their tremendous pharmaceutical and biotechnological potential, we still have been 
unable to access most of these secondary metabolites. This is mainly due to lack of cultivation 
success for most sponge-associated bacteria as only a minor fraction of the bacterial 
community (0.1 to 14%) has been successfully cultured in the laboratory (Olson et al., 2000; 
Webster and Hill, 2001; Sipkema et al., 2011; Fuerst, 2014; Montalvo et al., 2014). Artificial 
growth media and culture conditions are often not quite right to mimic the natural conditions 
(e.g., physicochemical properties in the sponge, the interactions of bacteria in a community 
as well as between bacteria and sponge) required for microbial growth (Alain and Querellou, 
2009). The development of novel cultivation techniques based on knowledge about 
interactions between sponge cells and bacteria (or between different bacteria) can enhance 
the cultivability of previously uncultured bacteria from sponges as well as stimulate the 
production of bioactive compounds (Romano et al., 2018). 
 
Previous reviews related to sponges and their symbionts (e.g., Taylor et al., 2007; Hentschel 
et al., 2012; Simister et al., 2012b; Moitinho-Silva et al., 2017b) focus on insights related to 
diversity, evolution, ecology, biotechnological potential as well as interactions between 
sponges and their symbionts, whereas a comprehensive review on the cultivability of sponge-
associated bacteria is lacking. In this review, we i) discuss cultivation techniques that have 
been used to cultivate sponge-associated bacteria, ii) evaluate and analyze the cultivable 
bacterial diversity from sponges and the associated culture conditions, and iii) highlight 
promising cultivation strategies for cultivating currently uncultivable bacteria from sponges. 
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Cultivation techniques used for isolation of sponge-associated bacteria 
 
Agar plate-based cultivation 
The traditional cultivation of bacteria using agar plates was introduced by Robert Koch in 
1881, and is still the most popularly used method until today. Consequently, agar plate-based 
cultivation has also been the most commonly used method for the cultivation of sponge-
associated bacteria to date. A wide variety of growth media and culture conditions (e.g., with 
respect to oxygen, temperature, etc.) have been tested to provide the right growth conditions 
and enhance the cultivability of sponge-associated bacteria on agar plates (Sipkema et al., 
2011; Öztürk et al., 2013; Lavy et al., 2014; Montalvo et al., 2014; Matobole et al., 2017; 
Indraningrat et al., 2019; Gutleben et al., 2020; Dat et al., 2021a). For example, Sipkema et 
al. (2011) used a diverse set of 19 culture media for cultivating bacteria from Haliclona 

(Gellius) sp. In addition, different supplements (e.g., antibiotics, sponge extracts, 
siderophores, and bacterial signal molecules) were added to culture media to improve the 
recovery of bacteria from this sponge. Members of phyla/classes that are generally less or 
not successfully cultured (e.g., Deltaproteobacteria, Planctomycetes, Verrucomicrobia) 
were also isolated, and the fraction of cultivable bacteria from the sponge represented 14% 
of the bacterial species detected by cultivation-independent means. In another study, we used 
physiological information of the sponge and genomic information of the associated bacteria 
to design specific culture media and conditions for bacterial taxa present in the sponge. They 
isolated 59 Operational Taxonomic Units (OTUs: clusters of 16S rRNA gene sequences 
within a percent sequence similarity threshold, typically 97%) from the sponge Theonella 

swinhoei, of which 22 OTUs were identified as novel species based on 97% 16S rRNA gene 
sequence identity. The addition of specific components to culture media can also increase the 
cultivability of sponge-associated bacteria. For example, the addition of sodium pyruvate, 
catalase (Olson et al., 2000), alpha-butyrolactone (Selvin et al., 2009), crude sponge extracts 
(Webster et al., 2001a; Sfanos et al., 2005; Selvin et al., 2009; Abdelmohsen et al., 2010; 
Sipkema et al., 2011; Zeng et al., 2013; Abdelmohsen et al., 2014; Steinert et al., 2014; 
Esteves et al., 2016) or sponge skeleton (Kaboré et al., 2019) to culture media enhanced the 
cultivability of sponge symbionts. Notably, Kaboré et al. (2019) showed that the addition of 
spongin-based sponge skeleton and autoclaved aqueous filtrate of sponge skeleton to culture 
media significantly improved the growth of Gemmata spp. (Planctomycetes). Antibiotics 
have been often used in media targeting Actinomycetes to inhibit the growth of other, fast-
growing bacteria (Montalvo et al., 2005; Li and Liu, 2006; Zhang et al., 2006; Abdelmohsen 
et al., 2010; Vicente et al., 2013; Montalvo et al., 2014). In addition, the use of a light 
spectrum and intensity similar to the natural conditions was shown to be important to improve 
the cultivability of sponge-associated cyanobacteria and other light-harvesting bacteria 
(Pagliara and Caroppo, 2011; Izumi et al., 2013; Lavy et al., 2014; Keren et al., 2015; 
Gutleben et al., 2020). 
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Although the number of studies applying a range of culture media and conditions is still 
limited (many studies only use media with high organic carbon concentrations), the strategy 
of using a large variety of media and conditions generally results in improved cultivability 
of sponge-associated bacteria. In addition, it is believed that the use of a wide range of culture 
media and conditions may also be beneficial for secondary metabolite production (Bader et 
al., 2010), and is likely to yield a higher chemical diversity of metabolites (Fuerst, 2014). 
However, although a diversified cultivation strategy is easy to design, it is laborious and 
time-consuming, and requires considerable consumables (e.g., media, materials). 
 
Other solid substrates 
Apart from traditional cultivation relying on agar, other solid matrix-based approaches have 
been introduced. For example, Zengler et al. (2002) developed a microcapsule-based 
cultivation approach to encapsulate single cells in combination with parallel microbial 
cultivation under low nutrient conditions. Single encapsulated cells that are able to grow 
under these conditions form microcolonies within the microcapsules (Zengler et al., 2002; 
Zengler et al., 2005). Gerardo Toledo et al. (2012) applied this method to cultivate bacteria 
from the sponge Mycale armata. Furthermore, the isolates were de-replicated via Fourier 
transform infrared (FT/IR) spectroscopy. This study showed that 42% of the isolated strains 
obtained by using the microcapsule-based cultivation were novel (< 98% 16S rRNA gene 
identity) as compared to 7% using the traditional agar plate isolation technique (Gerardo 
Toledo et al., 2012). Furthermore, the use of FT/IR spectroscopy to de-replicate isolates 
before identification reduced the time and cost investment to obtain novel isolates. 
 
Floating filter cultivation is an alternative strategy that has been applied for the cultivation 
of bacteria from sponges. This approach was for the first time used to isolate bacteria from 
sponges by Sipkema et al. (2011), who used polycarbonate filters floating on top of a liquid 
medium in order to mimic the inner structures of the filter-feeding sponge. By applying this 
approach, Sipkema et al. (2011) recovered 23 OTUs that were neither isolated on agar plates 
nor in liquid cultures. Esteves et al. (2016) also used this approach for the cultivation of 
bacteria from Cymbastela concentrica and Scopalina sp. Although low bacterial numbers 
and richness were observed on the floating filter, the study identified three floating filter-
specific OTUs (Esteves et al., 2016). 
 
Liquid cultures 
Although agar-based cultivation is popular to recover bacterial isolates, many ‘interesting’ 
bacteria seem incapable of growing at the solid-air interface. Therefore, liquid culture 
techniques are commonly used as an alternative approach to cultivate bacteria. In addition, 
liquid cultures may be more effective than agar-based cultures for the cultivation of abundant, 
but slow-growing bacteria from environmental samples (Reinhold et al., 1988; Cartwright et 
al., 1994; Kataoka et al., 1996). To date, liquid cultivation has been successfully used as an 
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enrichment technique for isolation of the most abundant seawater bacterium, Pelagibacter 

ubique, as well as anaerobic bacteria and photosynthetic bacteria (Beck, 1971; van Niel, 
1971; Connon and Giovannoni, 2002; Takenaka et al., 2013; Ňancucheo et al., 2016; 
Vekeman et al., 2017). 
 
Liquid cultures have been applied in several studies aiming at the cultivation of sponge 
symbionts (Ishikawa et al., 2003; Huang et al., 2011; Sipkema et al., 2011; Izumi et al., 2013; 
Öztürk et al., 2013; Esteves et al., 2016). Sipkema et al. (2011) used liquid cultures to isolate 
bacteria from the sponge Haliclona (Gellius) sp. and recovered ten OTUs that were 
exclusively obtained from liquid cultures and not on agar-based media or floating filters. In 
another study, Izumi et al. (2013) used liquid culture to enrich and isolate members of the 
phylum Planctomycetes from the sponge Niphates sp. Liquid enrichment cultivation led to 
the isolation of 17 Planctomycetes strains, including novel lineages (< 91% 16S rRNA gene 
sequence identity). Ishikawa et al. (2003) isolated six novel halophilic and alkaliphilic lactic 
acid bacterial strains (Marinilactibacillus psychrotolerans) from an unidentified sponge 
using liquid enrichment cultures. Furthermore, Huang et al. (2011) successfully isolated 139 
2-haloacid degrading bacteria from the sponge Hymeniacidon perlevis using liquid 
enrichment cultures. 
 
Other liquid-based culture methods (i.e., liquid-solid media cultivation and liquid 
Winogradsky columns) have been applied by Gutleben et al. (2020) in order to isolate 
sponge-associated bacteria. For liquid-solid media cultivation, bacteria were incubated in a 
liquid medium and subsequently transferred to petri dishes containing the same medium 
solidified with gelrite and covered with the same liquid growth medium. In the case of 
‘liquid’ Winogradsky columns, bacteria were incubated in the liquid phase in 25 mL glass 
culture tubes that were present above artificial sediment composed of silica sand and 
crystalline cellulose as a carbon source. The columns were closed with metal caps and 
aluminum foil to allow oxygen diffusion and then incubated at room temperature under 
natural light conditions for 130 days. By applying these methods, Gutleben et al. (2020) 
recovered many bacteria that were not obtained from agar plates, including novel 
Planctomycetes, and many bacteria were cultivated solely by one of the cultivation 
approaches. 
 
Co-culture, community culture, culture in situ, culture in simulated natural conditions 
In natural environments, microorganisms often occur in complex networks with other 
organisms. For example, many obligate symbionts are extremely difficult to culture and 
isolate under laboratory conditions because they have co-evolved with their host, which leads 
to complex nutritional requirements or other growth conditions that are still unknown or hard 
to mimic in vitro (Taylor et al., 2007). It has been shown that co-culture can be a fruitful 
strategy for cultivation of recalcitrant microorganisms, and co-culture has yielded a number 
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of previously uncultured bacteria, for example, microorganisms from marine sediments 
(Doesburg et al., 2006; D’Onofrio et al., 2010). A few recent studies have used co-cultivation 
to isolate bacteria associated with sponges and to stimulate the production of bioactive 
compounds that bacteria often fail to produce in pure cultures (Dashti et al., 2014; Adnani et 
al., 2015; Adnani et al., 2017; Knobloch et al., 2019; Hifnawy et al., 2020).  
 
Bollmann et al. (2007) developed a diffusion-chamber-based cultivation approach, which 
allows microorganisms to grow in their natural environment by in situ cultivation. 
Microorganisms are incubated in a diffusion chamber, which is sealed off from the 
environment by membranes. The membranes are impermeable for microorganisms, but allow 
diffusion of molecules from the environment (e.g., nutrients, the “natural” sponge 
metabolome, and other signaling molecules) to the diffusion chamber, thereby giving the 
microorganisms access to metabolites and other molecules from their natural environment 
(Bollmann et al., 2007). Application of this method to cultivate sponge-associated bacteria 
was first reported by Steinert et al. (2014). A cell suspension of homogenized sponge tissue 
was mixed with growth media containing low, medium, or high nutrient concentrations and 
then poured into the diffusion chambers. Fully assembled diffusion chambers were inserted 
into the tissue of the sponge Rhabdastrella globostellata and incubated in situ for four weeks. 
After this incubation, the enrichment cultures from the diffusion chamber were further 
isolated on agar plates. By applying this method, the authors isolated 15 bacterial species that 
were not previously cultured. Thus, the study showed that the diffusion chamber method is 
one of the potential methods to enrich and subsequently isolate novel sponge-associated 
bacteria. However, it should be noted that not all sponge species are suitable for applying this 
method, as Stylissa massa rejected the growth chamber by retracting its tissue where the 
chamber had been inserted. In addition, encrusting sponges may be too small to fit the 
diffusion chamber. Therefore, modified diffusion growth chambers (e.g., smaller versions) 
are desirable. 
 
Similarly, the I-tip developed by Jung et al. (2014) uses a yellow pipette tip as the basic 
element for in situ cultivation. It allows bacteria to enter and natural chemical compounds to 
diffuse into the tip, thereby allowing the bacteria to grow on a solid support in their natural 
environment. This device was applied for cultivation of bacteria and fungi from sponges from 
Lake Baikal and resulted in the recovery of a substantial fraction of the microbial diversity 
compared to standard agar plate cultivation at both genus and phylum levels. 
 
Knobloch et al. (2019) used a co-cultivation approach to enhance the cultivability of sponge-
associated bacteria in a multi-chamber device where Halichondria panicea explants and 
microbes were separated by a membrane. In brief, the bottom chamber of a microfiltration 
apparatus was filled with marine agar and the chambers were inoculated with sponge-derived 
bacterial suspension. These chambers were separated from the top part of the apparatus 
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holding the sponge explants through a membrane. The devices were clamped together and 
placed in a seawater aquarium for ten weeks. By applying this co-cultivation technique, 
(Knobloch et al., 2019) showed that bacterial classes, such as Spirochaetia, Fusobacteriia, 
Delta- and Epsilonproteobacteria, and Clostridia were enriched compared to standard agar 
plate cultivation. 
 
In summary, the above-mentioned cultivation techniques often result in substantially 
improving the cultivability of sponge-associated bacteria or at least in capturing different 
bacteria than with more traditional methods. However, these non-standard cultivation 
approaches have been only scarcely applied for the cultivation of bacteria from sponges and 
may be important to not retrieve the same opportunistic bacteria over and over again from 
sponges.  
 
Cultivable bacterial diversity from sponges and impact of culture 
conditions 
 
Composition of cultivable bacteria associated with sponges 
In order to investigate the diversity of the cultivable bacteria associated with sponges, a total 
of 4915 16S rRNA gene sequences of cultured bacteria from sponges were selected based on 
published papers updated till 2017, retrieved from NCBI Genbank, and then re-classified 
based on the Silva database (v128) using the mothur pipeline (Schloss et al., 2009). Based 
on these collected 16S rRNA gene sequences of bacteria cultured from sponges, 
representatives of 11 bacterial phyla were retrieved, including Proteobacteria, 
Actinobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, Planctomycetes, 
Verrucomicrobia, Acidobacteria, Lentisphaerae, Chloroflexi, and Chlorobi (Figure 1A). 
However, cultivable bacteria from sponges were dominated by four phyla: Proteobacteria 

(53.8%), Actinobacteria (23.4%), Firmicutes (16.0%), and Bacteroidetes (5.0%). Each of the 
remaining phyla accounted for less than 1% of the sequences. Almost all cultivable 
Proteobacteria belonged to two classes: Alphaproteobacteria (29.1%) and 

Gammaproteobacteria (24.0%). 
 
These results show that extensive cultivation efforts have resulted in the isolation of a large 
phylogenetic diversity of sponge-associated bacteria. However, it is still far away from 
capturing the diversity of bacteria in sponges as described by culture-independent 
approaches. More than 60 bacterial phyla and candidate phyla have been detected from 
sponges by culture-independent methods, and predominant phyla include Chloroflexi, 

Acidobacteria, and Cyanobacteria (Thomas et al., 2016; Moitinho-Silva et al., 2017b) that 
are rarely obtained in culture. At the genus level, the most cultured genera include 
Pseudovibrio (14.3%), Bacillus (10.2%), Streptomyces (9.1%), followed by Vibrio (5.9%) 
and Ruegeria (4.9%) (Figure 1B). However, use of cultivation-independent approaches has 
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indicated that these genera were not prevalent in the original sponge samples, leading to the 
assumption that cultivation selects for opportunistic “weedy” bacteria that grow quickly in 
nutrient-rich media and outcompete slow-growing species that are more abundant in the 
original sample (Garland et al., 2001). Indeed, previous investigations where the bacterial 
species from the same sponge sample were studied by cultivation-dependent and cultivation-
independent methods have shown little overlap (Li et al., 2011a; Sipkema et al., 2011; 
Hardoim and Costa, 2014; Montalvo et al., 2014; Versluis et al., 2017). 
 
Impact of isolation methods and culture conditions on the cultivable bacteria retrieved 
For this review, information about culture conditions (e.g., isolation method, culture media, 
temperature) of strains was also retrieved from corresponding published papers for 
investigating the impact of culture conditions on the composition of the cultivable bacteria 
from those sponges. It is important to note that the dataset is not balanced and that there are 
large differences in the frequency at which certain methods have been used. This means that, 
in most cases, we have restricted ourselves to observational reporting of the data and not used 
statistics as the data distribution did not allow meaningful statistics. 
 
