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Abstract 

Symbiotic relationships between sponges and their associated bacteria represent one of the 

oldest examples of symbiosis on Earth. Bacterial symbionts are acquired by their sponge hosts 

for a number of reasons including the uptake of nutrients, acquisition of carbon, nitrogen and 

phosphorous, the recycling of waste and other metabolic byproducts, the production of amino 

acids, stabilizing of the host skeletal system and facilitating chemical defensive strategies 

against pathogens and predators through the production of bioactive secondary metabolites. 

Marine sponges of the Latrunculiidae family are the most prolific producers of the bioactive 

secondary metabolites known as pyrroloiminoquinones, a class of alkaloids with a broad 

spectrum of biological activities and considerable potential as future drug leads. The microbial 

communities associated with several genera within this family of sponges are highly conserved 

and dominated by two bacterial symbionts – a broad-host range Tethybacterales symbiont and 

a Spirochete symbiont, exclusive to sponges of the Tsitsikamma genus and Cyclacanthia bellae 

species. Dominant spirochete communities have only been reported in the microbiomes of 

Clathrina clathrus sponges, where they play a role in calcification of the sponge skeletal tissue. 

This study was aimed at investigating the nature of the symbiotic relationship between 

latrunculid sponges and their conserved spirochete symbiont with respect to the production of 

pyrroloiminoquinones. These spirochetes were shown to be newly acquired symbionts that are 

currently undergoing genome reduction and are distinct from other sponge-associated 

spirochetes. Assessment of the functional potential of these spirochetes suggested that these 

symbionts were selected by their sponge hosts due to their ability to produce terpenoids and 

may provide antioxidizing effects to the sponge.  

Data from this thesis has been included in a manuscript approved for publication and presented 

at two national conferences (Appendix C – Publications and Conferences).  

Waterworth, S.C., Solomons, G.M., Kalinksi, J-C.J., Madonsela, L.S., Parker-Nance, S., 

Dorrington, R.A. (2024). The unique and enigmatic spirochete symbiont of latrunculid 

sponges. (Accepted at mSphere). Doi: 10.1128/msphere.00845-24 
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Chapter 1: Review of literature 

1.1  Introduction 

The history of symbiotic relationships is one that is almost as old as time itself and could be 

considered the very core of all evolutionary biology. The term ‘symbiosis’ is described as the 

cohabitation of different organisms within a single system (De Bary, 1978; Raval et al., 2022) 

with the purpose of undergoing a range of complex and intermingled relationships (Tirichine 

and Piganeau, 2023). Although numerous theories have been proposed on their origins there 

has been widespread acceptance that both metabolic symbiosis and successive endosymbiosis 

led to the evolution and diversification of modern eukaryotes (Hartman and Fedorov, 2002; 

Tirichine and Piganaeu, 2023). Consequently, symbiosis is considered one of the most 

important evolutionary processes that has brought forth thousands of new genomes and species 

and plays a key role in the development of new life throughout the Earth (Kierse and West, 

2015; O’Malley, 2015).  

The earliest example of symbiotic associations between two organisms are those between 

eukaryotic cells and mitochondria and chloroplasts dating back over two billion years ago. The 

role of both organelles in their eukaryotic hosts was to provide the cell with energy through 

adenosine triphosphate (ATP) production via respiration in the mitochondria and the 

conversion of solar energy into chemical energy and fixed carbon through photosynthesis in 

the chloroplasts (Dijiman, 2000).  Over the years, studies have shown that the genetic make-

up of these two cellular structures leans more towards those of prokaryotes, suggesting that 

these were once free-living prokaryotic cells that were acquired by predecessors of their 

eukaryotic cellular hosts who then coevolved to form a single unit consisting of the host cell 

and its endosymbiont, a process known as endosymbiosis (Apprill, 2002; Dijiman, 2000). Over 

time the genes associated with these once free-living organisms migrated into their eukaryotic 

cellular hosts, leading to the expansion of these eukaryote taxa through the diversification of 

both hosts and their symbiotic organelles while retaining traces of genes that show evidence of 

what were once free-living organisms (Apprill, 2002; Dijiman, 2000; Martin, 2000). One other 

example of a symbiotic association is one that occurs between a free-living fungus and a species 

of algae or cyanobacteria, or both, to form a lichen. The fungus provides over 90% of the 

biomass and structure to encapsulate the cyanobacteria and algae, which in turn provide the 
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products of photosynthesis and carbon-fixation to the structure (Dijiman, 2000). Despite the 

genes for the development of this structure being present within the genome of the free-living 

fungus, the expression of these genes and subsequent formation of the structure is entirely 

dependent on the successful association of both or all three organisms, thus, providing evidence 

to support the “function-based” acquisition of microorganisms in symbiotic relationships 

(Dijiman, 2000; Dijiman, 2002).  

Within the marine world are some of what can be considered the most genetically, 

morphologically, metabolically, and behaviourally diverse organisms on Earth (Dijiman, 2000; 

Margulis, 2010). In environments as harsh and complex as the ocean, these organisms have 

developed intricate and innovative ways of adapting and surviving through the acquisition of 

other organisms, often microorganisms including bacteria, algae, archaea, and several others, 

and the formation of symbiotic relationships (Apprill, 2020). These relationships often provide 

beneficial processes in both the hosts and acquired symbionts which contribute to the fitness 

and survival of both participants (Apprill, 2020; Cavanaugh, 2015; De Voogd et al., 2015).  

1.2 The role of symbiosis in evolution 

The concept of a ‘holobiont’ and ‘hologenome’ was introduced by Rosenberg et al. (2017) to 

describe successful associations, such as these involved in the formation of lichen, that lead to 

successful functioning of the host and microbial symbiont as a single organism with the 

combined genetic material existing as an independent level of selection in evolutionary 

biology. Despite the controversy surrounding the concept of the hologenome, namely, that 

these do not meet the requirement of being organisms, evolutionary individuals or units of 

selection, the concept sheds a positive light on the role symbiosis plays in driving evolutionary 

advancements in biology and ecology. (Gilbert et al., 2010; Kiers and West, 2015; Sudakaran 

et al., 2017). The time frames during which new functional traits or behaviours develop within 

the organisms in these so-called “units” tends to be far shorter than they would in standard 

evolutionary events, further supporting the role symbiosis plays in expediting large-scale 

evolutionary changes (Margulis, 1991). 

The term ‘symbiogenesis’ has often been associated with major evolutionary events like those 

that gave rise to the formation of the mitochondria and chloroplasts as new cellular structures 

in ancient eukaryotic cells (Cavalier-Smith, 2013). However, when dealing with small-scale 
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evolutionary changes the terms ‘co-evolution’ and ‘phylosymbiosis’ accurately describe the 

changes that take place directly within these host-symbiont systems (Ehrlich and Raven, 1964). 

“Co-evolution” or “co-speciation”, as the names suggest, occurs when two or more partners in 

a symbiotic relationship evolve together in response to one another (Ehrlich and Raven, 1994). 

A well-studied model of this association exists between the Hawaiian bobtail squid Euprymna 

scolopes, and the bacterium Vibrio fischeri, a free-living bacterium acquired for its 

bioluminescent capabilities utilized by the squid when attracting prey and evading predators 

(McFall-Ngai et al., 2012). Over time, both participants co-evolved to possess a range of genes 

for signalling and recognition that allow the continuation of this mutualistic relationship. 

Molecular studies on the dynamics between hosts and symbiont communities introduced the 

term ‘phylosymbiosis’ which provided evidence of the correlation between host phylogeny and 

the structure of these associated microbial communities (O’Brien et al., 2019; Wallin, 1927). 

The most well-known marine forms of this association can be found in coral reefs, reef fish 

and marine sponges (Pollock et al., 2018; Chiarello et al., 2018; Reveillaud et al., 2014).  

1.3 Symbiotic relationships within marine sponges 

Due to their existence as sessile creatures marine sponges (Phylum Porifera) have been solely 

dependent on the uptake of nutrients from the environment through filter-feeding via 

phagocytosis (Brain et al., 2012; Maloof et al., 2010). Once ingested, several microorganisms 

such as algae, archaea, bacteria are able to avoid digestion by migrating through the mesohyl 

of the sponge, allowing them to survive and proliferate successfully (Brain et al., 2012; Maloof 

et al., 2010). These microorganisms can account for a large portion of the sponge biomass, as 

evident by bacteria that can account for over 60% of the sponge mass and represent a significant 

difference in diversity and metabolic activity when compared to those present in the 

surrounding seawater (Hentschel et al., 2002; Hentschel et al., 2006). The distribution and 

properties of these microbial communities differs according to different sponges, however, are 

often dictated by the characterization of sponges as either ‘low microbial abundance’ (LMA) 

sponges or ‘high microbial abundance’ (HMA) sponges (Hentschel et al., 2006). The microbial 

communities within LMA sponges exhibit approximately the same microbial densities as the 

surrounding seawater while HMA sponge microbial communities are two to four times higher 

than the surrounding seawater (Hentschel et al., 2006; Azam, 2007; Gloeckner et al., 2014; 

Moitinho-Silva et al., 2017). The independent evolution of these two patterns of microbial 

distribution has recently been implicated in the fundamental differences observed in the 



4 
 

taxonomy composition and function of sponge-associated microbial communities (Gloeckner 

et al., 2014; Moitinho-Silva et al., 2017). HMA sponges are enriched with populations of 

Acidobacteria, Chloroflexi and Poribacteria which carry out autotrophic and heterotrophic 

metabolisms within the sponges. Conversely, LMA sponges carry out their own autotrophic 

and heterotrophic metabolisms and are enriched with Cyanobacteria and Proteobacteria 

(Gloeckner et al., 2014; Thomas et al., 2016).   