With respect to isolation methods, we only considered the following main methods: agar plates, 
diffusion growth chambers, floating filters, and liquid cultures (representing 4398 out of the 
total of 4915 isolates). Based on the collected data, agar plate-based cultivation has been the 
most popular method for the isolation of bacteria from sponges (used to isolate 89.1% of the 
cultivable bacteria), whereas bacteria that were isolated using the remaining methods, i.e. 
diffusion-growth chamber, liquid culture, and floating filter only accounted for 4.7%, 3.7%, 
and 2.5%, respectively. The use of different isolation methods has resulted in the recovery of 
different cultivable bacterial communities (Figure 2A & 3A). A total of 265 genera was only 
isolated by one method: 236 genera only on agar plates, six only in diffusion growth chambers, 
ten only on floating filters, and 15 only in liquid culture (Figure 2A). Furthermore, several of 
the most abundant genera were isolated by only one method, such as Salinispora, Nocardiopsis, 
Endozoicomonas, Pseudoalteromonas (agar plate), Cohaesibacter, Neiella (diffusion-
chamber), Croceibacter, Halioglobus (floating filter), and Marinilactibacillus (liquid cultures) 
(Figure 3A). Other genera were not only, but preferentially isolated through one of the methods. 
For example, cultivable bacteria on agar plates were dominated by Streptomyces, Rhodococcus, 
and Shewanella, whereas diffusion-chamber-based isolates were dominated by Terribacillus, 

Thalassospira, Aestuariibacter, and Agarivorans. Predominant floating filter-based isolates 
belonged to the genera Lutimonas, Algibacter, Sphingorhabdus, Roseovarius, Roseobacter, 
Tateyamaria, Tistrella, Desulfovibrio, and Haliea, and isolates from liquid cultures by 
Tepidibacter, Blastopirellula, Rhodopirellula, Roseimaritima, Paracocccus, Erythrobacter, 
Yangia, and Acinetobacter (Figure 3A). Other bacterial genera isolated from sponges were 
always obtained at high frequencies, no matter which cultivation method was used: Bacillus, 
Pseudovibrio, Labrenzia, Ruegeria, and Vibrio. 
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Figure 1. Composition of cultured bacteria associated with sponge at phylum/class level (A) 
and genus level (B). 
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Figure 2. Venn diagram of sponge-associated bacteria cultured under different conditions: 
isolation methods (A), with/without of sponge extracts in culture media (B), with/without 
oxygen (C), with/without antibiotics in culture media (D), and temperatures (E) at genus 
level. The numbers in the figure indicate the number of genera. 
 
We also specifically considered studies that added sponge extract to culture media to provide 
the “natural nutrients” that sponge-associated bacteria may be exposed to (Li and Liu, 2006; 
Selvin et al., 2009; Sun et al., 2010; Sipkema et al., 2011; Steinert et al., 2014; Esteves et al., 
2016). From the isolates obtained from media with (11.8%) and without (88.3%) sponge 
extract, 33 bacterial genera were only isolated from media with sponge extract, 196 bacterial 
genera only from media without sponge extract, and 111 genera from media both with and 
without sponge extract (Figure 2B). Generally, the relative abundance of the most frequently 
isolated genera was quite similar with and without sponge extract (Figure 3B). However, 
some genera were predominantly isolated from media either with or without sponge extracts, 
such as Salinispora, Mycobacterium, Microbacterium, Rhodococcus and Erythrobacter 
(with sponge extract), and Micromonospora, Microbulbifer, Endozoicomonas, 
Pseudoalteromonas, Shewanella, and Alteromonas (without sponge extract) (Figure 3B). 
 
Similarly, cultivation with (95.7% of the isolates) or without oxygen (4.3%) led (as could be 
expected) to different bacterial recovery rates. Fifty-four genera were isolated both using 
oxic and anoxic conditions, whereas 248 genera were only isolated under oxic conditions and 
16 genera only under anoxic conditions (Figure 2C). The most abundant genera isolated 
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under oxic conditions belonged to the phylum Actinobacteria and the class 
Gammaproteobacteria. On the other hand, several genera such as Mycobacterium, 
Microbacterium (Actinobacteria), Tepidibacter (Firmicutes), Roseobacter, Roseovarius, 

Tateyamaria (Alphaproteobacteria), Desulfovibrio (Deltaproteobacteria), and 
Photobacterium and Colwellia (Gammaproteobacteria) were relatively more often obtained 
using anoxic conditions (Figure 3C). 
 
Furthermore, the addition of antibiotics to culture media affected the composition of the 
isolated bacteria. In the presence of antibiotics, 84 bacterial genera were isolated that were 
not obtained from media without antibiotics. Similarly, cultivation without antibiotics 
resulted in the isolation of 121 bacterial genera that were not isolated from media with 
antibiotics (Figure 2D). Genera from the phylum Actinobacteria were isolated at higher 
frequencies from media supplemented with antibiotics, whereas media without antibiotics 
generally enhanced the recovery of genera from the class Gammaproteobacteria (Figure 3D). 
 
The use of different incubation temperatures led to the isolation of different bacterial genera: 
34 genera were only isolated at a temperature ranging from 10–15°C, 37 genera only at 16–
20°C, 35 genera only at 21–25°C, 46 genera only at 26–29°C, and 19 genera only at 30–
37°C, whereas relatively lower numbers of genera were isolated at multiple temperature 
ranges (Figure 2E). Except for a limited number of genera, such as Bacillus, Pseudovibrio, 
Ruegeria, and Vibrio that were isolated at a wide range of temperatures, other bacterial 
genera were primarily recovered at a more restricted temperature range. For example, genera 
belonging to the phylum Actinobacteria tended to grow best at a range of 21–37oC, whereas 
many genera of Alphaproteobacteria grew better at lower temperatures (Figure 3E). 
 
The impact of medium composition can be assessed for many different medium components. 
In this review, we chose to investigate the impact of the amount of organic carbon in culture 
media on the isolated bacterial diversity from sponges. Several genera were isolated for the 
entire range of carbon concentrations from culture media containing low organic carbon 
concentrations to media with high organic carbon concentrations. These genera include 
Bacillus, Pseudovibrio, Ruegeria, Vibrio, Pseudomonas and Streptomyces (Figure 4). In 
contrast, other genera were particularly recovered from seawater without additional carbon 
sources, such as Micromonospora, Labrenzia, Cohaesibacter, and Microbulbifer. Yet other 
genera, mainly belonging to phyla/classes Cyanobacteria, Alphaproteobacteria, 
Planctomycetes, Bacteroidetes, and Verrucomicrobia were relatively more often retrieved 
from media with lower organic carbon concentrations (≤ 5.0 g/L), while many genera 
belonging to phyla/classes Actinobacteria, Firmicutes, and Gammaproteobacteria grew 
better in media containing higher organic carbon concentrations (> 5 g/L) (Figure 4). 
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Figure 3. Heat map of the most abundant genera (50 genera) under different cultivation 
conditions. The percentages in the heatmap were calculated for each of the categories (sum 
for each column is 100%). 
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Overall, our meta-analysis showed that isolation methods, culture conditions, and growth 
medium composition substantially influence the composition of the cultivable bacterial 
community from sponges. Although this result of differentially recovered bacteria may in 
part be the result of the severe imbalance in the data in that some methods and media are 
overrepresented, and that isolation from a given sample was only done by a subset of methods 
and media, it may provide leads for future experiments targeting particular members of the 
sponge-associated microbiota. Although agar plate-based experiments may be the most 
straightforward method to obtain pure cultures, the growth of single strains poorly reflects 
the situation in the mesohyl, especially for high-microbial-abundance sponges where a large 
number of different bacterial species is densely packed together. Thus, unless the nature and 
relevance of interactions between sponge cells and bacteria (or between different bacteria) 
are known and deducted how these interactions can be compensated for by supplying specific 
media components, agar plate-based assays are unlikely to result in the recovery of the 
uncultivated majority of sponge symbionts. Supplying a sponge extract may alleviate some 
of these issues (e.g., Li and Liu, 2006; Selvin et al., 2009; Sun et al., 2010; Sipkema et al., 
2011; Steinert et al., 2014; Esteves et al., 2016); however, the often used sponge extracts 
(e.g., organic sponge extract, aqueous sponge extract) may not be the best choice to capture 
primary metabolites that may be exchanged between the sponge host and bacteria. In 
addition, the concentrations used may be too low to sustain sufficient bacterial cell divisions 
to obtain visible colonies. On the other hand, in many attempts to isolate bacteria from 
sponges, carbon (and other nutrients) concentrations are much higher than those expected to 
prevail inside the sponge tissue and are likely to select for bacteria such as Pseudovibrio, 
Bacillus, Ruegeria, Vibrio, Pseudomonas and Streptomyces spp.. One aspect that we did not 
consider for this review is the duration of cultivation experiments. We know little about 
generation times of bacteria inside the sponge tissue, but dividing bacteria are not commonly 
seen on electron microscopic images (Gloeckner et al., 2014), which suggests that division 
rates in the natural environment are relatively low. As such, long cultivation experiments 
spanning several weeks or months may be required to successfully isolate sponge-associated 
bacteria. Having said that, the duration of cultivation experiments was often not accurately 
reported for individual isolates, and therefore the impact of cultivation duration could not be 
properly assessed. 
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Figure 4. Heat map of the most abundant genera (50 genera) based on carbon amount in 
culture media. The percentage was calculated for each of the categories (sum for each column 
is 100%). 
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Sponge-specific (SC) and sponge-coral-specific (SCC) cultivable bacteria 
Cultivation-independent sponge-associated bacterial profiling studies have revealed that 
sponges host bacterial communities distinct from communities in the surrounding seawater 
(Naim et al., 2014; Alex and Antunes, 2015a; Rodríguez-Marconi et al., 2015; Weigel and 
Erwin, 2015; Steinert et al., 2016). Initial studies based on electron microscopy have shown 
the existence of three groups of sponge-associated microbes: i) abundant microbes in the 
sponge mesohyl, ii) a small number of intracellular microbes, and iii) transient microbes from 
the surrounding seawater (Vacelet, 1975; Wilkinson, 1978b). In addition, microscopic 
studies of sponge larvae and embryos, and subsequent molecular studies have shown that 
many sponge-associated bacteria can be acquired vertically and/or horizontally (Wilkinson 
et al., 1981; Ereskovsky et al., 2005; Enticknap et al., 2006; de Caralt et al., 2007; Schmitt et 
al., 2007; Sharp et al., 2007; Lee et al., 2009; Sipkema et al., 2015). Recent sponge 
microbiology studies based on phylogenetic analyses of the bacterial 16S rRNA genes 
retrieved from sponges revealed the existence of sponge-specific bacteria, i.e. bacteria that 
are highly enriched in sponges compared to other environments where they are rarely present 
(Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012b). Simister et al. (2012a) 
published a comprehensive phylogenetic study based on near-complete 16S rRNA gene 
sequences of sponge-associated microorganisms and identified that 27% of 7546 sponge-
derived 16S rRNA gene sequences belonged to sponge-specific clusters (SCs) or sponge-
coral-specific clusters (SCCs), the latter comprising sequences highly enriched in both 
sponges and corals. This comprehensive phylogeny included 205 bacterial SC(C)s.  

 

Figure 5. 16S rRNA gene-based phylogeny of sponge-specific cluster SC141 within the 
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Gammaproteobacteria. Filled circles indicate bootstrap support of ≥ 90%, and open circles 
represent bootstrap support of ≥ 75%. SC indicates sponge-specific cluster, and SCC indicates 
sponge- and coral-specific cluster. Blue letters indicate cultured bacteria from sponges, bold 
green letters indicate cultured bacteria belonging to known SC(S)s by (Simister et al. (2012b)), 
and bold red letters indicate newly cultured bacteria added into known SC(C)s. 
 
In order to determine which SC(C)s have cultured representatives, we integrated the 16S 
rRNA gene sequences of bacteria cultured from sponges from published papers (until 2017) 
into the phylogenetic tree constructed by Simister et al. (2012a). Briefly, the 4915 sequences 
collected for this review as well as the sequences from the phylogenetic tree from Simister 
et al. were aligned and then the new sequences collected for this review were added to the 
previous phylogeny using the RAxML algorithm (see File S1). Based on our phylogeny, 201 
sequences from cultured sponge-derived bacteria were clustered with 37 of the SC(C)s 
proposed by Simister et al. (2012a) (Supplementary Table S1 & Figures S1-S11). These 
cultured isolates within SC(C)s belong to the phyla/classes Alphaproteobacteria, 

Betaproteobacteria, Gammaproteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and 

Cyanobacteria. The majority of cultivable bacteria that belong to SC(C) represent frequently 
cultured genera, such as Pseudovibrio, Shewanella, Vibrio, and Bacillus (Supplementary 
Table S1). Although the isolation of most bacteria belonging to SC(C) was achieved using 
agar plates, liquid culture and floating filter cultivation also contributed to the isolation of 
seven and two bacteria belonging to SC(C)s, respectively. The use of antibiotics as well as 
sponge extracts in culture media in some cases also allowed to isolate additional bacteria 
from SC(C)s. Forty-one bacterial strains belonging to SC(C)s were retrieved from culture 
media supplemented with antibiotics, whereas 19 bacterial strains belonging to SC(C)s were 
retrieved from culture media supplemented with sponge extract. 
 
Notably, some SC(C)s contain only sequences obtained from bacterial isolates and were not 
found by cultivation-independent means (SC11, SC13, SC14, SC55, SC58, SC59, SC60, 
SC61, SC78, SC84, SC85, SC93, SC108, SC126, SC127, SC128, SC133, SC138, SC139, 
SC141) (Figure 5 & Supplementary Figure S1-S11). These clusters mainly represent isolates 
from the genera Bacillus, Pseudovibrio, Ruegeria, Nocardiopsis, Brevibacterium, 

Pseudomonas, Rheinheimera, Vibrio, Pseudoalteromonas, Aquimarina, and Erythrobacter, 
which are usually absent or found at very low abundances by cultivation-independent 
methods (Li et al., 2011a; Sipkema et al., 2011; Hardoim and Costa, 2014; Montalvo et al., 
2014; Versluis et al., 2017). This implies that, although representatives from these clusters 
have been isolated from multiple sponge species, they are most likely present as part of the 
rare biosphere or as spores (for some Firmicutes and Actinobacteria) in sponges. However, 
the fact they are part of the rare biosphere does not exclude that these bacteria may have 
specific relationships with sponges, as they have been selectively isolated from sponges and 
not (yet) from other environments. For example, for sponge-associated Pseudovibrio spp. 
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making part of SC84 and SC85, it has been found that their genomes are enriched in SEL1 
and tetratricopeptide repeats type III, IV, and VI secretion systems, which have been 
implicated in host colonisation (Versluis et al., 2018). On the other hand, it has become 
obvious that bacteria from these genera are not abundant in sponges and they are unlikely to 
have a substantial quantitative role in sponge holobiont metabolism. The isolates that make 
part of other SC(C)s including sequences from both uncultivated and cultivated bacteria 
(SC26, SC27, SC28, SC56, SC62, SC86, SC94, SC112, SC130, SC132, SC137, SC149, 
SCC6, SCC7, SCC18, SCC28, SCC31) (Figure 6 & Supplementary Figure S1-S11) are more 
likely to represent true sponge symbionts. These clusters belong to a range of different taxa, 
including TK85 (Acidobacteria), Candidatus Branchiomonas (Betaproteobacteria), the Pir4 
lineage (Planctomycetes), Flavobacteriaceae and Fabibacter (Bacteroidetes), Oscillatoria 
(Cyanobacteria), Clostridiaceae (Firmicutes), Rhodospirillales, Erythrobacter and Tistlia 
(Alphaproteobacteria), Alteromonadales, BD1-7 clade, Enterobacteriaceae, 
Endozoicomonas and Stenotrophomonas (Gammaproteobacteria). These taxa are often 
found at a high relative abundance in sponges by cultivation-independent methods, which 
implies that these bacteria may play important roles in the sponge holobiont, which makes 
them particularly interesting in the study of sponge-symbiont relationships. However, based 
on the current data of successful isolation of representatives of sponge-specific bacteria, it is 
not straightforward which conditions or media are recipes for success in isolating sponge-
specific bacteria. Understanding the sponge-symbiont and symbiont-symbiont interactions 
and the molecules that mediate these interactions may be keys to develop more successful 
protocols for cultivation of sponge-specific bacteria. 
 
Sponge-enriched cultivable bacteria 
Recent deep sequencing studies revealed that some sequences that make part of SC(C)s are 
also found in seawater and sediment samples, albeit at very low relative abundances (Webster 
et al., 2010; Taylor et al., 2013; Thomas et al., 2016). Therefore, these clusters can no longer 
be strictly called “sponge-specific”, but are better described as “sponge-enriched” (Taylor et 
al., 2013; Thomas et al., 2016). In order to examine which cultivable bacteria can be 
classified as “sponge-enriched”, the collected 16S rRNA gene sequences of cultivable 
bacteria in this review were blasted against 64,424 ASVs that were extracted from the sponge 
Earth Microbiome Project (EMP) database (https://github.com/amnona/SpongeEMP). In 
total, 3636 out of 4915 16S rRNA gene sequences of cultivable bacteria from sponges were 
100% similar to 577 ASVs from the sponge Earth Microbiome Project (EMP) database.  
However, the majority of the cultivable bacteria from sponges were found to be significantly 
enriched in seawater and sediment samples, and only 180 cultivable bacteria (21 ASVs) were 
significantly enriched in sponges (Supplementary Table S2). As such, comparing the 16S 
rRNA gene sequences from sponge isolates with the larger sponge EMP project dataset of 
shorter sequences confirms that a substantial number of cultivable bacteria from sponges are 
probably not true sponge symbionts (e.g., bacteria from the outer surface of sponges, 
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transient bacteria from the surrounding seawater) because they are enriched in the 
environment rather than in sponges.  

 

Figure 6. 16S rRNA gene-based phylogeny of sponge-specific cluster SC112 within the 
Betaproteobacteria. Details are as provided for Supplementary Figure S5. 
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Promising strategies and new methods for cultivation of yet uncultured 
sponge-associated bacteria in the future 
 
As mentioned above, extensive cultivation efforts have led to a number of successes in the 
cultivation of sponge-associated bacteria. However, the large majority of sponge-associated 
bacteria has remained uncultivable up to now. Therefore, innovative strategies are needed. 
 