Symbiotic relationships tend to develop between the sponge hosts and the associated bacteria 

within the sponge tissue. The sponge provides the symbiont with the necessary nutrients to 

survive and proliferate, while the bacteria can perform various roles within the sponge such as 

the fixation and cycling of sulfur, nitrogen, and phosphorus (Jensen et al., 2017; Karimi et al., 

2018; Zhang et al., 2015; Zhang et al., 2019), the uptake of carbon, cycling and detoxification 

(De Voogd et al., 2015; Hentschel et al., 2006), providing stability to the host skeletal system 

(Garate et al., 2017; Ruocco et al., 2021) and in some cases, facilitate the production of 

bioactive secondary metabolites as chemical defensive strategies (Mahon et al., 2003; Paul et 

al., 2006; Mehbub et al., 2014). The maintenance of these symbiotic relationships is highly 

dependent on strict coordination between the sponge host and the bacterial symbionts. The two 

processes that ensure the maintenance of symbiotic relationships across host-symbiont 

generations are horizontal and vertical transmission (Bright and Bulgheresi, 2010; McFall-

Ngai et al., 2012). Horizontal gene transfer involves the non-continuous transmission of genetic 

elements in non-mating organisms as observed in the symbiotic association between the V. 

fischeri and its Bobtail squid host (McFall-Ngai et al., 2012). In contrast, symbiotic 

associations facilitated and maintained through vertical transmission are transmitted from 

parent to offspring hosts, with the symbiotic association evident in all life stages across several 

generations of the hosts (Bright and Bulgheresi, 2010; McFall-Ngai et al., 2012). A study 

conducted by Waterworth et al. (2017) on the microbial communities associated with the 

sponge Tethya rubra showed evidence of vertical transmission due to the conservation of the 

same Alpha- and Betaproteobacteria symbionts in parent and embryo T. rubra sponges 

suggesting the crucial role bacterial symbionts such as these play in the survival and 

development of marine sponges (Waterworth et al., 2017). Although there has been widespread 

evidence to support use of vertical transmission in the long-term maintenance of symbiosis 

across several generations of sponge microbiomes, there is no reported evidence that the 

mechanism is universally observed across sponge microbiomes (Tyler et al., 2022).  
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1.4 Ubiquitous sponge-symbionts 

The mechanism utilized by sponge hosts when distinguishing between bacteria that are either 

harmful or beneficial are poorly understood. However, intricate morphological, chemical, and 

molecular mediated interactions between these sponge hosts and structural components of the 

bacterial symbionts such as the lipopolysaccharide, peptidoglycan and flagella could provide 

the necessary assistance in making these distinctions (Pita et al., 2018; Hentschel et al., 2006; 

Frost, 1976; Maldonado et al., 2010; Schmittmann et al., 2020; Marulanda-Gomez et al., 2023). 

Host sponge-mediated immune responses may also drive the selectivity and specificity of 

bacterial symbionts in HMA versus LMA sponges (Marulanda-Gomez et al., 2023). Although 

marine sponges exhibit selectiveness and specificity of their bacterial symbionts, there are 

some groups of symbionts found to be distributed across sponge hosts that are phylogenetically 

and geographically distant (Thomas et al., 2016; Astudillo-García et al., 2018). To date, three 

groups of ubiquitous sponge-associated symbionts have been identified across 

phylogenetically distant host sponges, namely, the Poribacteria, the “Sponge-Associated 

Unclassified Lineage” (SAUL) (Astudillo-García et al., 2018) as well as a newly identified 

Gammaproteobacteria group (Taylor et al., 2021).  

Previously thought to only exist as a sponge-symbiont, the phylum Poribacteria has been 

reclassified to contain two distinct groups of bacteria, namely, the Entoporibacteria, a sponge-

associated symbiont, and the free-living Pelagiporibacteria (Fieseler et al., 2004; Tully et al., 

2018; Podell et al., 2019). Entoporibacteria symbionts have been characterised in several 

unrelated marine sponges collected in three geographical regions of the world, therefore, 

showing the lack of correlation between the phylogenies between the symbionts or their hosts 

or their geographic locations (Podell et al., 2019; Lafi et al., 2009). The presence of several 

genes within the Entoporibacteria encoding enzymes responsible for carbon degradation and 

sulfate and uronic acid metabolism suggest that the symbiont may perform the same role of 

proteoglycan degradation in the different hosts (Kamke et al., 2013; Kamke et al., 2014; Hill 

and Sacristán-Soriano, 2017), with the exception of Aplysina aerophile sponges in which a 

higher expression of the genes responsible for 1,2-propanediol degradation and vitamin B12 

importation was revealed, suggesting the symbiont’s role in the host as 1,2-propanediol 

degradation and energy production (Kamke et al., 2014).  
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The SAUL bacterial symbionts, classified as belonging to the larger taxon of candidate phylum 

PAUC34f within the Candidatus Nemesobacterales order have been identified in several 

marine sponges, however, at relatively lower abundances (Chen et al., 2020; Gavrilidou et al., 

2023). The isolation of these symbionts in other eukaryotic hosts such as corals and tunicates 

suggest a high likelihood that they were acquired at different points in evolution from the 

surrounding environment (Chen et al., 2020). Despite being a relatively poorly studied phylum, 

current knowledge suggests that these symbionts may play a role in the degradation of host and 

algal carbohydrates and phosphate storage as shown in the sponge Discodermia calyx which 

utilizes its phosphate stores during chemical defence strategies (Astudillo-García et al., 2018; 

Chen et al., 2020). 

A newly described group of broad host range sponge-associated symbionts are the 

Betaproteobacteria (recently reclassified as members of the Class Gammaproteobacteria (Park 

et al., 2018)) belonging to the proposed new order Tethybacterales (Taylor et al., 2021). The 

order comprises the families Persebacteraceae and Tethybacteraceae (Taylor et al., 2021) as 

well as the newly identified order Polydorabacteraceae (Waterworth et al., 2021). An 

assessment of the metagenome-assembled-genomes (MAGs) from different species of families 

Tethybacteraceae and Persebacteraceae provided evidence suggesting that the bacteria had 

been acquired by their host sponges relatively early in their evolutionary history and coevolved 

with their hosts (Taylor et al., 2012).  

Symbionts from the Tethybacteraceae family have previously been reported in several 

phylogenetically distant sponges from various geographical locations representative of both 

low and high microbial abundance sponges (Taylor et al., 2021; Waterworth et al., 2021). In 

addition, these bacterial symbionts have also been identified in other marine invertebrates, the 

surrounding seawater, and marine sediments (Taylor et al., 2021), further, supporting the 

hypothesized acquisition of these bacteria from the environment. Several sponge microbiome 

studies have reported Tethybacterales symbionts as the most conserved and numerically 

dominant bacteria, with a select few existing as cellular endosymbionts (Croué et al., 2013; 

Gautier et al., 2016; Matcher et al., 2017; Thiel et al., 2007; Waterworth et al., 2017; Webster 

et al., 2001). Within the microbiome of the marine sponge Amphimedon queenslandica, are 

two codominant symbionts, Amphirhobacter heroislandensis AqS2 and its sulfur-oxidizing 

relative AqS1. Interestingly, although both symbionts exhibit functional similarities in energy 
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production, sulfur-uptake and the production of essential amino acids, differences in what 

metabolites the symbionts could transport have been suggested (Gautier et al., 2016). 

Furthermore, the association of A. heroislandensis AqS2 with all stages of the sponge life cycle 

as well as the presence of a reduced genome indicate that the bacterium exists as an 

endosymbiont within the sponge host (Gautier et al., 2016; Fieth et al., 2016).  