Modification of the preparation of culture media 
One of the major reasons for the poor cultivability of sponge-associated bacteria in the 
laboratory is that we might not know the required nutrients to support the growth of sponge-
associated bacteria. Some low hanging fruits may be picked by small modifications in the 
preparation of cultivation media. Chemical reactions between medium components during 
autoclaving, for instance, between phosphate and sugars, proteins or agar have been found to 
produce compounds that inhibit the growth of bacteria (e.g., hydrogen peroxide) (Finkelstein 
and Lankford, 1957; Nakashima et al., 2010; Tanaka et al., 2014; Kawasaki and Kamagata, 
2017). The addition of hydrogen peroxide scavengers such as catalase and pyruvate to culture 
media were shown to remove hydrogen peroxide and yield higher colony counts (Kawasaki 
and Kamagata, 2017). Furthermore, replacing agar with alternative gelling agents (e.g., 
gellan gum) in solid media is expected to improve the cultivability of some sponge-associated 
bacteria. Several studies on soil, freshwater sediment, and seawater have shown that numbers 
of viable counts and colonies increase on substrates solidified with gellan gum compared to 
media solidified with agar (Shungu et al., 1983; Lin and Casida, 1984; Harris, 1985; Rule 
and Alexander, 1986; Janssen et al., 2002; Tamaki et al., 2005; Tamaki et al., 2009; Rygaard 
et al., 2017), resulting in the isolation of previously uncultured bacteria. 
 
Development of culture media based on ‘omics’-derived information 
Although some bacteria may be ‘rescued’ by more fine-tuned media preparation, it remains 
mostly a black-box approach. The development of “omics” approaches can provide more 
functional information about sponge microbiota, e.g. presence or absence of metabolic 
pathways and gene expression levels, which may be used to design new omics-inspired 
culture media (Gutleben et al., 2018 and references therein). For instance, genome analyses 
revealed that Poribacteria has the genomic repertoire for autotrophic CO2-fixation through 
the Wood-Ljungdahl pathway (Kamke et al., 2014). The same was found for another well-
known sponge symbiont, the sponge-specific archaeon Cenarchaeum symbiosum, for which 

it has been shown that it uses ammonia as an energy source and carbon dioxide as a carbon 
source (Hallam et al., 2006), a carbon source rarely used to isolate bacteria from sponges. 
The genome of a sponge-specific uncultured delta-proteobacterium was found to possess a 
glutathione porter that allows for growth on glutathione as the sole sulphur source, which can 
be exploited in cultivation experiments. In addition, its genome encodes a tetracycline 
resistance protein (Liu et al., 2011) and points towards the incorporation of tetracycline in 
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the medium to limit the growth of non-target bacteria. Furthermore, genomes of Aplysina 

aerophoba-associated bacteria revealed the nutritional specialization of two symbiont 
groups. The first group, including members of SAR202, Sva0996, OM1, TK85, Nitrospinae, 
Desulfurellaceae, Rhodospirillaceae, and Alphaproteobacteria, has genomes that are 
enriched in genes related to carnitine metabolism, while genomes of the second group, 
including members of Albidovulum, Poribacteria, Spirochaetaceae, Caldilineaceae, and 
Chloroflexi are enriched in genes related to sulphated polysaccharide metabolism. Both are 
abundant molecules of the sponge extracellular matrix, and therefore it is hypothesized that 
the sponge symbionts feed on the sponge cells that are shed as part of the cell turnover, and 
on components of the sponge extracellular matrix (Slaby et al., 2017). Thus, a growing body 
of literature points towards testing autotrophic growth conditions and the application of a 
range of sponge host-derived molecules as carbon sources. 
 
Innovative cultivation methods 
A number of innovations in bacterial cultivation have been developed, and although they 
have occasionally been applied for the isolation of bacteria from sponges, their potential is 
far from exhausted. A series of in situ cultivation methods, such as diffusion chamber 
cultivation (Steinert et al., 2014), I-tip (Jung et al., 2014), iCHIP (Nichols et al., 2010), 
hollow-fiber membrane chamber (HFMC) (Aoi et al., 2009), single-colony co-cultivation 
(Tanaka and Benno, 2014), substrate membrane system (Svenning et al., 2003), cultivation 
trap (Gavrish et al., 2008), and cultivation in agar spheres (Ben-Dov et al., 2009), have only 
scarcely been used for the isolation of sponge-associated bacteria, but may be used to 
overcome the limitations of pure cultures.  
 
In addition, cultivable bacteria from sponges are usually species that are present at low 
relative abundances in the sponge mesohyl, whereas the most abundant bacteria detected in 
sponges by culture-independent methods still have not been cultured (Li et al., 2011a; 
Sipkema et al., 2011; Hardoim and Costa, 2014; Montalvo et al., 2014; Versluis et al., 2017). 
It is likely that fast-growing microbes compete for resources with uncultured slow-growing 
species. As such, it may be important to separate single microbial cells from complex 
microbial communities, e.g. through dilution-to-extinction, microfluidics, flow cytometry, 
micromanipulation, and compartmentalization to grow targeted bacteria physically separated 
from each other (Ben-Dov et al., 2009; Ishii et al., 2010; Ma et al., 2014; Pivetal et al., 2014; 
Jiang et al., 2016; Zhou et al., 2018; Benítez et al., 2021), while perhaps retaining possibilities 
for interactions using the cultivation setups listed earlier in this paragraph. These methods 
have led to the isolation of previously uncultured bacterial species of clades SAR11 
(Alphaproteobacteria), OM43 (Betaproteobacteria), SAR92 (Gammaproteobacteria), and 
OM60/OM241 (γ subclass) (Connon and Giovannoni, 2002; Simu and Hagström, 2004; 
Stingl et al., 2007; Song et al., 2009) that are numerically abundant in their environment. 
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The last point that deserves attention is the dereplication of bacterial isolates. Every 
cultivation study may result in the isolation of hundreds or even thousands of 
colonies/cultures. However, the majority of the strains retrieved have been isolated before or 
are replicate colonies of the same strain. Therefore, the use of dereplication technologies to 
rapidly screen for replicate isolates is important to save time and resources. Several 
dereplication tools have been used and shown their effectiveness in rapid differentiation and 
identification of bacteria in cultivation studies, such as matrix-assisted desorption/ionization-
time-of-light mass spectrometry (MALDI-TOF MS) (Dieckmann et al., 2005; Dieckmann et 
al., 2008; Lagier et al., 2012; Pfleiderer et al., 2013; Dubourg et al., 2014; Strejcek et al., 
2018) and Fourier transform-infrared (FT-IR) spectroscopy (Kirschner et al., 2001; 
Oberreuter et al., 2002; Ngo-Thi et al., 2003; Naumann, 2006; Rebuffo et al., 2006; Beekes 
et al., 2007). The specificity of these techniques is rather high and may allow to differentiate 
bacteria down to the subspecies or strain level (Naumann, 2006; Beekes et al., 2007). As 
such, these tools may allow quick identification of ‘usual suspects’ among the sponge-
associated isolates, such as Pseudovibrio, Bacillus and Ruegeria and direct efforts towards 
the yet uncultured bacteria. 
 
Conclusion 
 
Although the majority of bacteria from sponges have remained resistant to cultivation in the 
laboratory, the accumulative cultivation efforts of many researchers have resulted in the 
cultivation of bacteria from eleven bacterial phyla. These isolates are dominated by the phyla 
Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes and the genera Pseudovibrio, 
Bacillus, Streptomyces, Vibrio, and Ruegeria. Furthermore, among the isolates are 
representatives of 21 sponge-enriched bacteria as defined by the sponge EMP (Moitinho-
Silva et al., 2017b) and 37 SC(C)s as defined by Simister et al. (2012b). However, this also 
implies that 168 SC(C)s have no representative isolate. Meta-analysis of culture conditions 
and growth media used suggests a substantial impact of these on the taxa isolated, most 
obvious for cultivation temperature and carbon concentration present in the media. In 
conclusion, the cultivation of especially the most abundant sponge symbionts is still far from 
realised because of our limited understanding of the complex sponge-symbiont interactions 
and translating them to pseudo natural growth conditions for these symbionts in the 
laboratory. A next level of cultivation strategies will be needed to recover those bacteria in 
isolation as well. This would also be a major step forward to the application of bioactive 
compounds found in sponges. 
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Supplementary Information 
 
Data collection 
In this review, we collected 4915 16S ribosomal RNA (rRNA) gene sequences of cultivable 
bacteria associated with sponges from the NCBI database via published papers. Firstly, 
published papers reporting cultivable bacteria from sponges were retreived from literature 
databases, including PubMed, Scopus, Web of Science, Google Scholar, using a query 
containing keywords related to cultivable bacteria from sponges: “(sponge OR porifera) 
AND (16S rRNA OR bacteria) AND (cultivation OR cultivable OR culture)” (updated to 
2017). From the papers, accession numbers of cultivable bacteria from sponges were 
collected and used to retrieve the 16S rRNA gene sequences from the NCBI database. 
Corresponding data concerning culture conditions and culture media was also collected from 
published papers and/or from authors of papers. The metadata of sponge-associated culture 
bacteria can be accessed at the FigShare online Repository 
(https://doi.org/10.6084/m9.figshare.13489998.v1). For taxonomy, all 16S rRNA gene 
sequences of cultivable bacteria were re-classified based on the Silva database (v128) using 
the script classify.seqs in the Mothur pipeline with default parameters (Schloss et al., 2009). 
 
Heat map and Venn diagram 
In order to investigate the influence of carbon content (amount) in cultivation media on the 
composition of isolated sponge-associated bacteria, the amount of carbon in cultivation 
media was roughly estimated based on the amount of substrates containing carbon in culture 
media. For media using only seawater and agar for cultivation, we assumed that the amount 
of carbon in the media was zero. A heatmap of the 50 most abundant genera based on the 
amount of carbon and culture conditions was plotted using JColorGrid v.1.860 (Joachimiak 
et al., 2006). Venn diagrams of sponge-associated bacteria recovered under different 
cultivation conditions were created at genus level using the online tool 
(http://bioinformatics.psb.ugent.be/webtools/Venn/). 
 
Identification of additional sequences as part of known sponge-specific and sponge 
coral-specific clusters 
The 16S rRNA gene sequences of cultured bacteria in our dataset and the 16S rRNA gene 
sequences from (Simister et al., 2012) were grouped per phylum. For each phylum, the 
sequences were aligned using the online Silva aligner (https://www.arb-silva.de/aligner/) 
with the global alignment mode (Pruesse et al., 2012). The aligned 16S rRNA gene sequences 
of cultured bacteria were added to available phylogenetic trees constructed by Simister et al. 
(2012b) using RAxML version 8.2 (Stamatakis, 2014). The additional sequences were 
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identified as part of known SC/SCC clusters if their positions in the tree were inside known 
SC/SCCs. 
 
Sponge-enriched cultured bacteria 
In brief, the 16S rRNA gene sequences of cultured bacteria from our dataset (n = 4915) were 
subjected to a BLAST search (Altschul et al., 1990) against a curated sponge microbiome 
database, containing 64,424 high quality deblurred subOTU sequences that were extracted 
from the sponge Earth Microbiome Project (EMP) database 
(https://github.com/amnona/SpongeEMP). The curated spongeEMP BLAST database and 
additional information describing the database creation can be accessed here: 
https://github.com/marinemoleco/spongeEMP_BLASTdb. The sponge microbiome project 
subOTU sequences with 100% similarity to the 4915 bacterial isolate sequences were 
uploaded to the spongeEMP online server (www.spongeemp.com) in order to identify 
isolates that are significantly enriched in sponge specimens (for the category “host-
associated” in the field env_package) using ranksum_p (relative frequency–based ranksum 
test) or binomial_p (presence/absence binomial test)  as described by (Moitinho-Silva et al., 
2017). 
 
Supplementary Table S1. Sponge-associated cultivable bacteria belonging to SC(C) 
clusters 
 

Accesion number SC(C)s Phylum/ class Genus 

EF198904 SC11 Actinobacteria Nocardiopsis 

EF198903 SC11 Actinobacteria Nocardiopsis 

EF198900 SC11 Actinobacteria Nocardiopsis 

EU873251 SC11 Actinobacteria Nocardiopsis 

EU554278 SC11 Actinobacteria Nocardiopsis 

EU554275 SC11 Actinobacteria Nocardiopsis 

FJ596490 SC13 Actinobacteria Brevibacterium 

FJ596452 SC13 Actinobacteria - 

FJ596451 SC13 Actinobacteria - 

FJ596420 SC13 Actinobacteria Brevibacterium 

FJ596548 SC14 Actinobacteria Brevibacterium 

FJ596537 SC14 Actinobacteria Brevibacterium 

GQ153943 SC14 Actinobacteria Brevibacterium 

EU346604 SC26 Bacteroidetes - 

EU346568 SC26 Bacteroidetes Gaetbulibacter 

EU346429 SC26 Bacteroidetes Gaetbulibacter 

AM990722 SC27 Bacteroidetes - 
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KF282348 SC27 Bacteroidetes - 

FM180520 SC28 Bacteroidetes Aquimarina 

FJ348470 SC28 Bacteroidetes Aquimarina 

KF282352 SC28 Bacteroidetes Aquimarina 

FJ392545 SC55 Cyanobacteria Oscillatoria 

EF537057 SC55 Cyanobacteria Oscillatoria 

EF537058 SC55 Cyanobacteria Oscillatoria 

EF537059 SC55 Cyanobacteria Oscillatoria 

EF537060 SC55 Cyanobacteria Oscillatoria 

EF537061 SC55 Cyanobacteria Oscillatoria 

EF537062 SC55 Cyanobacteria Oscillatoria 

EF537054 SC56 Cyanobacteria Oscillatoria 

EF537055 SC56 Cyanobacteria Oscillatoria 

EF537056 SC56 Cyanobacteria Oscillatoria 

FJ596448 SC58 Firmicutes Bacillus 

FJ596439 SC58 Firmicutes Bacillus 

FJ596384 SC58 Firmicutes Bacillus 

KJ372507 SC58 Firmicutes Bacillus 

EU199239 SC59 Firmicutes - 

DQ274117 SC59 Firmicutes Bacillus 

DQ274116 SC59 Firmicutes Falsibacillus 

EU862089 SC60 Firmicutes Bacillus 

FJ596414 SC60 Firmicutes Bacillus 

FJ596413 SC60 Firmicutes Falsibacillus 

JX575224 SC60 Firmicutes Bacillus 

DQ888874 SC60 Firmicutes Bacillus 

DQ888882 SC60 Firmicutes Bacillus 

EU199230 SC61 Firmicutes - 

FJ596505 SC61 Firmicutes - 

FJ596485 SC61 Firmicutes - 

DQ903972 SC61 Firmicutes Bacillus 

KP684471 SC62 Firmicutes - 

DQ227660 SC78 Alphaproteobacteria - 

EF040555 SC78 Alphaproteobacteria Ruegeria 

EF040554 SC78 Alphaproteobacteria Ruegeria 

EF040543 SC78 Alphaproteobacteria Ruegeria 

EU346642 SC84 Alphaproteobacteria Pseudovibrio 
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EU346493 SC84 Alphaproteobacteria Pseudovibrio 

FJ596464 SC84 Alphaproteobacteria Pseudovibrio 

FJ596368 SC84 Alphaproteobacteria Pseudovibrio 

HQ647081 SC84 Alphaproteobacteria Pseudovibrio 

HQ647070 SC84 Alphaproteobacteria Pseudovibrio 

HQ647064 SC84 Alphaproteobacteria Pseudovibrio 

HQ647057 SC84 Alphaproteobacteria Pseudovibrio 

HQ647053 SC84 Alphaproteobacteria Pseudovibrio 

HQ647045 SC84 Alphaproteobacteria Pseudovibrio 

HQ647039 SC84 Alphaproteobacteria Pseudovibrio 

HQ647038 SC84 Alphaproteobacteria Pseudovibrio 

HQ647036 SC84 Alphaproteobacteria Pseudovibrio 

HQ647031 SC84 Alphaproteobacteria Pseudovibrio 

EU346547 SC84 Alphaproteobacteria Pseudovibrio 

EU346538 SC84 Alphaproteobacteria Pseudovibrio 

KP684314 SC84 Alphaproteobacteria Pseudovibrio 

KP319339 SC84 Alphaproteobacteria Pseudovibrio 

KP319303 SC84 Alphaproteobacteria Pseudovibrio 

LN878392 SC84 Alphaproteobacteria Pseudovibrio 

LN878393 SC84 Alphaproteobacteria Pseudovibrio 

LN878600 SC84 Alphaproteobacteria Pseudovibrio 

EU346554 SC85 Alphaproteobacteria Pseudovibrio 

EU346546 SC85 Alphaproteobacteria Pseudovibrio 

EU346483 SC85 Alphaproteobacteria Pseudovibrio 

DQ888857 SC85 Alphaproteobacteria Pseudovibrio 

DQ888843 SC85 Alphaproteobacteria Pseudovibrio 

DQ888838 SC85 Alphaproteobacteria Pseudovibrio 

DQ888830 SC85 Alphaproteobacteria Pseudovibrio 

DQ888829 SC85 Alphaproteobacteria Pseudovibrio 

HQ647088 SC85 Alphaproteobacteria Pseudovibrio 

HQ647083 SC85 Alphaproteobacteria Pseudovibrio 

HQ647074 SC85 Alphaproteobacteria Pseudovibrio 

HQ647073 SC85 Alphaproteobacteria Pseudovibrio 

HQ647072 SC85 Alphaproteobacteria Pseudovibrio 

HQ647069 SC85 Alphaproteobacteria Pseudovibrio 

HQ647054 SC85 Alphaproteobacteria Pseudovibrio 

HQ647051 SC85 Alphaproteobacteria Pseudovibrio 
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JX575241 SC85 Alphaproteobacteria Pseudovibrio 