1.5 The role of bacterial symbionts in the production of bioactive secondary 

metabolites in marine sponges 

As previously discussed, the sessile state and porous nature of marine sponges results in the 

ingestion of large quantities of sea water and a diverse range of microorganisms. This sessile 

state not only leaves sponges susceptible to predators, but the uptake of these microorganisms 

also leads to the introduction of pathogenic bacteria, viruses, potential parasites, and fungi into 

the sponge tissues, leaving them susceptible to a range of harmful infections and diseases 

(Mehbub et al., 2014). Marine sponges have, therefore, acquired mechanisms of adapting to 

these threats through the production of highly potent and cytotoxic bioactive secondary 

metabolites that demonstrate inhibitory effects against the growth and survival of bacteria, 

viruses, parasites, and several other microbial infections (Mahon et al., 2003; Paul et al., 2006; 

Mehbub et al., 2014). In many cases these compounds have shown significant pharmacological 

potential against viral, bacterial, parasitic, and fungal infections and have served as potential 

leads for the development of drugs against these types of infections as well as anti-cancer 

agents on account of their cytotoxicity (Paul et al., 2006; Blunt et al., 2005; Li et al., 2023). 

Although these compounds are produced in very small amounts, they are often highly potent 

and stable compared to the high salinity levels associated with the ocean (Abad et al., 2012), 

leading to the isolation of pure compounds as marine natural products that can be directly 

assessed for biological activity (Abad et al., 2012; Kalinski et al., 2019; Kalinski et al., 2021). 

Since their first discovery in 1950 thousands of new compounds have been isolated from 

marine sponges, (El-Demerdash et al., 2018; Sagar et al., 2018; Chu et al., 2022) many of 

which include members of numerous sponge orders Agelasida, Astrophorida, Axinellida, 

Chondrosida, Choristida, Clathrinida, Dendroceratida, Dictyoceratida, Hadromerida, 

Halichondrida, Haplosclerida, Homosclerophorida, Leucosolenida, Lithistida, Lyssacinosida, 

Ocilosclerida, Poecilosclerida, Spirophorida and Verongida (Mehbub et al., 2014). These 

compounds have been categorized according to the chemical and structural differences 



8 
 

associated with each (Abad et al., 2012; Hu et al., 2011; Bian et al., 2020) into eighteen classes 

– acids, alkaloids, esters, fatty acids, glycosides, ketones, lipids, macrolides, alcohols, peptides, 

peroxides, polyketides, quinones, steroids, sterols,  terpenes, terpenoids and unclassified 

natural products as the distinct classes by which sponge-derived natural products can be 

categorized (Blunt et al., 2012; Mehbub et al., 2014;  Li et al., 2023). Furthermore, certain 

pharmacological capabilities were shown to be associated with a particular class – anti-cancer 

and tumour inhibition activity were associated with quinones, steroids, fatty acids, 

diketopiperazines, alkaloids, terpenes, terpenoids, polyketides, cyclopeptides and 

glycoglycerolipids; quinoline derivatives were associated with anti-HIV activity; fatty acid 

esters and fatty acids were associated with anti-inflammatory activity; and alkaloids and 

quinoline derivates were associated with anti-malaria activity (Thomas et al., 2010; Mehbub et 

al., 2014). Anti-microbial activity was associated with polyketides, glycopeptides, α-pyrone 

derivatives, peptides, proteins, antimycin, lipopeptides, polybrominated biphenyl ether, cyclic 

depsipetide, terpenes, pentaketides, furan carboxylic acids, alkaloids, diketopiperazines, 

anthraquinones, chromones, steroids, lactones, quinolone derivatives, trisindole derivatives, 

macrolactams, ethers, phenol derivatives, while neuroprotectivity was associated with 

dihydropiridines (Thomas et al., 2010; Mehbub et al., 2014). As the most prolific contributor 

of marine-derived compounds, alkaloids represent the largest and most well-studied class of 

marine natural products (Elissawy et al., 2021). Marine-derived alkaloids are a group of 

chemically diverse compounds containing nitrogenated cyclic cores (Bian et al., 2020; 

Munekata, et al., 2021; Elissawy et al., 2021). Alkaloids are widely distributed across a range 

of marine organisms, including algae, microorganisms such as cyanobacteria and 

actinobacteria, sponges, cnidarians, and other invertebrates (Elissawy et al., 2021). These 

compounds are highly potent with major pharmacological applications as anti-cancer, anti-

inflammatory, anti-parasitic and anti-microbial drug leads (Bian et al., 2020; Elissawy et al., 

2021; Souza et al., 2020; Tempone et al., 2021). Currently the five major classes of marine 

alkaloids that have been described are the pyrroloiminoquinone alkaloids, guanidine alkaloids, 

bromotyrosine alkaloids, indole alkaloids and pyridine alkaloids, the largest of which are the 

pyrroloiminoquinones (Elissawy et al., 2021).  
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1.5.1 Pyrroloiminoquinones as a source of bioactive secondary metabolites in marine 

sponges 

Pyrroloiminoquinones have been isolated predominantly from marine sponges (Urban et al., 

2000; Antunes et al., 2005; Hu et al., 2011; Li et al., 2021; reviewed in Kalinski et al., 2022) 

and exhibit extremely high levels of cytotoxicity and potency, making them the focus of 

research into the development of broad-spectrum anticancer, anti-bacterial, anti-inflammatory 

and anti-malarial drug leads (reviewed in Kalinski et al., 2022).  These compounds have been 

isolated mostly from marine sponges of the Latrunculiidae family (order Poecilosclerida), 

however, ascidians (Copp and Ireland, 1991; Grckovic et al., 2021), cultured myxomycetes 

(Ishibashi et al., 2001; Nakatani et al., 2005), hydroids (Zlotkowski et al., 2017; Yan et al., 

2018), terrestrial fungi (Peters and Spitella, 2007; Peters et al., 2008; Pulte et al., 2016; 

Lohmann et al., 2018) and marine actinobacteria (Nagata et al., 1997; Hughes et al., 2007) 

have also been shown to produce similar alkaloids or derivates of pyrroloiminoquinones. The 

structure of these compounds begins with a common condensed tricyclic pyrroloquinoline core 

(Figure 1.1), which is proposed to be responsible for the cytotoxicity and anti-proliferative 

capabilities associated with these compounds (Radisky et al., 1992; Antunes et al., 2005; 

Kalinski et al., 2022). These compounds can be categorized into three main classes based on 

the complexity of their structures – makaluvamines as the simplest class containing the shared 

pyrroloquinoline core, followed by the more complex bispyrroloquinones and discorhabdins 

(Antunes et al., 2004; Antunes et al., 2005; Kalinski et al., 2022).  

 
Figure 1.1: Chemical structure of pyrroloiminoquinones showing A) makaluvamine, B) 

bispyrroloquinone and C) discorhabdin classes. All three classes possess the common tricyclic 

pyrroloquinoline cores with variant substituents. (Adapted from Kalinski et al., 2022). 

1.5.2 The biosynthetic origins of pyrroloiminoquinone production 

The biosynthetic origins of pyrroloiminoquinones have been a topic of research and debate 

since their pharmacological potential was first discovered. The isolation of 
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pyrroloiminoquinones and pyrroloiminoquinone-related compounds from organisms unrelated 

to marine sponges, ascidians, terrestrial bacteria and myxomycetes (Copp, Ireland and 

Barrows, 2002; Davis et al., 2012; Hughes et al., 2009; Ishibashi et al., 2001; Miyanaga et al., 

2011; Nagata et al., 1997) suggests the presence of shared biosynthetic gene clusters in both 

groups of terrestrial and marine pyrroloiminoquinone producers or the presence of a shared 

microbial symbiont involved in the biosynthesis of pyrroloiminoquinones. 

The biosynthetic pathway for pyrroloiminoquinone production has not yet been conclusively 

proven, however, chemotaxonomic relationships, structural similarities shared among 

pyrroloiminoquinones, and direct experimental evidence have proposed a rational sequence of 

biosynthetic reactions (Urban et al., 2000; Antunes et al., 2005; Lill et al., 1995) (Figure 1.2). 

The pathway is proposed to begin with the decarboxylation of tryptophan and several oxidation 

and condensation steps to produce a makaluvamine precursor of “proto”-makaluvamine. From 

this precursor, oxidation, or amination results in the unbranched makaluvamines (Lill et al., 

1995), known as pyrrolo-ortho-quinones that are speculated to be either degradation products 

of pyrroloiminoquinones or the byproducts biosynthetically produced during makaluvamine 

biosynthesis. The uncommon oxazole pyrroloiminoquinones makaluvamine W and 

citharoxazole have been proposed as derivates of damirones synthesized through condensation 

with glycine, followed by decarboxylation and oxidation (Taufa et al., 2019; Genta-Jouve et 

al., 2011). Similar condensation reactions between makaluvamine and alternative reaction 

partners may give rise to zyzzamines (Kalinski et al., 2022). The conversion from unbranched 

makaluvamines to branched makaluvamines is proposed to be initiated by the addition of 

tyramine, likely proceeding the incorporation of its precursor molecule phenylalanine (Lill et 

al., 1995). The more complex pyrroloiminoquinones discorhabdins and 

bispyrroloiminoquinones may be derived from makaluvamines containing the N-phenylethyl 

side chain, a process not confined to specific steps within the pathway (Lill et al., 1995). 