EU346585 SC85 Alphaproteobacteria Pseudovibrio 

EU346577 SC85 Alphaproteobacteria Pseudovibrio 

EU346543 SC85 Alphaproteobacteria Pseudovibrio 

KF582876 SC85 Alphaproteobacteria Pseudovibrio 

KF582850 SC85 Alphaproteobacteria Pseudovibrio 

HE818274 SC85 Alphaproteobacteria Pseudovibrio 

HE818278 SC85 Alphaproteobacteria Pseudovibrio 

KP319326 SC85 Alphaproteobacteria Pseudovibrio 

KP319316 SC85 Alphaproteobacteria Pseudovibrio 

KP319314 SC85 Alphaproteobacteria Pseudovibrio 

KP319311 SC85 Alphaproteobacteria Pseudovibrio 

KP319307 SC85 Alphaproteobacteria Pseudovibrio 

KP319306 SC85 Alphaproteobacteria Pseudovibrio 

KP319299 SC85 Alphaproteobacteria Pseudovibrio 

LN878487 SC85 Alphaproteobacteria Pseudovibrio 

AY372908 SC86 Alphaproteobacteria Pseudovibrio 

AY372915 SC86 Alphaproteobacteria Pseudovibrio 

EU346594 SC93 Alphaproteobacteria Erythrobacter 

AY367756 SC93 Alphaproteobacteria Erythrobacter 

AJ849370 SC93 Alphaproteobacteria Erythrobacter 

FM180516 SC94 Alphaproteobacteria - 

AY371429 SC108 Alphaproteobacteria Tistlia 

DQ869302 SC108 Alphaproteobacteria Tistlia 

DQ167235 SC108 Alphaproteobacteria Tistlia 

EU346489 SC112 Betaproteobacteria Candidatus_Branchiomonas 

EU346541 SC112 Betaproteobacteria Candidatus_Branchiomonas 

EU346540 SC112 Betaproteobacteria Candidatus_Branchiomonas 

EU346539 SC112 Betaproteobacteria Candidatus_Branchiomonas 

FJ596536 SC126 Gammaproteobacteria - 

FJ596528 SC126 Gammaproteobacteria Pseudoalteromonas 

FJ596371 SC126 Gammaproteobacteria - 

FJ596367 SC126 Gammaproteobacteria Pseudoalteromonas 

FJ596342 SC126 Gammaproteobacteria Pseudoalteromonas 

AY241442 SC127 Gammaproteobacteria Vibrio 

AY241441 SC127 Gammaproteobacteria Vibrio 

AY241439 SC127 Gammaproteobacteria Vibrio 



Chapter 4 

167 
 

AY241438 SC127 Gammaproteobacteria Vibrio 

AY241435 SC127 Gammaproteobacteria Vibrio 

FJ596487 SC127 Gammaproteobacteria Vibrio 

FJ596459 SC127 Gammaproteobacteria Vibrio 

FJ596424 SC127 Gammaproteobacteria Vibrio 

FJ596343 SC127 Gammaproteobacteria Vibrio 

EF040571 SC128 Gammaproteobacteria Escherichia-Shigella 

EF040564 SC128 Gammaproteobacteria Escherichia-Shigella 

EF040551 SC128 Gammaproteobacteria - 

EF040537 SC128 Gammaproteobacteria Escherichia-Shigella 

EF040567 SC128 Gammaproteobacteria - 

EF114194 SC130 Gammaproteobacteria - 

AY368567 SC133 Gammaproteobacteria Rheinheimera 

EF450321 SC133 Gammaproteobacteria Rheinheimera 

EF450318 SC133 Gammaproteobacteria Rheinheimera 

EU346557 SC137 Gammaproteobacteria BD1-7_clade 

EU346468 SC138 Gammaproteobacteria BD1-7_clade 

EU346467 SC138 Gammaproteobacteria BD1-7_clade 

AY371439 SC138 Gammaproteobacteria BD1-7_clade 

AY371442 SC139 Gammaproteobacteria Endozoicomonas 

AY371441 SC139 Gammaproteobacteria Endozoicomonas 

EF620871 SC139 Gammaproteobacteria Endozoicomonas 

AF489288 SC141 Gammaproteobacteria Pseudomonas 

AF489289 SC141 Gammaproteobacteria Pseudomonas 

FJ215629 SC141 Gammaproteobacteria Pseudomonas 

FJ215627 SC141 Gammaproteobacteria Pseudomonas 

JN128264 SC141 Gammaproteobacteria Pseudomonas 

JN128255 SC141 Gammaproteobacteria Pseudomonas 

KP684435 SC141 Gammaproteobacteria Pseudomonas 

EF114176 SC149 Gammaproteobacteria Stenotrophomonas 

JN615424 SC149 Gammaproteobacteria Stenotrophomonas 

DQ994722 SCC6 Acidobacteria - 

EF629874 SCC7 Bacteroidetes Fabibacter 

EF629869 SCC7 Bacteroidetes Fabibacter 

EF629864 SCC7 Bacteroidetes Fabibacter 

EF629858 SCC7 Bacteroidetes Fabibacter 

EF629855 SCC7 Bacteroidetes Fabibacter 
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EF629831 SCC7 Bacteroidetes Fabibacter 

JF443756 SCC18 Planctomycetes Pir4_lineage 

EU346463 SCC28 Alphaproteobacteria - 

AY369986 SCC31 Gammaproteobacteria Shewanella 

AY371432 SCC31 Gammaproteobacteria - 

AY371431 SCC31 Gammaproteobacteria Paraferrimonas 

AY948366 SCC31 Gammaproteobacteria Shewanella 

DQ167234 SCC31 Gammaproteobacteria Shewanella 

DQ180743 SCC31 Gammaproteobacteria Shewanella 

JX575276 SCC31 Gammaproteobacteria Shewanella 

KJ372448 SCC31 Gammaproteobacteria Shewanella 

KJ372447 SCC31 Gammaproteobacteria Shewanella 

KJ372446 SCC31 Gammaproteobacteria Shewanella 

KJ372445 SCC31 Gammaproteobacteria Shewanella 

KJ372444 SCC31 Gammaproteobacteria Shewanella 

KJ372443 SCC31 Gammaproteobacteria Shewanella 

KJ372442 SCC31 Gammaproteobacteria Shewanella 

KJ372441 SCC31 Gammaproteobacteria Shewanella 

KJ372440 SCC31 Gammaproteobacteria - 

KJ372439 SCC31 Gammaproteobacteria Shewanella 

KJ372438 SCC31 Gammaproteobacteria Shewanella 

KJ372437 SCC31 Gammaproteobacteria Shewanella 

KJ372436 SCC31 Gammaproteobacteria Shewanella 

KJ372435 SCC31 Gammaproteobacteria Shewanella 

KJ372434 SCC31 Gammaproteobacteria Shewanella 

KJ372433 SCC31 Gammaproteobacteria Shewanella 

HE818163 SCC31 Gammaproteobacteria Shewanella 

HE818167 SCC31 Gammaproteobacteria Shewanella 

HE818174 SCC31 Gammaproteobacteria Shewanella 

HE818216 SCC31 Gammaproteobacteria Shewanella 

KP684413 SCC31 Gammaproteobacteria Shewanella 

KP684406 SCC31 Gammaproteobacteria Shewanella 

KP684297 SCC31 Gammaproteobacteria Shewanella 

EF629566 SCC31, SC132 Gammaproteobacteria Shewanella 

EF629564 SCC31, SC132 Gammaproteobacteria Shewanella 

EF629559 SCC31, SC132 Gammaproteobacteria Shewanella 
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Supplementary Figure S1. 16S rRNA gene-based phylogeny of sponge-associated 
Acidobacteria. Filled circles indicate bootstrap support of ≥ 90%, and open circles represent 
bootstrap support of ≥ 75%. SC indicates sponge-specific cluster, and SCC indicates sponge- 
and coral-specific cluster. Blue letters indicate cultured bacteria from sponges, bold green 
letters indicate cultured bacteria belonging to known SC(C)s by Simister et al. (2012b), and 
bold red letters indicate newly cultured bacteria added into known SC(C)s.   

Supplementary Figure S2. 16S rRNA gene-based phylogeny of sponge-associated 
Actinobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S3. 16S rRNA gene-based phylogeny of sponge-associated 
Alphaproteobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S4. 16S rRNA gene-based phylogeny of sponge-associated 
Bacteroidetes. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S5. 16S rRNA gene-based phylogeny of sponge-associated 
Betaproteobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S6. 16S rRNA gene-based phylogeny of sponge-associated 
Chloroflexi. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S7. 16S rRNA gene-based phylogeny of sponge-associated 
Cyanobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S8. 16S rRNA gene-based phylogeny of sponge-associated 
Deltaproteobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S9. 16S rRNA gene-based phylogeny of sponge-associated 
Firmicutes. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S10. 16S rRNA gene-based phylogeny of sponge-associated 
Gammaproteobacteria. Details are as provided for Supplementary Figure S1. 

Supplementary Figure S11. 16S rRNA gene-based phylogeny of sponge-associated 
Caldithrix/Deferribacteres, Chlamydiae, Halanaerobiales, Lentisphaerae, NPL-UP2, OP3, 
Planctomycetes, “Poribacteria”, Verrucomicrobia organisms and SAUL (sponge-associated 
unidentified lineage). These taxa are affiliated with the Planctomycetes-Verrucomicrobia-

Chlamydiae (PVC) superphylum. Details are as provided for Supplementary Figure S1. 

Note: Supplementary Figure S1-S11 are available via the following link: 
https://www.frontiersin.org/articles/10.3389/fmicb.2021.737925/full#supplementary-
material
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Abstract 
 
Recent reviews have reinforced that sponge-associated bacteria are a valuable source of 
structurally diverse secondary metabolites with potent biological properties, which make 
these microbial communities promising sources of new drug candidates. However, overall 
diversity of secondary metabolite biosynthetic potential present in bacteria is difficult to 
access due to the fact that the majority of bacteria are not readily cultured in the laboratory. 
Thus, use of cultivation-independent approaches may allow accessing “silent” and “cryptic” 
secondary metabolite biosynthetic gene clusters present in bacteria that cannot yet be 
cultured. In the present study, we investigated diversity of secondary metabolite biosynthetic 
gene clusters (BGCs) in metagenomes of bacterial communities associated to three sponge 
species: Clathria reinwardti, Rhabdastrella globostellata, and Spheciospongia sp. The 
results reveal that the three metagenomes contain a high number of predicted BGCs, ranging 
from 282 to 463 BGCs per metagenome. The types of BGCs were diverse and represented 
12 different cluster types. Clusters predicted to encode fatty acid synthases and polyketide 
synthases (PKS) were the most dominant BGC types, followed by clusters encoding 
synthesis of terpenes and bacteriocins. Based on BGC sequence similarity analysis, 363 gene 
cluster families (GCFs) were identified. Interestingly, no GCFs were assigned to pathways 
responsible for the production of known compounds, implying that the clusters detected 
might be responsible for production of several novel compounds. The KS gene sequences 
from PKS clusters were used to predict the taxonomic origin of the clusters involved. The 
KS sequences were related to 12 bacterial phyla with Actinobacteria, Proteobacteria, and 
Firmicutes as the most predominant. At the genus level, the KSs were most related to those 
found in the genera Mycolicibacterium, Mycobacterium, Burkholderia, and Streptomyces. 
Phylogenetic analysis of KS sequences resulted in detection of two known ‘sponge-specific’ 
BGCs, i.e., SupA and SwfA as well as a new ‘sponge-specific’ cluster related to fatty acid 
synthesis in the phylum Candidatus Poribacteria composed only by KS sequences of the 
three sponge-associated bacterial communities assessed here. 
 
Introduction 
 
Bacterial secondary metabolites, also referred to as natural products or specialized 
metabolites, are an important source of biologically-active compounds for healthcare and 
agriculture applications (Butler et al., 2014; Katz and Baltz, 2016; Newman and Cragg, 2016; 
Singh et al., 2017). These valuable secondary metabolites represent a group of low-molecular 
weight structurally diverse compounds including polyketides (PKs), non-ribosomal peptides 
(NRPs), ribosomally synthesized and post-translationally modified peptides (RiPPs), 
terpenoids, saccharides, and a plethora of hybrids. The genes responsible for the biosynthesis 
of secondary metabolites are physically co-located in a biosynthetic gene cluster (BGC) with 
a size from a few to more than 100 kb (Osbourn, 2010; Smanski et al., 2016). 
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In bacteria, non-ribosomal peptide synthase (NRPS) and polyketide synthase (PKS) gene 
clusters are two main clusters responsible for the biosynthesis of secondary metabolites 
(Weissman, 2015). Polyketides are typically produced by PKS assembly lines that are 
composed of different functional modules. Each module is responsible for the incorporation 
and tailoring of a two-carbon unit into the final pathway product (Sánchez et al., 2006). The 
minimal domain of a PKS module consists of an acyltransferase (AT), which selects and 
loads coenzyme-A (CoA) thioester-derived extender units; an acyl carrier protein (ACP), 
which functions as site for the covalent tethering of both the growing product chain and AT-
selected extender units; and a ketosynthase (KS) domain, required for catalysis of carbon-
carbon bond formation between the downstream product chain and the upstream extender 
unit (Robbins et al., 2016). Non-ribosomal peptide synthetases (NRPS) also form 
multienzyme assembly lines that are similar to those of PKS, and produce peptide-containing 
compounds. In the NRPS module, an adenylation (A) domain activates an amino acid, and 
loads it onto a peptidyl carrier protein (PCP). Subsequently, a condensation (C) domain 
generates an amide bond with the growing chain tethered to the upstream PCP domain (Miller 
and Gulick, 2016a). Interestingly, many bacteria have been found to possess the hybrid 
NRPS-PKS enzymes (Masschelein et al., 2013; Mizuno et al., 2013; Komaki et al., 2014; 
Komaki et al., 2018; Rischer et al., 2018) and show that both PKS and NRPS function 
simultaneously in the same assembly line, but the products synthesized by most of the hybrid 
PKS/NRPS enzymes are still unknown. With the advances in metagenome sequencing, 
numerous uncharacterized BGCs have been found in uncultivated bacteria, which are 
regarded as an untapped source for the discovery of new drugs (Storey et al., 2020; Nguyen 
et al., 2021; Rego et al., 2021; Van Goethem et al., 2021). 
 
Marine sponges are well known to be a particularly rich source of structurally unique 
secondary metabolites with a broad spectrum of biological properties (Mehbub et al., 2014; 
Mehbub et al., 2016; Calcabrini et al., 2017), many of which are probably produced by their 
associated bacteria. For example, it is now known that polybrominated biphenyl ether 
antibiotics isolated from the sponge Dysidea herbacea are actually produced by the 
endosymbiotic cyanobacterium Oscillatoria spongeliae (Newman and Hill, 2006). Also, the 
antifungal peptide theopalauamide isolated from the marine sponge Theonella swinhoei has 
been found to be contained in a δ-proteobacterial symbiont (Schmidt et al., 1998). 
Subsequent metagenomic analysis of sponge microbiomes has revealed the bacterial origin 
of many polyketide and modified peptide secondary metabolites (Wakimoto et al., 2014; 
Wilson et al., 2014; Ueoka et al., 2015; Freeman et al., 2016; Nakashima et al., 2016; Lackner 
et al., 2017a; Mori et al., 2018; Tianero et al., 2019; Storey et al., 2020; Loureiro et al., 2022). 
Although the chemical role of many symbiont-derived compounds in the sponge holobionts 
remains unclear, accumulated evidence shows that symbiont-derived secondary metabolites 
play a role in chemical defense against predators, biofouling and competition for space 
(Aguila-Ramírez et al., 2014; Balskus, 2014; Wakimoto et al., 2014; Wilson et al., 2014; Pita 
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et al., 2018; Tianero et al., 2019). These biological properties make these sponge-associated 
microbial communities promising sources of new drug candidates (Fuerst, 2014; Juliana et 
al., 2014; Santos-Gandelman et al., 2014; Indraningrat et al., 2016; Zhang et al., 2017b). 
However, overall diversity of secondary metabolite biosynthetic potential present in sponge-
associated bacteria is difficult to access because the large majority of these bacteria are not 
readily cultured in laboratory environment (Dat et al., 2021b). Thus, use of cultivation-
independent approaches (e.g., metagenomics, cloning, heterologous expression) for 
investigation of the chemistry of sponge symbiotic bacteria may allow access to secondary 
metabolite biosynthetic gene clusters of currently uncultivable symbiotic bacteria of sponges. 
 
We have previously investigated the bacterial and archaeal diversity of the 18 marine sponge 
species and found that particularly three species Spheciospongia sp., Rhabdastrella 

globostellata and Clathria reinwardti harbored diverse communities of bacteria (Dat et al., 
2018). Furthermore, recent chemical investigations have revealed diverse secondary 
metabolites derived from these sponge species, including C. reinwardti (Goud et al., 2005; 
Tai et al., 2021; Trang et al., 2022b), R. globostellata (Bourguet-Kondracki et al., 2000; 
Tasdemir et al., 2002; Clement et al., 2006; Fouad et al., 2006; Hirashima et al., 2010; Li et 
al., 2010; Trang et al., 2022a), and Spheciospongia spp. (Costantino et al., 2005; 2008; 
Whitson et al., 2008; Eltamany et al., 2015; Tawfike et al., 2019). However, it has remained 
unclear whether/which sponge-associated bacteria are responsible for the production of these 
natural products. Here, we investigate the diversity of secondary metabolite biosynthetic 
gene clusters in metagenomes of the bacterial communities associated with these three 
sponge species. 