Discorhabdins containing the C5-C8 sulfur bridges, including A- and D-series discorhabdins, 

are proposed to have been biosynthesised from either makaluvamine F or C-series 

discorhabdins (Urban et al., 2000; Antunes et al., 2005; Lill et al., 1995). In 2013, Zou and 

Hamman hypothesized that the pyrroloiminoquinone atkamine was a derivative of a N-

phenylethyl makaluvamine such as makaluvamine F while aleutianimine was proposed to be a 

downstream product of discorhabdin A (Zou et al., 2019).   
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Figure 1.2: Proposed biosynthetic pathway for pyrroloiminoquinone biosynthesis 

showing the distinction between makaluvamine production and the successive production of 

the more complex bispyrroloiminoquinones (such as tsitsikammamine) and discorhabdins. 

(Adapted from Kalinski et al., 2019 and Kalinski et al., 2022). 

The biosynthetic origins of these compounds are yet to be fully understood. A study conducted 

by Lill et al. (1995) in which portions of Latrunculia sp. sponge specimens were immersed in 

a solution of broad-spectrum antibiotics, suggested the biosynthesis of discorhabdins was not 

orchestrated by the associated bacteria within the sponge, but rather by the sponge itself. 

However, the broad distribution of pyrroloiminoquinones across unrelated marine and 

terrestrial organisms including sponges, ascidians and terrestrial myxomycetes suggests that 

the makaluvamine core shared amongst all three organisms may be produced by a microbe, 

with the sponge hosts coordinating the conversions to discorhabdins and tsitsikammamines 

(Kalinski et al., 2019; Walmsley et al., 2012a). Previous studies into the pyrroloiminoquinone-

related compounds, lymphostins and ammosamides, identified the presence of a Ribosomally 

synthesized and post-translationally modified peptides (RiPP) class gene cluster associated 

with the genomes from which both compounds were isolated, implicating the gene cluster in 

the biosynthetic origins of these compounds (Jordan and Moore, 2016). Furthermore, a later 

study showed that ammosamides are biosynthesized by the attachment of a tryptophan to the 

C-terminus of ribosomally synthesized peptides, followed by hydroxylations and oxidation to 
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the quinone cores, while the primary amines are introduced from a glycerol residue (Daniels et 

al., 2022). Although as yet unproven, the same mechanism may be employed within the 

pyrroloiminoquinone biosynthetic pathway. 

1.6 The Latrunculiidae family of marine sponges as producers of 

pyrroloiminoquinones 

The Latrunculiidae (Class Demospongiae; Order Poecilosclerida) are a diverse family of 

marine sponges found in temperate and cold waters of both the Southern and Northern 

Hemispheres off the coasts of South Africa, Australia, New Zealand, Tasmania, and Antarctica, 

as well as British Columbia, the Aleutian Islands, the Gulf of Alaska, the Russian Sea of 

Okhotsk, and the Pacifica North-West (Kelly et al., 2016). The family was first described in 

1922 and has since undergone several revisions (Topsent, 1922). Morphologically, these are 

large, encrusting, hemispherical, spherical or pedunculate sponges with smooth surfaces 

between raised fistular oscules, with dense and uniformed body masses (Kelly and Samaai, 

2002). These sponges are leathery in texture, with colours that range from brownish-black, 

dark brown, forest green, to pale beige or white (Kelly and Samaai, 2002). Additionally, the 

most distinguishing feature of the family are the presence of discorhabd microscleres with 

apical and basal spines, generally arranged in compact perpendicular spicules (Kelly and 

Samaai, 2002). Currently the family has seven recognized genera, namely, Bomba, Sceptrella, 

Strongylodesma, Cyclacanthia, Latrunculia, Latrunclava, and Tsitsikamma (WoRMS Editorial 

Board, 2017; Li et al., 2021). Members of the Strongylodesma, Cyclacanthia, Latrunculia and 

Tsitsikamma genera are endemic to South Africa.  

Latrunculid sponges are the most prolific producers of all three classes of 

pyrroloiminoquinones (Kelly et al., 2016; Davies-Coleman et al., 2023). The genus 

Tsitsikamma currently comprises seven species, including, T. favus, T. pedunculata and 

recently discovered novel species, T. nguni, T. michaeli (Parker-Nance et al., 2019), T. madiba, 

T. amatholaensis and T. beukesii (Samaai et al., 2020). Species T. pedunculata was first 

collected in 1999 within the Algoa Bay region of the Eastern Cape Province (South Africa) and 

has reportedly yielded the known pyrroloiminoquinones 14-bromodiscorhabdin C, 14-bromo-

3-dihydrodiscorhabdin C, and 3-dihydrodiscorhabdin C. as well as four novel, minor 

metabolites 3-dihydro-7,8-dehydrodiscorhabdin C, 14-bromo-3-dihydro-7,8- 

dehydrodiscorhabdin C, discorhabdin V, and 14-bromo-1-hydroxydiscorhabdin V (Antunes et 
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al., 2004). T. favus sponges were first collected in 1994 within the Tsitsikamma marine region 

and were later morphologically described by Kelly and Samaai in 2002. Hooper et al. (1996) 

isolated three major pyrroloiminoquinones, from T. favus sponges,  namely, tsitsikammamines 

A and B, as well as 14-bromo-3-dihydrodiscorhabdin C. Advancements in chromatographic 

and spectroscopy techniques led to the characterisation of minor secondary metabolites from 

T. favus specimens, leading to the isolation of new pyrroloiminoquinones tsitsikammamine N-

oxime, tsitsikammamine B N-oxime, 7,8-dehydro-3-dihydrodiscorhabdin C, 14-bromo-1- 

hydroxy-discorhabdin S, and 2,4-debromo-3-dihydrodiscorhabdin C (Antunes et al., 2005). 

The two major compounds, tsitsikammamines A and B, were isolated exclusively from T. favus 

sponges, highlighting their uniqueness to the species (Antunes et al., 2004). Species T. michaeli 

and T. nguni were only recently reported as pyrroloiminoquinone producers of non- or mono-

brominated, hydroxylated discorhabdins (Kalinski et al., 2021; Parker-Nance et al., 2019). No 

compounds have been isolated from T. scurra species. Discorhabdins have also been isolated 

from members of the Cyclacanthia, Strongylodesma and Latrunculia genera (Antunes et al., 

2004; Li et al., 2021), with similar chemical profiles identified in Cyclacanthia bellae and 

Latrunculia apicalis sponges following the isolation of C-series discorhabdins from both 

species (Yang et al., 1995; Antunes et al., 2004; Kalinski et al., 2021). 

Kalinski and colleagues have reported the presence of two distinct chemical profiles 

(chemotypes) in T. favus and T. michaeli sponges collected from Evans Peak and Riy Banks in 

Algoa Bay, South Africa (Kalinski et al., 2019; Kalinski et al., 2021). Chemotype I T. favus 

sponges were abundant in discorhabdins and tsitsikammamines, while chemotype II T. favus 

sponges had abundant makaluvamines (Kalinski et al., 2019). Chemotype I T. michaeli sponges 

contained abundant tribrominated discorhabdins while chemotype II T. michaeli sponges 

produced mostly dibrominated and hydroxydiscorhabdins (Kalinski et al., 2021). Both 

chemotypes were identified in T. favus sponges collected from the same location in Evans Peak, 

while the chemotype II profiles were only observed in T. michaeli sponges collected from 

Evans Peak. The presence of multiple chemical profiles in the same species is not a rare 

occurrence in marine sponges and intra-species variations in chemical profiles of T. favus 

sponges collected from the same site has not been previously reported (Kalinski et al., 2021). 

Interestingly an abundance of phenylalanine was observed in chemotype II T. favus sponges, 

likely the result of an interference in the biosynthetic pathway preventing the incorporation of 
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phenylalanine into makaluvamine, resulting in the accumulation of this amino acid in 

chemotype II T. favus sponges (Kalinski et al., 2021). 

1.7 The microbial communities associated with latrunculid sponges 

Marine sponges of the Latrunculiidae family share highly conserved microbiomes that are 

dominated by two Gammaproteobacteria and Spirochete symbionts (Walmsley et al., 2012a; 

Matcher et al., 2017). These conserved symbionts were initially identified in T. favus 

specimens collected over the course of six years from Algoa Bay, Port Elizabeth, (Walmsley 

et al., 2012a). Later, through 16S rRNA clones sequence analysis with several closely related 

symbionts identified in other Tsitsikamma species, Cyclacanthia bellae and Latrunculia 

species as well as several non-latrunculid species (Matcher et al., 2017). Phylogenetic analysis 

of the relationship of the operational taxonomic units (OTU0.03) representative of these 

Gammaproteobacteria symbionts, relative to other sponge-associated Gammaproteobacteria, 

identified two monophylogenetic clusters, one containing free-living, and sponge associated 

Gammaproteobacteria bacteria and the other containing exclusively sponge-associated 

Gammaproteobacteria (Figure 1.3A, Group II). The latter group, Group II, included the 

dominant Gammaproteobacteria clone Sp02-1 previously identified in an early T. favus 

specimen (TIC2009-002) (Walmsley et al., 2012a). OTUs within the Group II cluster showed 

sequence similarity of greater than 99% with Sp02-1 indicating that they represent the same 

species. Interestingly, the phylogenetic relationship displayed by these Gammaproteobacteria 

symbionts is strikingly similar to that displayed by their hosts (Figure 1.3B) providing evidence 

to suggest that these symbionts coevolved with their hosts.   
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Figure 1.3: Phylogenetic analysis of dominant Gammaproteobacteria species in 

latrunculid sponges showed that A) the OTUs identified were closely related to the dominant 

Gammaproteobacteria clone Sp02-1 previously identified in T. favus TIC2009-002. B) The 

divergence patterns displayed by these Gammaproteobacteria closely resembles that displayed 

by their sponge hosts suggesting that these symbionts coevolved with their hosts. (Taken from 

Matcher et al., 2017) 

Within the same study Matcher et al., (2017) identified that symbionts of the Spirochete 

phylum were exclusively found in latrunculid sponges where the Spirochaete reads were also 

dominated by a single OTU. Interestingly, although only one unique OTU was identified in C. 
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bellae, T. favus sponges revealed four unique Tsitsikamma-specific Spirochete OTUs with an 

apparent species-specific distribution and relative abundance of two species per sponge host. 

Phylogenetic analysis showed an extremely close relationship between Tsitsikamma-

spirochetes with all five species clustering with T. favus spirochete clone Sp02-3 (Walmsley et 

al., 2012a) and the free-living Spirochete Salinispira pacifica (Figure 1.4). Subsequently, the 

closest sponge-associated Spirochete relative identified within the genus Clathrina showed less 

than 90% species similarity with the latrunculid Spirochetes, suggesting that these latrunculid 

Spirochetes could represent members of a new family of specialized sponge spirochetes.  

 

Figure 1.4: A unique lineage of dominant Spirochete symbionts is unique to latrunculid 

sponges. Phylogenetic analysis showed the latrunculid spirochetes are distantly related to other 

sponge-associated spirochetes, suggesting that these represent a new family of specialized 

sponge spirochetes. (Taken from Matcher et al., 2017) 
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To determine whether these Gammaproteobacteria and Spirochete symbionts displayed a direct 

correlation between numerical dominance and metabolic activity Matcher et al., (2017) utilized 

a protocol that isolated RNA and DNA from sample specimens simultaneously allowing the 

identification of a potential correlation between 16S rRNA abundance and 16S rRNA 

expression. Consequently, this revealed that the Gammaproteobacteria symbionts identified in 

the study were both numerically dominant and metabolically active in latrunculid sponges 

while the Spirochete symbionts were numerically dominant but not metabolically active. 

Further inspection did, however, indicate the presence of a significantly less-dominant yet 

metabolically active Spirochete symbiont in several T. favus sponges. This suggests that the 

Gammaproteobacteria symbionts were acquired to assist the sponge with metabolic activities 

such as carbon, sulfur or nitrogen metabolism (Waterworth et al., 2021) whereas the 

Spirochetes may have been acquired by T. favus (and possibly C. bellae) sponges to perform 

specialized, non-metabolically active functions, potentially assisting in the production of the 

tsitsikammamine and discorhabdin pyrroloiminoquinones characteristic of the Tsitsikamma 

and Cyclacanthia genera (Walmsley et al., 2012a). 

1.8 Elucidation of the dominant Gammaproteobacterial symbiont genome 

associated with the T. favus microbiome 

A study conducted by Waterworth et al. (2021) set out to determine the functional potential of 

the dominant Gammaproteobacterial symbiont associated with T. favus sponges. Herein, the 

metagenome of a T. favus sponge (TIC2018-003B) was sequenced and used to identify and 

characterize the genome of the dominant Gammaproteobacteria symbiont (Bin 003B_4). 

Analysis of the genome of this Gammaproteobacterial symbiont identified the presence of a 

16S rRNA sequence that was closely related to the previously identified, highly conserved 

Sp02-1 symbiont (Walmsley et al., 2012a; Matcher et al., 2017). Bin 003B_4, thus, served as 

a representative within the newly proposed Tethybacterales order and was used to determine 

the role of the symbiont across a broad range of sponge hosts (Waterworth et al., 2021).  

Characterization of the genome according to the minimum information about a genome 

(MIMAG) standards (Bowers et al., 2017) revealed that the genome was of medium quality, 

approximately 2.95 million base pairs (Mbp) in size and appeared to have undergone genome 

reduction due to the abundance of pseudogenes (approximately 25% of all genes within the 

genome) and notably low coding density (65.27%), significantly lower than the 
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characteristic 80% for bacterial genomes (McCutcheon and Morran, 2011). This was consistent 

with other members within the proposed Tethybacterales order (Taylor et al., 2021). Taking 

into account the low coding density, the genome encoded several genes for glycolysis, 

Phosphoribosyl diphosphate (PRPP) biosynthesis, as well as the majority of genes required for 

the citrate cycle and oxidative phosphorylation. Additionally, the genes for the biosynthesis of 

valine, leucine, isoleucine, tryptophan, phenylalanine, tyrosine, and ornithine amino acids, as 

well as the genes required for the transport of L-amino acids, proline, and branched amino 

acids. This suggested that the symbiont may be involved in the exchange of amino acids with 

the host, as previously shown in insect and sponge-symbiont symbiosis (Moitinho-Silva et al., 

2017; Feng et al., 2019). A total of 13 unique genes were identified, one of which was predicted 

to encode an ABC transporter permease subunit that was likely involved in glycine betaine and 

proline betaine uptake (Waterworth et al., 2021). A second gene encoding a 5-oxoprolinase 

subunit PxpA suggested that the genome was also involved in acquisition of proline and its 

subsequent conversion to glutamate (Niehaus et al., 2017). Other unique genes include 

restriction endonucleases and site-specific DNA methyltransferase, suggested to aid in the 

removal of foreign DNA, and seven genes associated with phages, including the anti-restriction 

protein ArdA, proposed to prevent DNA cleavage and provide anti-restriction energy (Chen et 

al., 2014). Lastly, two unique genes were predicted to encode an ankyrin repeat domain-

containing protein and a von Willebrand factor type A VWA protein, both involved in cell-

adhesion and protein-protein interactions (Boyd et al., 2014; Al-Khodor et al., 2011), 

suggesting its role in facilitating the state of symbiosis within the host. 

A comparative analysis of twenty-seven Tethybacterales genomes, including that of Sp02-1, 

was conducted to determine whether the functional potential of each genome differed 

according to the host in which they were acquired (Waterworth et al., 2021). Herein, the 

phylogeny of these Tethybacterales symbionts was determined and established as members of 

the deep-branching Persebacteraceae family. Furthermore, members of a newly proposed 

family, Polydoraceae, were characterised, sharing an average amino acid identity (AAI) of 

80% within the family and less than 89% sequence similarity between all three families – 

suggesting that these may represent novel classes within the Tethybacterales order 

(Waterworth et al., 2021). Consequently, the newly identified species, including Sp02-1 (Bin 

003B_4), were proposedly renamed as members of newly identified genera: “Candidatus 

Ukwabelana africanus”, “Candidatus Regalo mexicanus”, “Candidatus Dora taiwaniensis”, 
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“Candidatus singaporensis”, and “Candidatus Hadiah malaccus”. Furthermore, 18 shared 

genes were identified between all twenty-seven Tethybacterales genomes encoding several 

genes involved in energy production, tryptophan production, and stress response.  