 
Materials and Methods 
 

Collection and identification of sponges 
Sponge specimens of Spheciospongia sp., Rhabdastrella globostellata and Clathria 

reinwardti were collected by Scuba diving from May to September 2015 from the central 
coastal region of Vietnam at 5 - 10 m depth and identified using molecular markers (18S 
rRNA and COI genes) in a previous study (Dat et al., 2018). 
 
Enrichment of sponge-associated bacteria 
The specimens were rinsed three times with sterile artificial seawater to remove any debris 
attached to the sponge. Then the specimens were further cleaned with a sterile scalpel in 
order to remove sediment and other organisms more strongly attached to the sponges. 
Sponge-associated bacterial cells were enriched by stepwise centrifugation as described by 
(Abe et al., 2012). In brief, the sponge tissue was cut into small pieces and ground in TEN 
buffer (3.5% sodium chloride, 10 mM tris-hydroxymethyl-aminomethane, 50 mM 
ethylenediaminetetraacetic acid, pH 8.5) with a sterilized mortar and pestle. The cell 
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suspensions were then filtered through a large nylon mesh (20 µm) to further remove 
sediment particles and clumps of cells. Then the sponge cells and bacteria were separated by 
step-wise centrifugation. The cell suspension was first centrifuged at 500 g for 5 min at 4oC. 
The supernatant was then transferred to another tube and centrifuged at 1,000 g for 15 min 
at 4oC. Next, the supernatant was transferred to another tube and centrifuged at 3,000 g for 
15 min at 4oC. Finally, the supernatant was then transferred to another tube and centrifuged 
at 8,000 g for 15 min at 4oC. The pellet was washed twice with TEN buffer and centrifuged 
at 8,000 g for 20 min at 4oC. This cell pellet was used for metagenomic DNA extraction. 
 

Metagenomic DNA extraction, sequencing and assembly 
Metagenomic DNA of sponge-associated bacteria was extracted using the ZymoBeadTM 
Genomic DNA Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s 
protocol. The concentration of the extracted DNA was determined with a Nanodrop 1000 
spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA), and its integrity was 
examined by gel electrophoresis on a 1% (w/v) agarose gel. Metagenomic DNA was 
sequenced on an Illumina HiSeq2500 platform at BaseClear BV (Leiden, The Netherlands). 
Quality control of FASTQ files was done with FastQC v.0.11.7 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The raw reads were checked 
and the adapters, low-quality reads, artifacts and PhiX contamination were removed using 
the command bbduk.sh of the BBmap v.34 (https://sourceforge.net/projects/bbmap/). Reads 
with a low Phred quality score (< 30) and reads shorter than 70 base pairs were filtered out. 
Next, reads were coverage-normalized with the command bbnorm.sh of BBMap v.34 at 
default settings. Reads were then assembled with SPAdes v.3.5.0 (Bankevich et al., 2012). 
The non-normalized Illumina reads were mapped to the contigs with Bowtie2 v.2.2.2 at 
default settings (Langmead and Salzberg, 2012). The resulting SAM files were converted to 
BAM, sorted and indexed with SAMtools v.0.1.18 (Li et al., 2009). HTSeq v.0.6.1 was used 
to calculate the average coverage of each contig (Anders et al., 2015). Contigs longer than 
1000 base pairs were used for further analysis. Open reading frames (ORFs) were called with 
Prodigal v.2.6.1 with -m and -p meta options enabled (Hyatt et al., 2010). 
 

Prediction of secondary metabolite gene biosynthetic clusters and ketosynthase 
phylogeny 
The predicted protein-coding genes were subjected to a search for secondary metabolite 
biosynthetic gene clusters (BGCs) using antiSMASH v.4.1.0 (bacterial version). The 
KnownClusterBlast function in antiSMASH was enabled to identify BGCs that are 
responsible for the biosynthesis of known compounds in the metagenomes of the sponge-
associated bacteria. The predicted biosynthetic gene clusters were also searched for known 
biosynthetic pathways using the Natural product domain seeker (NaPdoS) 
(http://napdos.ucsd.edu/). Biosynthetic gene cluster similarity networks and gene cluster 
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families were generated using BiG-SCAPE with default settings. The networks were 
visualized using Cytoscape v. 3.6.0 (https://cytoscape.org) (Shannon et al., 2003). 
 
For ketosynthase (KS) phylogeny, KS domain fragments of the biosynthetic gene clusters 
were extracted and trimmed using NaPdoS (http://napdos.ucsd.edu/) (Ziemert et al., 2012). 
The KS sequences were used to search for homologous KS sequences in the NCBI Genbank 
database using blastp (http://www.ncbi.nlm.nih.gov/) against the nr database (accessed on 5 
November 2020). KS sequences with a short length < 200 amino acids were excluded from 
the phylogenetic analysis. The KS sequences (from this study, their three most similar 
sequences, and sequences of known biosynthetic pathways from NaPdoS server) were 
aligned using the MAFFT (v.7.504) program with the FFT-NS-i strategy (Katoh and 
Standley, 2013). Poorly aligned positions and non-conserved regions were removed from the 
alignments using the trimAl v.1.2 (Capella-Gutiérrez et al., 2009). The ketosynthase 
phylogeny was created using MEGA version 11.0.11 (Tamura et al., 2021) with the neighbor-
joining (NJ) method, the Poison model and 1,000 bootstrap replicates. The phylogeny was 
visualized using iTOL v.5 (Letunic and Bork, 2021) via the online server 
(https://itol.embl.de/). Taxonomy of the bacteria harbouring the KS sequences were predicted 
based on the most homologous KS sequences (the first hit) by a BLAST search of the KS 
sequences against the refseq_protein database (v.2018) at NCBI using blastp 
(http://www.ncbi.nlm.nih.gov/). 
 
Results 
 
Metagenomes of the sponge-associated bacteria  
The metagenomes of bacteria associated with the three sponge species Spheciospongia sp., 
Rhabdastrella globostellata and Clathria reinwardti were sequenced. The numbers of 
paired-end reads obtained from the samples were in a range of 30,414,932 to 66,835,559 with 
average G+C content between 61% and 62 % (Supplementary Table S1). Quality filtering of 
the reads resulted in a range of 27,783,369 to 62,722,556 high-quality reads that were used 
in downstream analyses. Assembling reads per sample generated 607,208, 466,098 and 
504,262 contigs for the metagenomes of C. reinwardti, R. globostellata, and Spheciospongia 
sp., respectively. The N50 values of the contigs ranged from 21,342 to 56,925 and the number 
of protein-coding sequences ranged from 782,060 to 903,985 for the three samples. 
 
Diversity of secondary metabolite biosynthetic gene clusters from the metagenomes of 
the sponge-associated bacteria  
For the prediction of secondary metabolite biosynthetic gene clusters (BGCs) from the 
metagenomes from sponge-associated bacteria, only contigs longer than 1,000 bp were 
analyzed. These yielded a total of 1,116 BGCs as identified by antiSMASH (Tables S2-S4). 
The number of BGCs identified per metagenome ranged from 282 to 463 (Table 1). Diverse 
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types of BGCs were observed with 12 different cluster types. Cf fatty acid and type I PKS 
were the most dominant BGC types with 86-164 and 83-125 clusters per sample, 
respectively, followed by terpenes (58-97 clusters per sample), and bacteriocins (12-16 
clusters per sample), whereas the remaining cluster types only accounted for less than 11 
clusters per sample. Surprisingly, not a single NRPS cluster was detected from metagenomes 
of bacteria associated with three sponge species and interestingly, the use of the 
KnownClusterBlast function in antiSMASH suggested that none the identified BGCs was 
encoding for biosynthetic pathways of known compounds. 
 
Table 1. Secondary metabolite biosynthetic gene clusters identified in the metagenomes of 
the sponge-associated bacteria by antiSMASH 
 

Gene cluster type C. reinwardti R. globostellata Spheciospongia sp. 

Type I PKS 83 112 125 

Type II PKS 1 1 1 

Type III PKS 3 6 5 

Trans-AT type I PKS 2 0 2 

Trans-AT PKS 0 2 0 

Terpene 58 66 97 

Bacteriocin 12 16 14 

Aryl polyene 8 10 9 

Ladderane 3 4 2 

Phosphonate 5 5 6 

Lantipeptide 2 1 3 

Cf_fatty_acid 86 119 164 

Others 19 29 35 

Number of clusters 282 371 463 

Number of contigs ≥ 1000 93,883 118,632 154,114 

 
To identify orthologous clusters among BGCs across the different sponge metagenomes, we 
reconstructed a BGC sequence similarity network (Figure 1). The analysis of BGC sequence 
similarity showed that the connected components corresponded to 363 gene cluster families 
(GCFs), including 86 GCFs of type I PKSs, 5 GCFs of other PKSs, 63 GCFs of terpenes, 8 
GCFs of ribosomally synthesized and post-translationally modified peptides (RiPPs), and 
201 GCFs of other BGCs including cf fatty acid  (Figure 1). Several larger networks were 
composed of multiple GCFs, because these networks could not be resolved into single GCF 
networks using default similarity cutoffs. 
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Figure 1. BGC sequence similarity network of the BGCs identified from the metagenomes 
of the sponge-associated bacteria. Each node represents one BGC identified by antiSMASH 

 

Figure 2. Venn diagrams of the identified GCFs from the metagenomes of three sponge-
associated bacteria. CLR - Clathria reinwardti, RHG - Rhabdastrella globostellata, and 
SPV- Spheciospongia sp. 
 
In general, approximately one third (103) of GCFs were found in all specimens, 89 GCFs in 
two specimens, and 171 GCFs only in individual specimens (singletons) (Figure 2A). It 
appears that Type I PKSs are more often unique to a sponge species/sample, while terpenes, 
other PKS and RiPPs are more often shared between species/samples (Figures 2B-2E). 
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Comparison of the BGCs identified with BGCs that encode known compounds in the MIBiG 
reference database (Minimum Information about a Biosynthetic Gene cluster) (Medema et 
al., 2015) showed that no GCFs from the metagenomes were assigned to pathways 
responsible for the production of known compounds (Tables S2-S4). 
 
Ketosynthase phylogeny of BGCs 
The ketosynthase (KS) domain is the most conserved catalytic domain of the PKS gene 
cluster and involved in the tailoring the polyketide by catalyzing chain condensation. 
Therefore, the KS sequences extracted from the identified BGCs were used for phylogenetic 
analysis (Figure 3). The KS sequences had low identity (21% - 66%) to the KS sequences of 
the characterized pathways from the NaPDos database (Tables S5-S7) as could be expected 
as BGCs from our study did not encode known pathways. Also, many KS sequences of the 
identified BGCs from the metagenomes showed low identities (30 - 70%) to KS sequences 
from NCBI GenBank (Tables S8-S13). 
 
Phylogenetic analysis of KS sequences showed that most of the KS sequences of the cf_fatty 
acid BGCs identified from the sponge bacteria metagenomes clustered together with 
previously found KS sequences from fatty acid biosynthesis gene clusters retrieved from 
NCBI GenBank (Figure 3B). Several KS sequences from fatty acid BGCs predicted from the 
sponge-associated bacteria metagenomes had KS sequences from fatty acid BGCs from 
Candidatus Poribacteria metagenome-assembled genomes as best hit and formed a 
phylogenetically distant clade from other KS sequences from fatty acid BGCs derived from 
other sources (Figure 3B). KS sequences from the aryl polyene and ladderane BGCs 
identified from the metagenomes formed subclusters within clades of KS sequences 
belonging to fatty acid synthesis pathways as retrieved from NCBI Genbank. For PKS BGCs 
obtained from the sponge-associated bacteria metagenomes in the present study, only a few 
KS sequences were placed in the same clades as reference non-sponge KS sequences 
retrieved from NCBI GenBank and NaPDos, and the large majority of KS sequences had best 
hit with sponge-derived KS sequences and formed two separate clades that were 
phylogenetically distant to non-sponge-derived KS sequences (supA and swfA) (Figure 3C-
D). 
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Figure 3. The phylogeny of the KS sequences from the identified BGCs from sponge-
associated bacterial metagenomes including KS sequences from the NaPDoS database and 
NCBI GenBank (A) and its subtrees (B-D). 
 
In addition, we used the BLASTX searches of the KS sequences to predict the bacterial taxa 
harbouring these sequences and they were predicted to be related to KS sequences from 
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diverse bacteria represented by 12 phyla, including Actinomycetes, Proteobacteria, 
Firmicutes, Chloroflexi, Acidobacteria, Cyanobacteria, Bacteroidetes, Nitrospirae, 
Verrucomicrobia, Spirochaetes, Aquificae, Nitrospinae and Ignavibacteriae (Figure 4A, 
Tables S11-S13). Among them, Actinobacteria was the most predominant phylum (46.2% 
of the KS sequences), followed by the classes of Proteobacteria (3.5 - 11.7%) and the phylum 
Firmicutes (9.1%). Each of remaining phyla accounted for less than 5%. At the genus level, 
the KS sequences of the identified BGCs from the metagenomes were linked to 142 genera 
(Figure 4B). Of these, the genera Mycolicibacterium, Mycobacterium, Burkholderia, and 
Streptomyces were most dominant and accounted for 20.1, 15.2, 6.7, and 5.1% of the total 
KS sequences, respectively. 
 
Except for the KS sequences retrieved from fatty acid BGCs, which were found from a wide 
range of bacterial phyla (Supplementary Figure S1), KS sequences from other BGC types 
were non-uniformly distributed across sponge-associated bacterial taxa (Figures S2-S4). The 
KS sequences retrieved from PKS BGCs were predominantly related to those from 
Actinobacteria (80% of the PKS KS sequences), particularly the genera Mycolicibacterium 
(37%), Mycobacterium (28%), Burkholderia (12%), Streptomyces (7%), and Sciscionella 
(5%) (Supplementary Figure S2). On the other hand, the KS sequences from aryl propylene 
BGCs were predominantly related to those from Proteobacteria (> 80% of the sequences), 
including Betaproteobacteria (45%), Gammaproteobacteria (26%), and 
Deltaproteobacteria (11%) with Verminephrobacter, Cellvibrio, Syntrophus, Cupriavidus, 
Lechevalieria and Thiobacillus as main genera (Supplementary Figure S3). In case of 
ladderane BGCs, the KS sequences were mainly related to only two classes of Proteobacteria 
(Alpha-, and Delta-) and three genera Tropicibacter, Sandaracinus and Pseudovibrio 

(Supplementary Figure S4). 
 
Discussion 
 

Diversity of secondary metabolite biosynthetic gene clusters from the metagenomes of 
sponge-associated bacteria 
Gene clusters related to putative fatty acid synthesis is the most predominant BGC type 
identified from the metagenomes of sponge-associated bacteria in our study. This is expected 
because fatty acids are essential components in cell membranes of bacteria. Of particular 
interesting is the detection of a separate cluster of KS genes related to fatty acid synthase 
from Candidatus Poribacteria, a sponge-specific bacterial candidate phylum. Members of the 
phylum Candidatus Poribacteria were not detected in the same sponge specimens by 16S 
rRNA amplicon sequencing (Dat et al., 2018). However, this discrepancy between 16S rRNA 
sequencing and metagenomics has frequently been observed and the lack of Candidatus 
Poribacteria in the PCR amplicon-based study may be attributed to a bias of the specificity 
of primers (Podell et al., 2019). Except for central roles in the integrity of cell membranes 
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and energy storage (Schweizer and Hofmann, 2004), many fatty acids are recently suggested 
to be potential antimicrobial, antifouling, and antivirulence agents (Desbois and Smith, 2010; 
Yoon et al., 2018; Kumar et al., 2020). Several reports have also shown fatty acids to enhance 
the antibacterial activities of antibiotics (Hess Donavon et al., 2014; Chan et al., 2015; 
Casillas-Vargas et al., 2021; Kim et al., 2021; Park et al., 2022). 

 

Figure 4. Taxonomy of the bacteria harboring KS sequences most identical to KS sequences 
(the best hit) identified from the metagenomes of the sponge-associated bacteria at (A) the 
phylum (or class level for Proteobacteria) and (B) genus level 
 
PKSs are among the most dominant BGC types in the metagenomes of sponge-associated 
bacteria. Of these, PKS type I is most dominant, while only a few PKS type II and type III 
clusters were detected in the metagenomes. Almost all type I PKSs detected in the 
metagenomes of sponge-associated bacteria in our study were the non-iterative type I PKSs. 
Previous investigations have revealed that the distribution of PKSs appears to be origin-
dependent. The non-iterative type I PKSs are often found in bacteria, whereas iterative type 
I PKSs are mainly found in fungi (Staunton and Weissman, 2001; Cox, 2007; Hertweck, 
2009). Bacterial type I PKSs are particularly attractive targets for exploration and 
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exploitation of their bioactive compounds, because they are defined by a modular 
organization, remarkable versatility, and amenability for pathway engineering (Chen and Du, 
2016). Several antibiotics derived from these multicatalytic enzymes include macrolides 
(erythromycin), polyenes (nystatin) as well as linear polyketides (tautomycetin) (Rawlings, 
2001; Fjærvik and Zotchev, 2005; Choi et al., 2007). In our study type I PKSs from the 
sponge-associated bacteria metagenomes had a best BLAST hit to clusters encoding for the 
production of diverse bioactive compounds, such as puwainaphycins, ajudazol, polycyclic 
tetramate macrolactams, glycopeptidolipid, epothilone, phenalamide, crocacin, curacin, 
microsclerodermins, nostophycin, jamaicamide, chondrochloren, gephyronic acid, 
cylindrospermopsin, soraphen, amphotericin, reveromycin, stigmatellin, candicidin, 
myxalamid, gulmirecin, heat-stable antifungal factor, myxothiazol, tautomycin and ECO-
02301 (a new class of antifungal agent) (Tables S14-S16). Notably, several trans-AT PKSs 
were also detected in the sponge-associated bacteria metagenomes. Trans-AT PKSs lack 
integrated AT domains. Instead, a free-standing AT domain acts in trans to load acyl building 
blocks into the assembly line (Nguyen et al., 2008). Nearly 40% of all bacterial modular 
PKSs belong to the trans-AT type, suggesting that the polyketides of these enzymes 
constitute a major natural product class (O'Brien et al., 2014). Indeed, several drugs which 
are used as antibiotics were identified as trans-AT PKS products (e.g., mupirocin, 
streptogramins) (El-Sayed et al., 2003; Mast et al., 2011). Many compounds from sponges 
and their symbionts are known to be biosynthesized by trans-AT PKS pathways (e.g., 
diffusomycin, psymberin, onnamide A, calyculin A, swinhoeiamide A, swinhodile A, 
clavosine A, geoetricin A, misakinolide A, oocydin A, mycalamide A) (Piel et al., 2004; 
Helfrich and Piel, 2016; Helfrich et al., 2021). The trans-AT PKS gene clusters detected in 
the sponge-associated bacteria metagenomes in our study had a best BLAST hit to gene 
clusters involved in the production of puwainaphycins and epothilones (Tables S14-S16). 
However, none of the clusters in our dataset could be reliable assigned to a cluster encoding 
for the production of a known compounds (MiBIG database). These findings imply that the 
type I PKSs detected in our study are likely involved in the biosynthesis of currently unknown 
compounds. 
 