 

Additionally, a comparison of the 17 Tethybacterales genomes against genomes of the 

symbiotic Entoporibacteria and free-living Pelagioporibacteria clearly illustrated that sponge-

symbionts had not converged to perform similar roles within their hosts as previously 

hypothesized (Waterworth et al., 2021) but that each symbiont family had evolved to perform 

distinct functions within their sponge hosts. Several genes were present across two out of the 

three Tethybacterales families but absent in the Poribacteria families, including, those 

associated with nitrogen reduction, thiosulfate oxidation, and the transport of glycine betaine, 

proline, glycerol, taurine, tungstate, and lipooligosaccharides. Contrastingly, genes that were 

present in the two Poribacteria families, yet absent in the Tethybacteria, included those 

encoding trehalose biosynthesis, galactose degradation, phosphate metabolism, assimilatory 

sulfate reduction, and the transport of phosphonate, urea, iron complexes, molybdate, and 

hydroxymethylpyrimidine. Furthermore, an analysis of the divergence patterns associated with 

Tethybacterales and Poribacteria genomes revealed that the patterns of divergences did not 

follow that of their sponge hosts, thus, suggesting that although these two groups of symbionts 

were ubiquitous within their hosts, they were most likely acquired at different points in their 

evolutionary lineages to fulfil distinct roles within their sponge hosts (Waterworth et al., 

2021).  

1.9 Research rationale and aims 

Algoa Bay, South Africa is home to taxonomically diverse groups of marine sponges including 

those of the Latrunculiidae family from which a number of the bioactive compounds known 

as pyrroloiminoquinones have been isolated. The microbial communities associated with 

sponges of this family are highly conserved and dominated by Gammaproteobacteria 

symbionts. Within the well-studied Tsitsikamma genus are sponge microbial communities 

associated with co-dominant Gammaproteobacteria and Spirochete symbionts. Additionally, 

within the Tsitsikamma favus and Tsitsikamma michaeli species’ two distinct chemical profiles 

have been identified – T. favus sponges of chemotype I are abundant in discorhabdins and 

tsitsikammamines, and chemotype II abundant in makaluvamines and the amino acid 
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phenylalanine, while T. michaeli sponges of chemotype I are abundant in tridiscorhabdins and 

chemotype II are abundant in didiscorhabdins and hydroxydiscorhabdins. Makaluvamines have 

previously been identified in organisms unrelated to marine sponges, namely the myxomycete 

Didymium iridis and Didymium bahiensis, thus supporting a proposed microbial origin for 

these and related marine natural products.  

The genome of the highly conserved bacterial Gammaproteobacteria symbiont Sp02-1 closely 

associated with the microbiome of T. favus sponges has recently been characterised 

(Waterworth et al., 2021). The functional potential of this symbiont has since been elucidated 

and several genes corresponding to denitrification, nitrate reduction, thiosulfur oxidation and 

phosphate metabolism have been identified, suggesting the reasons for its acquisition by a 

broad range of hosts including T. favus sponges, may be facilitating these metabolic processes 

within the sponge hosts. The functional potential of the co-dominant Spirochete symbiont in T. 

favus sponges has not been elucidated but is proposed to be linked to the production of 

pyrroloiminoquinones in T. favus sponges (Matcher et al., 2017).  

The overall aim of this study was therefore to understand the nature of the symbiotic 

relationships between marine sponges of the Latrunculiidae family with respect to their 

conserved spirochete symbiont and the biosynthesis of pyrroloiminoquinones. To achieve this, 

the following objectives were targeted: 

1) Characterization of the bacterial communities associated with latrunculid 

sponges through 16S rRNA amplification 

2) Analysis of the genome of the spirochete symbiont in Tsitsikamma sponges recovered 

from metagenomic data 

3) Comparative phylogenomic assessment of free-living and symbiotic spirochetes within 

the Spirochaetaceae family
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Chapter 2: Collection of sponge specimens and development 

of research methodology 

2.1 Introduction  

Amplicon sequencing libraries generated from 16S rRNA gene sequences have long-since been 

useful for the characterization of sponge-associated bacterial communities (Fernández et al., 

2019), however, the disadvantage thereof is that the method does not shed light on the 

functional roles these bacterial symbionts play in their host environment (Matchado et al., 

2024). Investigation of sponge-associated bacteria via culture-dependent methods is extremely 

limited, with only 0.1 – 14% of the sponge-associated bacteria predicted to be culturable (Dat 

et al., 2021).  This low bacterial viability under laboratory conditions has been attributed to the 

inability to accurately reproduce the intricate environmental conditions present within the host 

(Clooney et al., 2016; Christensen and Martin, 2017). To overcome these limitations, one can 

employ culture-independent methods, chief among which is shotgun metagenomics. The 

method involves the fragmentation of all genomic DNA within a single sample to generate 

short or long sequence reads (Clooney et al., 2016; Sharpton 2014). Short sequence reads can 

be generated using either MiSeq (Illumina) or Ion Torrent platforms both of which require 

DNA fragments to generate reads of 200 to 600 base pairs in length (Ravi et al., 2018; Tlili et 

al., 2018). The sequence of nucleotides of the DNA fragments are detected via a change in pH 

in the Ion-Torrent platform, and via fluorescence in the Illumina platform. While the fragments 

are only small, the error rates of the MiSeq and IonTorrent platforms are 0.8% and 1.78% 

respectively (Sahlin and Medvedev, 2021), resulting in highly reliable libraries. The Oxford 

Nanopore sequencing platform works by allowing DNA to move through tiny holes 

(nanopores) in a flow cell, where each hole is equipped with an electrode sensor. DNA moving 

through the nanopore disrupts the current, which are read and deciphered via the sensor into 

human readable nucleotide sequence. This can result in reads thousands of base-pairs in 

lengths, but the error rate is 14% (Sahlin and Medvedev, 2021), leading to long but less reliable 

read libraries (Wang et al., 2021). Similarly, PacBio sequencing platform works by generating 

longer reads than the Oxford Nanopore averaging reads of 5 to 60 kilobases in length, with an 

error rate of 15% (Xie et al., 2020; Pourmohammadi et al., 2021). These sequence reads can 

then be assembled into contiguous sequences (contigs), or circular consensus sequences (CCS) 

with respect to PacBio sequencing (Rhoads and Au, 2015) and clustered into bacterial genomic 
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bins or eukaryotic genomes using genome binning software such as Autometa (Miller et al., 

2017). The resultant genomic bins or metagenome-assembled genomes (MAGs) can then be 

annotated and characterized to determine their functional potential.  

2.2 Development of research pipeline  

The aim of this chapter was to develop a reproducible and robust workflow that would allow 

us to investigate the biological processes within the bacterial communities associated with 

marine sponges. The pipeline (Figure 2.1) begins with analysis of 16S rRNA generated 

amplicon sequencing libraries for profiling of sponge-associated microbial communities 

(Fernández et al., 2019) and identification of bacterial symbionts of interest. The second stage 

of the pipeline involves the use of metagenomic-based approaches to elucidate the functional 

and biosynthetic potential of bacterial symbionts of interest and their role in the overall health 

and function of the sponge holobiont (Clooney et al., 2016; Christensen and Martin, 2017; 

Waterworth, 2018). 

 
Figure 2.1: Summarized overview of the research pipeline developed for analysis sponge-

associated microbial communities and elucidating their functional and biosynthetic 

potential.  
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2.2.1 Sponge collection, chemotype and taxonomic identification 

Sponge specimens of the Latrunculiidae family were collected between 1994 and 2022 by 

SCUBA or Remotely Operated Vehicle (ROV) from multiple sites within the Tsitsikamma 

Marine Protected Area, Algoa Bay (Port Elizabeth), the Amathole Marine Protected Area (East 

London) and the Garden Route National Park. In addition, three Latrunculia apicalis 

specimens were collected by trawl net off the coast of Bouvet Island in the Southern Ocean. 

Collection permits were acquired prior to collections from the Department of Environment, 

Forestry and Fisheries (EFF). Sponge specimens were stored on ice and transferred to -20 C 

until processing. Subsamples of each sponge, approximately 5 cm3 in size, were preserved in 

RNAlater Solution (Invitrogen) and stored at -80C. Dates and collection site data for each 

sponge specimen used in this study are listed in collection metadata Appendix A – Table A1.  

Sponge specimens were identified through morphological inspection and spicule analysis by 

sponge taxonomist and reef ecologist Dr Shirley Parker-Nance at the South African 

Environmental Observation Network, Elwandle Coastal Node (SAEON) (Nelson Mandela 

University, Gqeberha, South Africa).  