Type II PKSs are found exclusively in bacteria and are responsible for producing aromatic 
polyketides such as the antibiotics actinorhodin, tetracycline or doxorubicin (Hertweck et al., 
2007). Although none of the type II PKSs detected in the metagenomes of sponge-associated 
bacteria in our study could be confidently assigned to gene clusters encoding known 
compounds, some BGCs had best BLAST hits related to clusters encoding compounds 
belonging to the class angucyclines (lomaiviticin) and benzoisochromanequinones 
(frenolicin) (Tables S14-S16). Type III PKSs are relatively small proteins that are mainly 
involved in the production of important plant compounds such as flavonoids and stilbenes 
(phenolic), but they are also found in bacteria and fungi (Moore and Hopke, 2001). All type 
III PKSs detected in the metagenomes of sponge-associated bacteria in our study had the 
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cluster encoding for the proteins producing the alkylresorcinols as best BLAST hit (Tables 
S14-S16). Alkylresorcinols are synthesized by plants, fungi, and bacteria, and have diverse 
biological activities including antioxidant, antibacterial, cytotoxic, and signaling properties 
(Stasiuk and Kozubek, 2010; Kikuchi et al., 2017; Martins et al., 2019). 
 
Terpene BGCs were the third most predominant among BGCs predicted from the three 
metagenomes. Originally, terpenes were considered to be plant and fungal products. 
However, extensive bacterial genome analysis has shown that terpene synthase genes are also 
widespread in bacteria (Cane and Ikeda, 2012; Yamada et al., 2015; Dickschat, 2016). Recent 
genome analyses also detected BGCs of terpenes in genomes of sponge-associated bacteria 
(Matobole et al., 2017; Jackson et al., 2018; Karimi et al., 2019) and several terpenes have 
been isolated from sponges and their associated symbionts (Gross and König, 2006; Thomas 
et al., 2010b). Terpenes are among targets for the drug developments because they exhibit 
various biological properties, such as antimicrobial, anticancer and anti-respiratory activities 
(Thomas et al., 2010b). Notably, the terpene gene clusters detected in the sponge-associated 
bacteria metagenomes in our study were, again, not closely related to gene clusters associated 
to known compounds. Best BLAST hits were clusters encoding the synthesis of diverse 
known terpenes, such as hopene, thalianol, lupeol, sioxanthin, tirucalla, brasilicardin A, 
clavaric acid, squalestatin, isorenieratene, arabidiol, baruol and astaxanthin 
dideoxyglycoside (Tables S14-S16). Therefore, the terpene gene clusters are likely involved 
in the biosynthesis of similar, but still different terpenes. 
 
Several RiPP BGC types were detected in the metagenome of sponge-associated bacteria in 
our study, including 12-16 bacteriocin BGCs and 1-3 lantipeptide BGCs per metagenome. 
Bacteriocins are ribosomally synthetized peptides or proteins that act as antimicrobial 
compounds against other Gram-positive and Gram-negative bacteria (Yang et al., 2014; 
Simons et al., 2020). Genome analyses have detected BGCs of bacteriocins in sponge-
associated bacteria (Jackson et al., 2018; Karimi et al., 2019; Zhou et al., 2019). Interestingly, 
Phelan et al. (2013) isolated a new bacteriocin (subtilomycin) from Bacillus subtilis MMA7 
associated with the sponge Haliclona simulans and found that the subtilomycin biosynthetic 
cluster is widespread among B. subtilis strains isolated from different shallow and deep water 
marine sponges. However, the generally large discrepancy between bacteria isolated from 
sponges and the dominant bacteria present in sponges (Dat et al., 2021b) is also translated to 
biosynthetic gene clusters present in isolates from sponges and those present in metagenomes 
from sponges. Indeed, no BGC related to subtilomycin biosynthesis was observed and, in 
fact, none of the bacteriocin gene clusters detected in the sponge-associated bacteria 
metagenomes was closely related to clusters encoding the proteins that catalyze biosynthesis 
of known bacteriocins. Best BLAST hits were obtained for clusters related to the production 
of bacteriocins, such as patellins, goadsporin, aeruginosamide, microcyclamide, trichamide, 
pheganomycin, patellamides, tenuecyclamides, SRO15-3108. Lantipeptides are widely 
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distributed among bacteria (Yu et al., 2013; Schorn et al., 2016; Belknap et al., 2020) and 
were previously found in genomes of sponge-associated bacteria (Harjes et al., 2014; Ian et 
al., 2014; Jackson et al., 2018; Guerrero-Garzón et al., 2020; Matroodi et al., 2020). A 
number of known lantipeptides have shown activity against microbial pathogens. Of these, 
several lantipeptides have been in pre-clinical trials as antibiotics for treatment of 
Clostridium difficile infections (Grasemann et al., 2007; Donadio et al., 2010; Mathur et al., 
2013) and other Gram-positive bacterial infections, such as microbisporicin NAI-107, 
mutacin 1140, duramycin, NVB302, and lactacins 3147 α and β (Ghobrial et al., 2010; Jabés 
et al., 2011; Piper et al., 2012). The best BLAST hits of lantipeptide BGCs were related to 
actagardine, SRO15-3108 and labyrinthopeptins biosynthesis, but with only low identity 
scores. 
 
Interestingly, no NRPS-like BGCs were detected in three sponge bacterial metagenomes in 
the present study. This may be attributed to several reasons. Firstly, an investigation of PKS 
and NRPS from microbes associated with Discodermia dissoluta from three metagenomic 
libraries (i.e., whole sponge tissue, and fractions enriched for unicellular or filamentous 
bacteria) revealed that NRPS sequences were only detected in the fraction enriched by 
filamentous bacteria, where no NRPS sequences were found in whole sponge tissue and the 
unicellular-enriched fraction (Schirmer et al., 2005). During the enrichment for bacteria in 
our study prior to DNA extraction and metagenomic sequencing, most filamentous bacteria 
(if present) were probably lost and hence their BGCs not included in our dataset. In addition, 
some NRPS BGCs may be difficult to recover by next-generation sequencing approaches 
(e.g., from low GC or high AT species) due to bias of sequencing or assembly methods (Quail 
et al., 2012; Ghurye et al., 2016; Sato et al., 2019; Gunasekera et al., 2021; Lapidus and 
Korobeynikov, 2021). 
 
Previous chemical investigations have reported diverse natural products isolated from three 
sponges, including C. reinwardti (Goud et al., 2005; Tai et al., 2021; Trang et al., 2022b), R. 

globostellata (Bourguet-Kondracki et al., 2000; Tasdemir et al., 2002; Clement et al., 2006; 
Fouad et al., 2006; Hirashima et al., 2010; Li et al., 2010; Trang et al., 2022a), and 
Spheciospongia spp. (Costantino et al., 2005; 2008; Whitson et al., 2008; Eltamany et al., 
2015; Tawfike et al., 2019). The natural products from the reported sponge species and their 
associated cultivated bacteria included mainly terpenes and lipids, and a few peptide, 
aromatic, phenolic, and indole compounds, which are products resultsing from the main BGC 
classes (terpenes, PKSs, fatty acids, RiPPs) detected in sponge metagenomes in our study. 
The decadal challenge is now to link the striking novelty in sponge and other environmental 
BGCs to the natural products they produce. 
 

Predicted taxa of the secondary metabolite biosynthetic gene clusters 
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Previous extensive investigations of BGCs in bacterial genomes revealed non-uniform 
distribution of BGCs in bacterial taxa. The phyla known to possess a high number of BGCs 
in their genomes include Actinobacteria, Proteobacteria, Bacteroidetes, Firmicutes and 
Cyanobacteria (Tracanna et al., 2017). Since the large majority of the BGCs in our sponge-
derived metagenomes contained KS sequences (cf_fatty acids, PKSs, aryl polyenes and 
ladderanes), the KS sequences can be used to identify the major taxa that harbour BCGs in 
sponge-associated bacteria. Unsurprisingly, genera of the phylum Actinobacteria, such as 
Mycolicibacterium, Mycobacterium, and Streptomyces were most dominant as predicted 
hosts of the KS sequences. Apart from Streptomyces and Bacillus, which are rich sources of 
natural products (Zhao and Kuipers, 2016), other bacterial taxa are receiving increased 
attention as novel target genera with a high biosynthetic potential, including Pseudomonas, 
Clostridium, Burkholderia, Pseudonocardia, Photorhabdus, Xenorhabdus, Chitinophaga, 
Herpetosiphon, and Planctomyces (Challinor and Bode, 2015; Subramani and Sipkema, 
2019). Particularly in sponges, the genus “Candidatus Entotheonella” has been recognized 
for their unusually rich and varied arsenal of BGCs (Mori et al., 2018). In our study, 
Streptomyces, Pseudomonas and Burkholderia were among the prominent genera to which 
KS sequences were assigned, but “Candidatus Enthotheonella” was not identified, which 
corroborates with its absence in these three sponge species based on 16S rRNA gene analysis 
(Dat et al., 2018). In addition, other genera, such as Pseudovibrio and Bacillus that are 
frequently isolated from sponges and linked to a high prevalence of antimicrobial activity 
(Indraningrat et al., 2016), were not identified here based on cultivation-independent means. 
 
Generally, the predicted taxa of bacteria harbouring the BGCs in the present study 
corresponded to 16S rRNA gene analysis in a previous study at the phylum level, but their 
relative abundances are diffferent (Dat et al., 2018). This is likely due to different frequencies 
of BGCs among bacteria taxa (Tracanna et al., 2017; Loureiro et al., 2022). 
 
Putative ‘sponge-specific’ clusters 
It is well known that marine sponges harbor specific microbial communities (Simister et al., 
2012b). Interestingly, the KS sequence analysis also revealed the presence of several 
‘sponge-specific’ PKS groups. In a systematic analysis of 150 KS sequences from 
metagenomic DNA from 20 different demosponges through PCR screenings of KS genes, 
Fieseler et al. (2007) detected a cluster of sponge-specific PKS sequences, termed “symbiont 
ubiquitous type I PKS” (Sup). In another study, Sala et al. (2013) detected another sponge-
specific KS group, named “sponge (symbiont) widespread fatty acid synthase” (Swf), in 
several high-microbial-abundance sponges. Notably, both SupA and SwfA are involved in the 
synthesis of methyl branched fatty acids (Hochmuth et al., 2010; Sala et al., 2013). 
Phylogenetic reconstruction of KS sequences derived from the metagenomes of sponge-
associated bacteria in our study showed three monophyletic sponge-specific clusters that 
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were phylogenetically distant from KS sequences from other sources. Two sponge-specific 
KS groups were affiliated to the known sponge-specific KS groups, i.e., SupA and SwfA. 
 
The third sponge-specific KS group is involved in fatty acids synthesis in Candidatus 
Poribacteria. This sponge-specific KS group includes KS sequences from our study and KS 
sequences retrieved from Candidatus Poribacteria metagenome-assembled genomes (Podell 
et al., 2019). Borchert et al. (2016) investigated the diversity of NRPS and PKS genes in 
microbiome of three deep-sea sponges Inflatella pellicula, Poecillastra compressa, and 
Stelletta normani through PCR screening of the KS domain and also found several sponge-
specific KS groups. Also other recent studies have identified other ‘sponge-specific’ gene 
clusters related to the biosynthesis of RIPP proteusins, bromotyrosine alkaloids, and ether 
lipids (Mohanty et al., 2021; Nguyen et al., 2021; Loureiro et al., 2022). These findings imply 
that the sponge-specific specialised metabolites are prevalent and may play an important role 
in sponge holobiont defence or communication. 
 
Conclusion 
 
The metagenomes of associated bacteria of three sponges contained a high number of 
predicted BGCs, ranging from 282 to 463 BGCs per metagenome, with 12 different BGC 
types. After cf_fatty_acid, PKSs were the most dominant BGCs, followed by terpene BGCs 
and bacteriocin BGCs. The BGCs were grouped into 363 gene cluster families (GCFs) based 
on sequence similarity. Interestingly, not a single GCF from the metagenomes was assigned 
to pathways responsible for the production of known compounds, implying that they might 
be responsible for production of novel compounds. Based on taxa of the closest reference KS 
sequences retrieved from the NCBI database, the KS sequences of the identified BGCs from 
the metagenomes related to 12 bacterial phyla, of which Actinobacteria, Proteobacteria, and 
Firmicutes were the most predominant. At the genus level, the KS were related to 142 genera, 
of which Mycolicibacterium, Mycobacterium, Burkholderia and Streptomyces were the most 
predominant. Notably, a large number of KS sequences retrieved from PKS BGCs was 
present in two known ‘sponge-specific’ clusters, i.e., SupA and SwfA, whereas a part of KS 
sequences retrieved from fatty acid BGCs formed a new sponge-specific KS cluster related 
to the fatty acid synthesis in Candidatus Poribacteria. Our study reinforces that sponge-
associated bacteria are a rich source of novel BGCs and as such most likely, bioactive 
compounds. 
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Supplementary Figure S1. Taxonomy of the most homologous KS sequences with the KS 
sequences of cf_fatty acid BGCs identified from the metagenomes of the sponge-associated 
bacteria retrieved from NCBI Genbank at phylum/class level (A) and genus level (B) 
 

 

 
 
Supplementary Figure S2. Taxonomy of the most homologous KS sequences with the KS 
sequences of PKS BGCs identified from the metagenomes of the sponge-associated bacteria 
retrieved from NCBI Genbank at phylum/class level (A) and genus level (B) 
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Supplementary Figure S3. Taxonomy of the most homologous KS sequences with the KS 
sequences of aryl propylene BGCs identified from the metagenomes of the sponge-associated 
bacteria retrieved from NCBI Genbank at phylum/class level (A) and genus level (B) 
 
 

 
 
Supplementary Figure S4. Taxonomy of the most homologous KS sequences with the KS 
sequences of ladderane BGCs identified from the metagenomes of the sponge-associated 
bacteria retrieved from NCBI Genbank at phylum/class level (A) and genus level (B) 
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Introduction 
 
Vietnam’s marine ecosystem constitutes a high-priority area for marine conservation with 
distinct biota and is within four of 35 global biodiversity hotspots (Selig et al., 2014). This 
coastal ecosystem holds high biodiversity conservation values with over 11,000 marine 
species, including marine sponges (Thuaire et al., 2021). However, research on sponges in 
Vietnam has received attention in the last few decades. Taxonomic investigations on several 
shallow sea areas of Vietnam, i.e.,  Nha Trang Bay, Con Co island, limestone island, and 
coastal regions of North-Central Vietnam, have revealed a high diversity of marine sponges, 
with more than 229 identified sponge species belonging to 124 genera, 65 families, 18 orders, 
and 4 classes (Thai, 2013; Calcinai et al., 2020; Huong et al., 2020; Do Cong, 2022). 
Subsequent studies on Vietnamese sponge-derived natural products have led to the isolation 
of more than 250 natural products from about 30 sponge species, including more than 50 new 
compounds (Kiem et al., 2019), many of which exhibited outstanding anticancer and anti-
inflammatory effects (Kiem et al., 2019). 
 
Compared to studies on sponge taxonomy and sponge-derived natural products, Vietnamese 
sponge-associated microbiota and their natural products have only been studied in the last 
few years and remain largely unexplored. Cultivation-dependent investigations focused on 
the isolation of sponge-associated microbes that produce bioactive compounds (Tuan et al., 
2017; Cao et al., 2019; Vu et al., 2019; Cao et al., 2020; Quang et al., 2020; Trinh et al., 
2020; Quang et al., 2021a; Quang et al., 2021b; Kim et al., 2022; Trinh et al., 2022), resulting 
in the isolation of nearly 80 compounds with a few new antimicrobial and cytotoxic 
compounds. Apart from cultivation studies, investigations of Vietnamese sponge microbiota 
by cultivation-independent methods have yielded several interesting insights into 
Vietnamese sponge microbiomes such as host-specificity, the influence of environmental 
quality on their microbiomes, as well as the role of seawater in bacteria recruitment and 
microbiome stability in sponges (Swierts et al., 2018; Turon et al., 2018; Turon et al., 2019a; 
Turon et al., 2019b; Cleary et al., 2020; Turon and Uriz, 2020). A summary of results 
obtained from the previous studies on marine sponges collected in Vietnam is illustrated in 
Figure 1. 
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Figure 1. Summary of previous studies on marine sponges collected in Vietnam 
 
Thus, the research described in this thesis set out to provide a better understanding of 
prokaryotes associated with Vietnamese sponges, their antimicrobial activity as well as and 
their secondary metabolite gene clusters by applying cultivation-dependent and -independent 
approaches. A brief overview of results obtained from each chapter is illustrated in Figure 2, 
which will be further elaborated and discussed in the following sections. 
 

Identified sponges: > 229 species 
(124 genera, 65 families, 18 orders, and 4 classes) 

> 30 sponge species 
investigated for their 

natural products 

Isolated > 250 natural 
products, including > 50 

new compounds 

> 20 sponge species 
investigated for their 

microbiomes by 
cultivation-independent 

methods 

> 10 sponge species 
investigated for their 

cultivable microbiomes 

Isolated nearly 80 
natural products, 
including 7 new 

compounds 

Majority of identified sponge species in Vietnam have been not investigated for their 
natural products, their microbiomes as well as natural products producted  

by their microbiomes 

Detected nearly 50 
prokaryotic phyla 
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Figure 2. A brief overview of results obtained in Chapters 2 – 5 
 
Diversity of Vietnamese sponge-associated prokaryotes 
 
To date, Vietnamese sponge-associated prokaryotes have been largely unexplored with only 
a few studies on Vietnamese sponge-associated prokaryotes so far. Therefore, we 
investigated prokaryotic communities associated with 18 Vietnamese sponge species by a 
cultivation-independent method (Chapter 2) and cultivation-dependent method (Chapter 3) 
to expand our understanding of the Vietnamese sponge-associated prokaryotes. 
 
Apart from microbiomes in two sponge species found in Vietnam, X. testudinaria and C. 

reinwardti, reported by recent investigations (Swierts et al., 2018; Turon et al., 2018; Turon et 
al., 2019a), 16 out of 18 Vietnamese sponge species were investigated for their microbiomes 
for the first time in our study and expanded our knowledge on Vietnamese sponge-associated 
prokaryotic communities. Generally, Proteobacteria, Acidobacteria, Actinobacteria, 
Chloroflexi and Gemmatimonadetes were the most abundant taxa, followed by Nitrospirae, 
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Bacteroidetes, Cyanobacteria, Deferribacteres and Spirochaetes in Vietnamese sponge 
microbiomes in our study. Studies on bacterial communities associated with Vietnamese 
sponges in Nha Trang Bay have identified nearly 50 bacterial phyla, with Proteobacteria, 
Actinobacteria, Acidobacteria, Chloroflexi, and Planctomycetes being the most abundant taxa 
(Turon et al., 2018; Turon et al., 2019a), whereas bacterial communities associated with 
Vietnamese sponges Spheciospongia solida and Spongia ceylonensis in Ha Long Bay 
harboured 19 and 32 bacterial phyla, respectively, which were dominated by Proteobacteria, 
Chloroflexi, Acidobacteria, Cyanobacteria and Bacteroidetes (Cleary et al., 2020). 
Furthermore, the analysis of prokaryotic communities associated with Indo-Pacific giant barrel 
sponges (Xestospongia spp.), including two Vietnamese sponges Xestospongia spp. in Ha Long 
Bay, indicated that these sponges harbored 48 prokaryotic phyla, which were predominated by 
Proteobacteria, Cloroflexi, SAR202, and Actinobacteria (Swierts et al., 2018). So far, nearly 
50 sponge species in Vietnam have been investigated with respect to their associated 
prokaryotic communities (Figure 3) with over 50 prokaryotic phyla being identified (Figure 4). 
 
Although the prokaryotic communities associated with Vietnamese sponges harbor relatively 
similar sets of phyla, their distributions are dissimilar, and different sponge species differ with 
respect to the most abundant prokaryotic phyla. The majority of Vietnamese sponge species 
included in our study were characterized by high relative abundances of Alpha-, Beta- and 
Gamma-Proteobacteria that often characterize LMA sponges (Moitinho-Silva et al., 2017c; 
Sabrina Pankey et al., 2022). Several Vietnamese sponge species included in our investigation 
such as X. testudinaria, R. globostellata, Halichondria sp., Spirastrella sp., and Dactylospongia 

sp., were found enriched for prokaryotic taxa that usually are almost exclusively found in HMA 
sponges such Delta-Proteobacteria, Actinobacteria and Chloroflexi. Some of these sponges, 
including X. testudinaria and R. globostellata have been reported as HMA sponges by the 
previous HMA-LMA dichotomy studies (Gloeckner et al., 2014; Moitinho-Silva et al., 2017c; 
Sabrina Pankey et al., 2022). Investigations of Vietnamese sponge microbiomes by Turon and 
colleagues observed high abundances of Alpha-, Beta- and Gamma-Proteobacteria in 
Vietnamese LMA sponges, whereas PAUC34f, Chloroflexi, Acidobacteria, Actinobacteria, 
and Nitrospinae are almost exclusively found in HMA sponges including Aaptos suberitioides, 
Neofibularia hartmani and Suberea cf. laboutei (Turon et al., 2018; Turon et al., 2019a). Cleary 
et al. (2020) indicated different distributions of abundant bacterial phyla in two Vietnamese 
sponge species i.e., S. solida and S. ceylonensis, in which bacterial communities associated with 
S. solida were dominated by the indicator phyla of LMA sponges as Proteobacteria (Alpha- 

and Gamma-), Cyanobacteria and Bacteroidetes; in contrast, the bacterial communities 
associated with S. ceylonensis were dominated by Proteobacteria (Alpha- and Gamma-), 
Chloroflexi, Acidobacteria, and Actinobacteria usually enriched in HMA sponges. Also, the 
Vietnamese sponge species belonging to the genus Xestospongia in Ha Long Bay were 
predominated by Proteobacteria (Alpha- and Gamma-), Cloroflexi, SAR202, and 
Actinobacteria, which are usually found in HMA sponges (Swierts et al., 2018). 
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Figure 3. Overview of sponges in Vietnam for which the associated prokaryotic communities 
were studied in this thesis and/or by others. The Venn diagram indicates how many sponge 
species overlap between different studies. 
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Figure 4. Prokaryotic phyla reported to be associated with sponges in Vietnam in this and 
other studies. The Venn diagram indicates how many prokaryotic phyla overlap between 
different studies. 
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Thaumarchaeota was the only archaeal phylum found in Vietnamese sponges in our study, 
and this phylum was detected in a wide range of Vietnamese sponge species (14 out of 18 
species), with the majority of samples exhibiting relative abundances of archaea greater than 
10% relative abundance within the prokaryotic communities (Chapter 1). Thaumarchaeota 
is the single most widely reported archaea taxon in the Sponge Microbiome Project which 
includes sponges from all over the world (Moitinho-Silva et al., 2017b). Several high 
abundant Thaumarchaeota OTUs from Vietnamese sponges in our study are enriched in 
sponges based on comparison with data in the Sponge Microbiome Project (Moitinho-Silva 
et al., 2017b). In a recent study, Turon et al (2019b) investigated the archaeal communities 
of 17 Vietnamese sponges in Nha Trang Bay using archaea specific primers and captured 
higher archaeal diversity than using the universal prokaryotic primers used in our study. More 
specifically, these authors detected four archaeal phyla, including Thaumarchaeota, 
Creanoarchaeota, Euryarchaeota and Diapherotrites. However, Thaumarchaeota was still 
the predominant phylum and accounted for up 85% of the archaeal community. Among 
them, Candidatus Nitrosopumilus was the dominant genus in the majority of the Vietnamese 
sponge species analyzed by our study and by Turon and Uriz (2020). 

 
Analysis of archaeal communities associated with Vietnamese sponges by Turon and Uriz 
(2020) indicated that host identity was the main factor structuring the archaeal assemblages 
in the majority of the studied Vietnamese sponge species, with only a few exceptions such 
as Protosuberites proteus, Dendroxea sp., and Haliclona (Gellius toxia). However, the 
presence of archaeal indicator phyla for discrimination between HMA and LMA sponges 
could not be confirmed by the investigated Vietnamese sponges. Although 
Thaumarchaeota and Euryarchaeota sequences found in Vietnamese sponges by Turon and 
Uriz (2020) were more closely related to environmental sequences, the representatives 
of Woesarchaeota, which were major members of the archaeal microbiome of two 
Vietnamese sponges, i.e., Mycale sp. and Clathria (Isociella) skia, formed a monophyletic 
branch in the phylogenetic tree, only distantly related to any known environmental sequence 
(Turon and Uriz, 2020). 
 
Host-specificity of Vietnamese sponge microbiomes 
 
The structure of sponge microbiomes is often stable and species-specific regardless of 
geographic, bathymetric, trophic, and temperature ranges as well as irradiance shifts  
(Hentschel et al., 2002; Erwin et al., 2012; Schmitt et al., 2012; Pita et al., 2013a; Pita et al., 
2013b; Luter et al., 2014; Strand et al., 2017; Campana et al., 2021), in contrast to the spatial 
and temporal variations of seawater microbiomes (Zeglin, 2015; Glasl et al., 2017). The 
structure of sponge microbiomes has been reported to be stable and specific even at sponge 
order and family levels (Yang et al., 2019). In line with previous studies, the prokaryotic 
communities associated with Vietnamese sponge species with replicates (i.e., Axinyssa sp., 
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C. reinwardti, Dactylospongia sp., H. amboinensis, Spirastrella sp., and X. testudinaria) in 
this thesis show a similar pattern of host-specificity (Chapter 2), and specimens sampled 
from different locations at different time points still clustered together, supporting earlier 
observations of stable host-specific prokaryotic communities despite geographic and 
temporal differences (Taylor et al., 2007; Pita et al., 2013b; Hardoim and Costa, 2014; Erwin 
et al., 2015). Host-specificity of Vietnamese sponge microbiomes was also confirmed for 
other sponge species collected in Nha Trang Bay and Ha Long Bay (Turon et al., 2018; Turon 
et al., 2019a; Cleary et al., 2020). In addition, species specificity of Vietnamese sponge 
microbiomes was found to be still stable when specimens in environmentally-impacted and 
well-preserved sites were compared (Turon et al., 2019a). These findings support the general 
perception that the selection of specific bacteria and competition among the selected bacteria 
(Easson and Thacker, 2014) shape the species-specific patterns of sponge microbiomes and 
lead to similar communities in geographically distant individuals of the same sponge genus 
(Montalvo et al., 2014). 
 
Vietnamese sponge-enriched and environment-enriched prokaryotes 
 
Another aspect of sponge-associated prokaryotes is the existence of “sponge-specific” 
clusters (Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012b), which has later 
been revised to “sponge-enriched” because many prokaryotic members of sponge-specific 
clusters were also found in seawater and sediment samples, albeit at very low relative 
abundances (Taylor et al., 2013; Thomas et al., 2016). Examination of the most abundant 
operational taxonomic units (OTUs) in Vietnamese sponge-associated prokaryotes in our 
study in comparison with those included in the Sponge Microbiome Project (Moitinho-Silva 
et al., 2017b) revealed that approximately half of the most abundant OTUs in the studies 
described in this thesis are significantly enriched in sponges (Chapter 2), implying that 
“sponge-enriched” populations may play crucial ecological roles in Vietnamese sponge 
holobionts. Apart from several sponge-enriched OTUs in the investigated Vietnamese 
sponges that belong to taxa known for nitrification and denitrification activities (e.g., 
Nitrosomonadaceae, Desulfurellaceae, Nitrospinaceae, Nitrosococcus, Nitrospira), many 
sponge-enriched OTUs in the investigated Vietnamese sponges represent still uncultured 
prokaryotes (e.g., Sva0996 marine group, Sh765B-TzT-29, PAUC34f, Marine Group I). 
Hence their ecological functions are still unknown. 
 
It is worth noting that half of the most abundant OTUs among the Vietnamese sponge-
associated prokaryotes have also been described to be significantly enriched in non-sponge 
sources in the Sponge Microbiome Project (Moitinho-Silva et al., 2017b), suggesting that 
these prokaryotes may be acquired from the environment. In a recent investigation of 
microbiomes from Vietnamese sponges and seawater, Turon et al. (2018) found a high 
overlap between the sponge core bacteria and the seawater bacterial core, ranging between 
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9% and 99% cumulative relative abundance, depending on the sponge species. Half of the 
sponge species shared more than 50% of their bacterial core with the seawater bacterial core 
regardless of their status as HMA or LMA sponge, indicating that these bacteria may be 
acquired from seawater and that seawater acts as a seed bank for sponge microbiomes, as 
suggested by Webster et al. (2010), Webster and Thomas (2016), and Moitinho-Silva et al. 
(2014a). Therefore, Turon and colleagues proposed that environmental acquisition plays a 
major role in the establishment of Vietnamese sponge microbiomes, whereas host-specificity 
of Vietnamese sponge microbiomes implies that individual sponges have mechanisms to 
selectively enrich certain environmental bacteria in their tissues (Turon et al. 2018). These 
mechanisms would allow the maintenance of bacterial communities in a species across 
geographical ranges. Recent series of investigations and comprehensive reviews support a 
mixture of both horizontal and vertical transmissions in most sponges (Sipkema et al., 2015; 
Griffiths et al., 2019; Russell, 2019; de Oliveira et al., 2020; Oliveira et al., 2020; Díez-Vives 
et al., 2022).  
 
Little overlap of Vietnamese sponge prokaryotes captured by cultivation-dependent 
and –independent methods  
 
Although marine sponges host a high diversity of associated prokaryotes (Moitinho-Silva et 
al., 2017b), the majority of sponge-associated prokaryotes have not been cultivated (Olson 
et al., 2000; Webster and Hill, 2001; Sipkema et al., 2011; Fuerst, 2014; Montalvo et al., 
2014). I isolated bacteria associated with sponges from Vietnam using different culture media 
and recovered isolates of four prokaryotic phyla (Chapter 3), which is much lower compared 
to the 15 prokaryotic phyla that were detected by direct Illumina MiSeq amplicon sequencing 
analysis of the same sponge samples (Chapter 2). The diversity of cultivated sponge-
associated prokaryotes was dominated by strains from commonly isolated bacterial genera, 
e.g. Bacillus, Pseudovibrio, Ruegeria, Vibrio, and Streptomyces, which were not detected or 
were detected at very low relative abundance in the same sponge specimens by direct 
Illumina MiSeq amplicon sequencing analysis (Chapter 2). These results are in line with 
other efforts in cultivation of Vietnamese sponge-associated microbes for the discovery of 
novel natural compounds where especially the genera Bacillus and Streptomyces were 
frequently recovered (Tuan et al., 2017; Cao et al., 2019; Vu et al., 2019; Cao et al., 2020; 
Quang et al., 2020; Trinh et al., 2020; Quang et al., 2021a; Quang et al., 2021b; Kim et al., 
2022; Trinh et al., 2022). At the OTU level, only six OTUs out of 921 OTUs detected by 
MiSeq sequencing of 16S rRNA gene amplicons were recovered by cultivation, but the 
abundance of the shared OTUs was distinct for the two methods (Chapter 3). For instance, 
OTU909 (Bacillus), OTU337 (Pseudovibrio), OTU541 (Ruegeria), and OTU710 
(Pseudoalteromonas) were cultivated from all sponge species; however, these OTUs were 
not detected or detected at very low relative abundance from the same sponge species by 
Illumina MiSeq amplicon sequencing analysis. This discrepancy is in line with previous 
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investigations of sponge-associated bacteria using both cultivation-dependent and -
independent approaches (Li et al., 2011a; Sipkema et al., 2011; Hardoim and Costa, 2014; 
Montalvo et al., 2014; Versluis et al., 2017), indicating that prokaryotes captured by 
cultivation are not representative of the diversity found by cultivation-independent methods. 
A comprehensive review of sponge-associated cultivable prokaryotes (Chapter 4) reported 
representatives of 11 cultivable prokaryotic phyla associated with sponges, with the 
predominance of the four phyla Proteobacteria, Actinobacteria, Firmicutes, and 
Bacteroidetes, which were also dominant in cultivable prokaryotes from Vietnamese sponges 
(Chapter 3). In contrast, more than 60 prokaryotic phyla associated with sponges have been 
detected by cultivation-independent methods so far (Moitinho-Silva et al., 2017b).  Looking 
at the combined efforts of nearly all published studies where bacteria have been isolated from 
sponges (Chapter 4), a few important guidelines can be derived that should be taken into 
account in new studies focusing on the isolation of the “true sponge symbionts”: 

 
1. The use of nutrient-rich media often results in the recovery of numerous colonies 

of common prokaryotes. Instead, use of nutrient-poor media, which are probably 
more similar to the nutrient levels in sponge holobionts may recover more diverse 
sponge-associated prokaryotes. 
 

2. The limited overlap of sponge-associated prokaryotes captured by cultivation-
dependent and –independent methods indicates that the majority of sponge-
associated prokaryotes recovered by cultivation are probably not from sponges, but 
other probably free-living microorganisms in the surrounding seawater. Especially, 
genera such as Bacillus, Pseudovibrio, Ruegeria, Vibrio, and Streptomyces are 
found to be dominant in culture regardless of environmental and culture conditions. 
 

3. In natural environments in general and sponge holobionts in particular, 
microorganisms often occur in complex networks with other organisms, the 
majority of which constitutes obligate symbionts that are recalcitrant to cultivation 
and isolation under laboratory conditions because they have co-evolved with their 
host, which leads to complex nutritional requirements or other growth conditions 
that are still unknown or hard to mimic in vitro. Therefore, co-culture and culture 
in situ may enhance cultivability of sponge-associated prokaryotes. 
 