2.2.2 Preparation of sponge extracts 

Crude chemical extracts of the 79 latrunculid sponges were prepared by postdoctoral fellow Dr 

Jarmo Kalinski (Rhodes University, Makhanda) via extraction with methanol, drying and 

suspension in methanol at 1-10 mg/mL. Liquid-chromatography-Mass-spectrometry/Mass-

spectrometry (LC-MS/MS) data was acquired on a Bruker ESI-Q-TOF Compact (Bruker, 

Bremen) in positive ionization mode coupled to a Dionex Ultimate3000 Chromatograph 

(ThermoScientific, Sunnyvale, CA, USA) and using reversed-phase C18 columns and mobile 

phases consisting of water and acetonitrile with 0.1% formic acid each. The data was converted 

to .mzXML format and analysed using MZmine3 (Schmid et al., 2023) to assemble an aligned 

feature list. The feature list was filtered based on comparison of m/z values and MS/MS spectra 

to known or putative pyrroloiminoquinones. Peak area values were normalized to the overall 

pyrroloiminoquinone signal per sample and aggregated to the pyrroloiminoquinone class to 

summarise the latrunculid pyrroloiminoquinone profiles.  
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2.2.3 Extraction of Genomic DNA 

Small sections (approximately 1 cm3 in size) of prepared subsamples were aseptically cut, and 

total genomic DNA (gDNA) was extracted using the Zymo Research Quick DNA Fecal/Soil 

Microbe Miniprep Kit (Catalogue number: D6012) according to the manufacturer’s 

specifications with the following modifications: during the cell lysis step, the tubes lysis tubes 

were processed in the bead beater at maximum speed for 10 to 15 minutes and the gDNA was 

eluted in 40 µl of the elution buffer provided. The concentration of the extracted gDNA for 

each sample was measured using the Nanodrop Spectrophotometer (ThermoFisher Scientific, 

Catalogue number: ND-2000) and stored at - 4 degrees Celsius. The quality and integrity of 

the gDNA was determined using agarose gel electrophoresis by running 2 µl of the gDNA 

through a 1% SeaKem® LE agarose (Lonza) gel stained with Invitrogen SYBRTM Safe DNA 

gel stain (ThermoFisher Scientific) in 1X TAE buffer: 40 mM Tris-base (Sigma-Aldric), 1mM 

EDTA (Sigma-Aldric) and 20 mM glacial acetic acid (Sigma-Aldric). The resulting gel was 

visualized on a UV transilluminator (ChemiDocTM XRS+, Bio-Rad). 

2.2.4 Illumina amplicon library preparation 

To characterize the microbial communities associated with the latrunculid sponge specimens, 

the bacterial 16S rRNA genes were analyzed by Next Generation Sequencing (Johnson et al., 

2019) at the South African Institute for Aquatic Biodiversity (SAIAB) in Makhanda for 

processing by instrument scientist Dr Gwynneth Matcher. Amplification of the 470 bp 

spanning the V4 – V5 hypervariable regions of the bacterial 16S rRNA genes was performed 

using the primer pair MiSeq16Sa-F (Flip) (5’ –TCG TCG GCA GCG TCA GAT GTG TAT 

AAG AGA CAG GTA AGG TTC YTC GCG T – 3’) and MiSeq16Sa-R (Flip) (5’ – GTC TCG 

TGG GCT CGG AGA TGT GTA TAA GAG ACA GCA GCA GCC GCG GTA A – 3’). 

Polymerase Chain Reaction (PCR) amplification was performed using 0.3 M primers, 0.3 mM 

dNTPs, 1X Buffer with MgCl2, and 0.5 U Kapa Hifi Hotstart Taq polymerase (KAPA 

Biosystems) and 50ng of template DNA in reaction volumes of 50 l with adjustments made 

according to the manufacturer’s specifications. PCR cycle parameters were as follows: initial 

denaturation and enzyme activation at 98°C for 5 minutes, five cycles of 98°C for 45 seconds 

and 45°C for 30 seconds, followed by eighteen cycles of 72°C for 1 minute, 98°C for 45 

seconds and 50°C for thirty seconds, five cycles of 72°C for 1 minute, eighteen cycles of 98°C 

for 45 seconds, 50°C for 30 seconds and 72°C for one minute with a final extension at 72°C 

for 5 minutes. Resultant amplicons were visualized through agarose gel electrophoresis using 
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1% agarose gel in 1X TAE buffer (0.1 M Tris-HCl, 2.5 mM EDTA, 0.05 M Glacial acetic acid, 

Triple distilled water) stained with SYBER SAFE and run at 110V for 1 hour. Resultant PCR 

products were purified using the FavorPrep Gel/PCR Purification Kit according to the 

manufacturer’s specifications (Catalogue number: FAGCK001). Purified products containing 

30 ng of DNA were sequenced at the South African Institute for Aquatic Biodiversity (SAIAB) 

Aquatic Genomic Research Platform using the Illumina MiSeq technology.  

2.2.5 Amplicon library sequence data curation 

Amplicon library sequence datasets of the forward reads (214 base pairs) of 155 latrunculid 

sponges and 8 seawater samples collected between 1994 and 2022 were curated using the 

Mothur platform (release version 144.3) (Schloss et al., 1999) as previously described by 

Matcher et al. (2017). Low-quality sequence reads shorter than 250 base pairs and containing 

ambiguous bases and/or homopolymeric reads greater than 7 were discarded. Chimeric reads 

were identified using the VSEARCH algorithm (Rognes et al., 2016) and discarded. Sequence 

reads were classified using the Naïve Bayesian classifier via alignment against the SILVA 

database (release version 132) and any sequences classified as “Chloroplast”, “Mitochondria'', 

“Unknown”, “Archaea” or “Eukaryota” were removed. A distance matrix (cut-off of 0.05) was 

generated in Mothur and used to classify the sequence reads into operational taxonomic units 

(OTUs) at distance values of 0.03 (species level) and read counts were converted to relative 

abundances (data available in Appendix A – Table A2). Spirochete OTUs were subset out and 

aligned with reference sequences from the NCBI nucleotide database using MUSCLE (v. 

5.8.1). Phylogenetic trees of the spirochete OTU and reference sequence alignments were 

generated using MEGA11 software (Tamura et al., 2021) using ClustalW (Larkin et al., 2007; 

Goujoun et al., 2010) and Maximum-likelihood algorithms, with 1000 bootstrap replicates. The 

resultant trees were then visualized in the Interactive Tree of Life (iTol) (Letunic and Bork, 

2021). The same analysis was then repeated with only the raw amplicon reads from latrunculid 

sponges, focusing on OTUs generated and clustered at a distance of 0.01 (strain-level). 

Three-dimensional non-metric dimensional scaling (NMDS) plots of the relative abundance 

data were generated in R using the vegan R package based on the Bray-Curtis dissimilarity 

index (Bray and Curtis, 1957) (custom scripts – Appendix B Custom scripts). Resultant 

NMDS/ANOSIM data is available in Appendix A – Table A4 and A5. The co-correlation 

analysis of the 50 most abundant OTUs (found as an average across all samples) was performed 
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using the ‘cor’ function (Langfeld and Horvath, 2012) native to R using dataframes of OTU 

and compound abundances as input (custom scripts – Appendix B Custom scripts). A 16S 

rRNA gene sequence phylogeny was built from the representative sequences of the top 50 

OTUs, aligned with MUSCLE (version 5.1) (Edgar, 2004; Edgar, 2022), using the Neighbor-

joining approach with 1000 bootstraps in MEGA11 (Tamura, et al., 2021). The final tree was 

visualized in iTol (Letunic and Bork, 2021) where the correlation matrix and the average OTU 

abundance per sponge species was visualized alongside the tree as datasets. Compound 

absorbance data for the latrunculid sponges are available in Appendix A – Table A6. 

2.2.6 Metagenomic sequencing and analysis of Tsitsikamma specimens 

Eight Tsitsikamma sponge specimens, collected between 2016 and 2022, were selected for 

metagenomic sequence analysis to identify the functional and biosynthetic potential of the 

associated microbiota (Clooney et al., 2016; Christensen and Martin, 2017). Shotgun 

metagenomic sequencing was performed using 600 ng of gDNA per sample with a A260/280 

ratio between 1.8 and 2.0 (see Appendix A – Table A7 for collection metadata) using Ion 

Torrent platforms at the Central Analytics Facility (CAF), Stellenbosch. Shotgun metagenomic 

libraries were prepared on all samples using an Ion P1.1.17 chip. Resultant libraries had an 

average of 70 million reads per sample, with an average read length of 200 bp. Additional 

sequence data of 400 bp was generated for sample TIC2016-050A using an Ion S5 – 530 chip 

as previously described by Waterworth et al. (2021). Metagenomic datasets for all eight 

samples were then assembled into contiguous sequences (contigs) with SPAdes v3.12.0 

(Bankevic et al., 2012) using the -iontorrent and -only-assembler options. The quality of the 

scaffold assemblies such as the total number of contigs, longest contig, length of the minimum 

number of contigs that cover the length of half the assembly (N50), and number of contigs 

equal to or longer than the N50 (L50) were determined using QUAST (Table 2.1) (Gurevich et 

al.,2013; Manchanda et al., 2020; Price and Syme, 2024). Scaffold files with N50 values 

greater than 1000 kilobases were considered good quality assemblies and were prioritized for 

genomic binning. Scaffold contigs were classified using Autometa (Miller et al., 2019) and all 

“Archaea”, “Eukaryota”, “Viral” and “Unclassified” contigs were discarded.
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Table 2.1: Metagenomics sequencing data generated for Tsitsikamma sponge sample 

metagenomes 
Sample No. of reads 

generated 
Average read length 
(bp) 

Scaffold length 
(bp) 

N50 L50 

TIC2016-050A *12 710 484 363 - - - 

*89 638 524 188 - - - 

*14 537 738 329 429936 329 2 183 41 209 

TIC2016-050C 29 149 091 183 251 350 367 1 579 3 6914 

TIC2018-003B 46 930 766 185 229 633 985 2788 18134 

TIC2018-003D 56 303 358 187 194 923 371 1748 18128 

TIC2018-003M 85 299 678 182 392 030 523 1 594 50 989 

TIC2019-013N 79 444 584 182 307 847 516 1610 41 189 

TIC2022-009 90 386 386 182 492 072 875 1 880 62 643 

TIC2022-059 88 310 820 183 254 743 103 3 417 17002 

*The three TIC2016-050A libraries were combined into a single hybrid assembly.  