4. The failure of capturing ‘true’ sponge prokaryotes can be partially explained by use 
of synthetic media, which fail to mimic the native nutrients of sponge-associated 
prokaryotes. Furthermore, cultivation under laboratory conditions might not be 
sufficiently similar to the natural growth conditions of sponge-associated bacteria 
(e.g., host-symbiont interactions, substrates required for growth). Recent 
developments in reconstructing composite genomes of currently uncultivable 
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bacteria from metagenomes have provided clues on growth substrates of some 
sponge-associated bacteria, e.g., predicted consumption of carnitine, spermidine, 
and sulfated polysaccharides (Slaby et al., 2017; Taylor et al., 2021), compounds 
that are hardly ever included in bacterial cultivation media. In addition, extensive 
cultivation efforts by using alternative techniques (e.g., cultivation media and 
growth condition diversification, liquid culture, floating filters, diffusion chamber 
cultivation) have improved the cultivability of sponge-associated bacteria 
(Sipkema et al., 2011; Steinert et al., 2014; Esteves et al., 2016; Versluis et al., 
2017). These cultivation approaches should therefore be applied in order to 
enhance cultivability of Vietnamese sponge-associated microbes, especially not-
yet-cultured ‘true’ sponge prokaryotes. 

 
Re-isolation of secondary metabolites by traditional cultivation-based methods 
 
Marine sponge-associated prokaryotes are among the most prolific producers of secondary 
metabolites with diverse bioactive properties (Laport et al., 2009; Fuerst, 2014; Juliana et al., 
2014; Indraningrat et al., 2016). I investigated the antimicrobial activity of extracts from 
bacteria isolated from Vietnamese sponges (Chapter 3). Nearly 20% of the isolated 
prokaryotes showed antimicrobial properties, however, diversity of the isolated prokaryotes 
with antimicrobial properties was low and dominated by several common prokaryotes that 
are well-known as producers of antimicrobials, such as, e.g., members of the genera 
Streptomyces and Bacillus (Zhao and Kuipers, 2016; Quinn et al., 2020; Donald et al., 2022; 
Xiao et al., 2022). Thus there is a high probability of re-isolating producers of known 
secondary metabolites. In fact, cultivation and extraction of secondary metabolites from a 
bacterial isolate from a Vietnamese sponge with strong antimicrobial activity resulted in the 
isolation of four known antimicrobials, including one cyclic dipeptide and three macrolactins 
(Chapter 3). Only one isolated strain with strong antimicrobial activity was selected because 
of the time-consuming procedures, limiting the usefulness of this approach for the remaining 
bioactive strains from this study, but also in general. Indeed, the efforts to discover novel 
natural compounds from Vietnamese sponge-associated microbes in recent studies have 
resulted in the isolation of just a few compounds, of which the majority was already known 
(Tuan et al., 2017; Cao et al., 2019; Vu et al., 2019; Cao et al., 2020; Quang et al., 2020; 
Trinh et al., 2020; Quang et al., 2021a; Quang et al., 2021b; Kim et al., 2022; Trinh et al., 
2022). Therefore, alternative approaches are urgently needed to discover new compounds, 
including the development of new cultivation methods enhancing the cultivation of novel 
microbes. In addition, the discovery of novel antimicrobials should be targeted to largely 
unexplored bacterial taxa with high biosynthetic potential, including Pseudomonas, 
Clostridium, Burkholderia, Pseudonocardia, Photorhabdus, Xenorhabdus, Chitinophaga, 
Herpetosiphon, and Planctomyces (Challinor and Bode, 2015; Tracanna et al., 2017; 
Subramani and Sipkema, 2019).  
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Striking novelty and diversity of metabolic biosynthesis in Vietnamese sponge 
prokaryotic communities  
 
Discovery of novel antimicrobials by cultivation-based approaches is time-consuming and 
hampered due to re-isolation of known prokaryotic taxa and known compounds. Therefore, 
to discover novel gene clusters responsible for synthesis of secondary metabolites from 
sponge-associated prokaryotes, particularly not-yet cultured prokaryotes, cultivation-
independent approaches, in particular metagenomics, can be used to investigate the diversity 
of biosynthetic gene clusters (BGCs) in sponge metagenomes. I used this approach to study 
the biosynthetic potential of three Vietnamese sponges (Chapter 5). All three metagenomes 
contained high numbers of BGCs from various BGCs classes, but especially those encoding 
the production of polyketides and terpenes, which have diverse structures and biological 
properties (Gomes et al., 2013; Yamada et al., 2015; Mahizan et al., 2019; Robertsen and 
Musiol-Kroll, 2019). No BGCs in our dataset could be reliably assigned to a cluster encoding 
the production of known compounds, implying that BGCs detected in our study are likely 
involved in the biosynthesis of currently unknown compounds. This finding is in line with a 
recent comparative metagenomic analysis of the biosynthetic diversity across sponge 
microbiomes where <0.003% of the BGCs included experimentally characterized reference 
BGCs from the MIBiG database (Loureiro et al., 2022). Therefore, the gene clusters detected 
in the metagenomes of Vietnamese sponge microbiomes represent still untapped sources for 
secondary metabolites with bioactive properties, which can be extrapolated to sponges in 
general. 

 
Sponge-specific polyketide synthases in sponge microbiomes 
 
Marine sponges are well-known to harbor species-specific microbial communities and 
sponge-specific or at least sponge-enriched bacteria (Simister et al., 2012b). Recent omics-
based studies have also identified ‘sponge-specific’ gene clusters related to the biosynthesis 
of ribosomally synthesised and post-translationally modified peptides (RIPPs) (e.g. 
proteusins), bromotyrosine alkaloids, and ether lipids (Mohanty et al., 2021; Nguyen et al., 
2021; Loureiro et al., 2022). In addition, sponges also contain ‘sponge-specific’ polyketide 
synthases (PKSs). For instance, a systematic analysis of 150 ketosynthase (KS) sequences 
from metagenomic DNA from 20 different demosponges through PCR screenings of KS 
genes by Fieseler et al. (2007) revealed a cluster of sponge-specific PKS sequences, termed 
“symbiont ubiquitous type I PKS” (Sup). Afterwards, Sala et al. (2013) detected another 
sponge-specific KS group, named “sponge (symbiont) widespread fatty acid synthase” (Swf), 
in several high-microbial-abundance sponges. These sponge-specific SupA and SwfA are 
likely involved in the synthesis of methyl-branched fatty acids (Hochmuth et al., 2010; Sala 
et al., 2013). Interestingly, phylogenetic reconstruction of KS sequences derived from the 
metagenomes of Vietnamese sponge-associated bacteria in our study showed an additional 



Chapter 6 

217 
 

monophyletic sponge-specific cluster that is phylogenetically distant from KS sequences 
from other sources (Chapter 5). The third sponge-specific KS group is likely involved in 
fatty acid biosynthesis in Candidatus Poribacteria and includes KS sequences from our study 
and KS sequences retrieved from Candidatus Poribacteria metagenome-assembled genomes 
(Podell et al., 2019). These findings imply that these sponge-specific specialized metabolites 
are prevalent and may play an important role in sponge holobiont defense or communication. 

 
Conclusions and outlook 
 
Marine sponges distributed in various regions around the globe have been studied well for 
diverse aspects, e.g. taxonomy, chemical ecology, sponge-derived natural products, and 
sponge microbiomes. Particularly sponges in the Caribbean, the Gulf of Mexico, Northeast 
Atlantic, Mediterranean, and Coral Sea (Van Soest et al., 2012; Moitinho-Silva et al., 2017b) 
have been well studied, whereas knowledge of Vietnamese sponges is limited. The present 
thesis provides deeper insights in Vietnamese sponge-associated prokaryotes as well as their 
natural product potential, contributing to a general picture of Vietnamese sponges and linking 
them to global sponge microbiomes using cultivation-dependent and -independent methods. 
Results presented here show that prokaryotes associated with Vietnamese sponges have 
characteristics that are in line with global sponge microbiomes such as high diversity, host-
specificity, and a large fraction of sponge-enriched prokaryotes. Particularly, metagenomic 
analysis of three Vietnamese sponge-associated prokaryotes revealed the novelty and 
diversity of BGCs as well as the presence of a newly discovered sponge-specific type of PKS 
mainly found in the phylum Candidatus Poribacteria. However, many aspects of Vietnamese 
sponge-associated prokaryotes are still not fully understood and need further study also to 
facilitate the development of biotechnological and pharmaceutical applications: 
 

1. Numerous prokaryotes were isolated from (Vietnamese) sponges, however, these 
studies failed to isolate novel prokaryotes and the ‘true’ sponge-associated 
prokaryotes exemplified by the lack of isolates from clusters of sponge-enriched 
bacteria. This asks for radically different isolation methods that incorporate 
knowledge on interactions between the host and microbes and microbes and 
microbes.   
 

2. The cultivation-independent, metagenomic study of the diversity of BGCs revealed 
a high diversity of BGCs, and the large majority of the predicted BGCs encode 
proteins that most likely are responsible for the biosynthesis of 
undescribed/unknown secondary metabolites. However, linking BGCs to molecules 
of interest is a long shot for uncultivable bacteria. Therefore, generalized 
methodologies are urgently needed that can identify links between BGCs and these 
molecules. Tools to establish these links are currently being developed, hopefully 
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providing us with improved general knowledge about the structure of an unknown 
natural product by predicting likely occurring scaffolds or substructures by using 
chemical compound classification strategies and using that to filter for (more) 
plausible candidates based on matching chemical compound classes (Louwen et al., 
2023). Ultimately, as long as cultivation of these symbionts remains elusive, only 
heterologous expression of these BGCs can reliably link BGCs to molecules. This 
is currently a holy grail and although some successes have been reported, they are 
scarce due to inherent complications due to the large size of many BGCs (Xu et al., 
2022). In addition, nearly all BGCs that have been amenable to heterologous 
expression are derived from culturable bacteria and not from uncultured species, 
which may indicate that regulation of gene expression of BGCs from currently 
uncultivable bacteria may be substantially different from their better-studied 
counterparts. 

 
In summary, the results obtained in this thesis provide additional information on Vietnamese 
sponge-associated prokaryotes that have not been reported previously and that can serve as 
a basis for further studies in order to fully unravel ecological and biotechnological insights 
into Vietnamese sponge microbiomes. Particularly, metagenome mining indicated striking 
novelty and high diversity of secondary metabolite biosynthesis capacity in the investigated 
sponge prokaryotic communities, which should be investigated further to deploy this 
potential bioactive secondary metabolite source. 
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Summary 
 
Vietnam is one of the sixteen greatest biologically diverse countries in the world and 
Vietnam’s coastal region is also among the global biodiversity hotspots with unique biota 
and is a high-priority area for marine conservation. This coastal region holds high 
biodiversity conservation values with over 11,000 marine species, including 128 identified 
sponge species. However, the diversity of prokaryotes associated with sponges as well as 
their biotechnological potential has been largely unexplored. The research described in this 
thesis aimed to investigate the prokaryotic communities associated with sponges in Vietnam 
and their antimicrobial potential by applying cultivation-dependent and -independent 
approaches. 
 
Chapter 1 provided an overview of marine sponges and their associated microbial 
communities within their evolutionary and ecological contexts, as well as their 
biotechnological potential. This general information serves as a starting point for our current 
understanding of the sponge-microbe association in general and the Vietnam sponge-microbe 
association in particular. 
 
Chapter 2 investigated the prokaryotic communities associated with 18 sponge species in 
Vietnam using 16S rRNA gene Illumina MiSeq sequencing. Insights with respect to 
prokaryotic communities associated with sponges, including prokaryotic diversity, the 
influence of host identity, and sponge-enriched OTUs were discussed. Overall, 14 bacterial 
phyla and one archaeal phylum were identified among the investigated sponge species. The 
phylum Proteobacteria was present in all sponges and represented the most prevalent phylum 
in the majority of sponge species, albeit with pronounced differences at the class level. 
Chloroflexi was found to be the most abundant phylum in the sponge Halichondria sp., 
whereas the sponges Spirastrella sp. and Dactylospongia sp. were dominated by 
Actinobacteria. The phylum Thaumarchaeota, which is known to comprise nitrifying 
archaea, was highly abundant among the majority of the investigated sponge species. This 
chapter also highlighted the pattern of host-specificity among sponge species. The presence 
of OTUs significantly enriched in the sponge microbiome database found in this chapter 
supported the general consensus that sponges host certain prokaryotic taxa that are not found 
or found only in a few samples of other environments. In addition, the presence of prokaryotic 
taxa particularly known for nitrification in sponge species in Vietnam indicated nitrification 
might be an important microbial process in Vietnam sponge hosts. 
 
In Chapter 3, the diversity and antimicrobial properties of cultivable bacteria associated with 
sponge species in Vietnam were investigated. This cultivation-based study recovered four 
bacterial phyla with 58.3% of all isolates belonging to Proteobacteria, 16.5% to 
Actinobacteria, 18.0% to Firmicutes, and 7.2% to Bacteroidetes. At the genus level, 
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cultivable strains represented 55 genera with the most predominant members of the genera 
Bacillus, Pseudovibrio, Ruegeria, Vibrio, and Streptomyces. Little overlap was observed of 
bacterial composition associated with the investigated sponge species in Vietnam detected 
by the cultivation-dependent and cultivation-independent approaches. Subsequent 
antimicrobial assays showed that nearly 20% of the cultivable bacteria exhibited 
antimicrobial activity against at least one of the tested indicator microorganisms, which lead 
to the isolation of four known secondary metabolites, including cyclo(L-Pro-L-Tyr) (1), 
macrolactin A (2), macrolactin H (3), and 15,17-epoxy-16-hydroxy macrolactin A (4) from 
the culture broth of Bacillus sp. M1_CRV_171. These compounds exhibited antimicrobial 
activity against a broad spectrum of the indicator microorganisms. Although these results 
confirmed the antimicrobial potential of sponge-associated cultivable bacteria, they also 
stressed the risks of rediscovery of known compounds based on isolates obtained through 
traditional cultivation techniques. Therefore, the uncultivated bacterial majority should be 
targeted to get access to the full arsenal of bioactive molecules from sponge-associated 
bacteria. 
 
Although Chapter 2 showed a high diversity of the prokaryotes associated with the 
investigated sponges in Vietnam, the cultivation-based investigation in Chapter 3 indicated 
that the majority of them remained recalcitrant to cultivation. Therefore, Chapter 4 provided 
a comprehensive review of the cultivability of sponge-associated bacteria, including 
discussions on cultivation approaches used to cultivate sponge-associated bacteria, 
evaluation and analysis of the cultivable bacterial diversity from sponges and their associated 
culture conditions, and suggestion of promising cultivation strategies for cultivating bacteria 
associated with sponges that are currently uncultivable. Furthermore, sponge-associated 
cultivable bacterial taxa that were previously labelled as “sponge-specific” and “sponge-
enriched” were discussed in this chapter. The cumulative cultivation efforts of sponge-
associated bacteria have resulted in the recovery of eleven cultivable bacterial phyla, which 
were dominated by the phyla Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes 
and the genera Pseudovibrio, Bacillus, Streptomyces, Vibrio, and Ruegeria. The cultivable 
bacteria included representatives of 21 sponge-enriched bacterial clusters as defined by the 
sponge EMP and 37 SC(C)s, whereas 168 SC(C)s had no representative isolate. Meta-
analysis of culture conditions and growth media used suggested a substantial impact of these 
on the cultivable bacterial taxa, with temperature and carbon concentration present in the 
culture media being the most obvious factors affecting cultivation. This review indicated that 
the cultivation of most abundant sponge-associated bacteria is still a long way off due to our 
inadequate understanding of the intricate sponge-symbiont interactions and translating them 
to pseudo-natural growing conditions for these symbionts in the laboratory. A higher level 
of cultivation strategies would be required to recover those uncultivable bacteria. This would 
also be a significant step forward in the exploitation and use of bioactive compounds found 
in sponges. 
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The overall diversity of secondary metabolites present in sponge-associated bacteria is 
difficult to access due to the fact that the majority of bacteria are not readily cultured in the 
laboratory. Thus, Chapter 5 used a cultivation-independent approach to investigate the 
diversity of secondary metabolite biosynthetic gene clusters (BGCs) in metagenomes of 
bacterial communities associated with three sponge species: C. reinwardti, R. globostellata, 
and Spheciospongia sp. The metagenomes of sponge-associated bacteria contained a high 
number of predicted BGCs, ranging from 282 to 463 BGCs per metagenome and represented 
12 different cluster types. Among them, clusters predicted to encode fatty acid synthases and 
polyketide synthases (PKSs) were the most dominant BGC types, followed by clusters 
encoding the synthesis of terpenes and bacteriocins. Although 363 gene cluster families 
(GCFs) were identified, no GCFs were assigned to pathways responsible for the production 
of known compounds, implying that the clusters might be responsible for the production of 
several novel compounds. Ketosynthase (KS) sequences were predicted to be related to 12 
bacterial phyla with Actinobacteria, Proteobacteria, and Firmicutes as the most 
predominant. At the genus level, the KSs were most related to those found in the genera 
Mycolicibacterium, Mycobacterium, Burkholderia, and Streptomyces. Notably, a large 
number of KS sequences was present in two known ‘sponge-specific’ clusters, i.e., SupA and 
SwfA, whereas a part of KS sequences formed a new sponge-specific KS cluster related to 
the fatty acid synthesis in Candidatus Poribacteria. The results obtained in this chapter 
reinforced that sponge-associated bacteria are a rich source of novel BGCs and as such most 
likely, bioactive compounds. 
 
Finally, Chapter 6 elaborated and integrated the findings obtained in the previous chapters, 
and portrayed them in the light of recent studies related to aspects of sponge prokaryotic 
symbionts and their biosynthesis of bioactive secondary metabolites. The prokaryotes 
associated with sponges in Vietnam share characteristics of global sponge microbiomes such 
as high diversity, host-specificity, and a large fraction of sponge-enriched prokaryotes. This 
chapter furthermore summarized the challenges and failures of isolating novel prokaryotes, 
the ‘true’ sponge-associated prokaryotes, and their novel secondary metabolites, and 
highlighted the next avenues for cultivating these fastidious bacteria as well as mining novel 
secondary metabolite BGCs detected through metagenomics. 
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