2.2.7 Acquisition of reference genomes and MAGs 

Four spirochete MAGs assembled from the genomes of Aplysina aerophoba and Rhopaloeides 

odorabile sponges from a study by Robbins and colleagues (Robbins et al., 2021) were 

downloaded from the Australian Centre for Ecogenomics online index (University of 

Queensland, Australia), and five sponge-associated spirochete MAGs were acquired from the 

China National GeneBank DataBase (CNGBdb) from studies by O’Brien and colleagues 

(O’Brien et al., 2021; O’Brien et al., 2023). Additionally, twenty-eight other genomes 

characterised as members of the Spirochaetaceae family, three of which were host-associated 

(termite-associated), were selected and downloaded from the NCBI database.  

2.2.8 Characterization and taxonomic identification of spirochete genomes 

Quality (estimated completion and contamination) of MAGs was assessed using CheckM 

v1.0.12 (Parks et al., 2015). Of the 35 recovered MAGs, 5 were of high quality, 12 were of 

medium quality and 18 were of low quality according to MIMAG standards (Bowers et al., 

2017). A full list of recovered genome assembly data is available in Appendix A – Table A7. 

The recovered MAGs were taxonomically classified with GTDB-Tk database release version 
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95 (Chaumeil et al., 2019) and only the MAGs classified as members of the phylum 

“Spirochaetota” were selected. Basic metrics such as genome size, number of contigs, N50, 

and GC content (%) for each spirochete MAG and reference genome were calculated using a 

custom script bin_summary.py. The number of genes, pseudogenes, and coding density per 

genome were calculated using all_included_genomics_characteristics.py. Custom scripts were 

generated by Dr Samantha C. Waterworth and are listed in Appendix B – Custom scripts. 

2.2.9 Inference of phylogeny from latrunculid-associated spirochete MAGs 

Ribosomal gene sequences (16S and 23S rRNA) were extracted from the spirochete MAGs 

using Barrnap 0.9 (Seemann and Both, 2018). The 16S rRNA sequences were aligned against 

the BLAST nucleotide database (BLASTn) to identify the closest matches. The resultant 

sequences were aligned using MUSCLE (v.5.1.) and phylogeny was inferred using the 

Neighbour-Joining method with 1000 bootstrap replicates in MEGA11 (Tamura et al., 2021)  

Phylogeny of the latrunculid-associated spirochete MAGs was additionally inferred using 

conserved genome markers from whole genomes using PhylopPhlan3 (Asnicar et al., 2020) 

and RaxML (Stamatakis, 2014). These tools were selected as they provided a genome-to-

genome comparison of entire spirochete genomes and allow a better overview of the 

evolutionary and functional relationships between the different spirochete genomes (Asnicar 

et al., 2020; Stamatakis, 2014) The phylogeny of all 8 spirochete MAGs and 37 reference 

genomes was inferred using PhyloPhlan3: PhyloPhlan3 run with diversity set to medium, with 

default values in supermatrix_aa configuration. The resultant marker gene protein alignment 

was used in RaxML to generate a phylogenetic tree with 1000 bootstrap replicates using the 

PROTGAMMAAUTO model (scripts for all three programmes are available in Appendix B – 

Custom Scripts). The resultant tree was visualized in iTol (Letunic and Bork, 2021). The 

genome from Leptonema illini (GCA_002009735.1) was selected as an outgroup to root the 

tree as it was not a member of the Spirochaetaceae family. Pairwise average nucleotide identify 

(ANI) between all sponge-associated genomes was calculated using FastANI (Jain et al., 2018). 

Only pairwise alignment fractions above 70% were considered as reliable ANI scores (Gosselin 

et al., 2022). Resultant pairwise ANI values were visualized using ANIclustermap (v.1.2.0) 

(Shimoya, 2022).  
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2.2.10 Estimation of relative evolutionary divergence of spirochete genomes 

The output phylogeny generated by PhyloPhlan3 (Section 3.2.6) was used to determine the 

closest relatives of the Tsitsikamma-associated spirochetes and the other sponge-associated 

spirochetes. The Orthologous Matrix (OMA) (v.2.6.0) (Altenhoff et al., 2019) was used to 

identify orthologous (shared) genes between the Tsitsikamma-associated spirochetes, other 

sponge-associated spirochetes genomes, as well as the genomes of their closest relatives. A 

total of 12 orthologs common to all genomes were found using the count_OGs.py script. The 

resultant orthologous genes were aligned using MUSCLE (v.3.8.155) (Edgar, 2004). The 

corresponding nucleotide sequence for each gene was retrieved using the 

streamlined_seqretriever.py script, all stop codons were removed using 

remove_stop_codons.py script, and sequences were aligned using MUSCLE (v.3.8.155) 

(Edgar, 2004). The gene sequences for each ortholog were grouped per genome using 

merge_fasta_for_dNds.py script. The nucleotide and amino acid sequences for each genome 

were concatenated, respectively, using the union function from EMBOSS (Rice et al., 2000). 

The concatenated nucleotide and concatenated amino acid sequences were aligned against one 

another using PAL2NAL (Suyama et al., 2004). The alignment was used to estimate pairwise 

synonymous substitution rates (dS) and infer the pattern of divergence between all the genomes 

using codeml from the PAML package (Yang, 2007).  The resultant pairwise substitution rates 

(dS) were visualized on MEGA11 (Tamura et al., 2021) 

2.2.11 Annotation of spirochete genomes  

Amino acid sequences and nucleotide sequences for all genes in all MAGs and genomes used 

in this study were detected and annotated using Prokka (Seemann, 2014). All genes were 

additionally annotated against the KEGG database using KOfamSCAN with detail-tsv as the 

output format (Amaraki et al., 2020). Reliable annotations were then extracted based on the 

criteria that the annotation score was greater than the estimated threshold. All reliable 

annotations per genome were counted and summarized using the kegg_parser.py script. This 

generated a table of the KO counts per genome (Appendix A – Table A8) that was used for 3-

dimensional visualization of the data and analysis-of-similarity assessment (ANOSIM) 

(Appendix A – Table A9) as well as the construction of a presence/absence heatmap in R (script 

for generating the 3D NMDS plot, ANOSIM assessment and presence/absence maps available 

in Appendix B – Custom Scripts).  
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2.2.12 Identification of putative biosynthetic gene clusters in spirochete genomes 

To identify any putative biosynthetic gene clusters and their predicted compounds all 

spirochete MAGs and reference genomes from Tsitsikamma sponges and the reference sponges 

were manually uploaded onto antiSMASH (online v.7.0) (Blin et al., 2023) with relaxed 

detection strictness and --cb-general --cb-knownclusters --cb-subclusters --asf --pfam2go --

smcog-trees options enabled. The resultant putative biosynthetic gene clusters were identified, 

and clusters of interest were downloaded in GenBank format. Clusters of interest were 

visualized and manually annotated using clinker (Gilchrist and Chooi, 2021).   
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Chapter 3: Elucidating the functional potential of the spirochete 

symbiont in latrunculid sponges 

The bacterial communities associated with T. favus sponges (Order Poecilosclerida) were 

previously shown to be stable, highly conserved (Walmsley et al., 2012a) and dominated by 

members of the class Betaproteobacteria (recently reclassified as an order within the class 

Gammaproteobacteria) (Park et al., 2018), as well as the Spirochaetes, Gammaproteobacteria, 

Alphaproteobacteria, Planctomycetes and Verrucomicrobia phyla (Walmsley et al., 2012b). 

The dominant Betaproteobacteria associated with Tsitsikamma sponges and other members of 

the Latrunculiidae family was shown to be a single species with unique strains specific to each 

sponge species (Matcher et al., 2017). The dominant Betaproteobacterium in T. favus, 

Candidatus Ukwabelana africanus, has been characterized as a member of the newly proposed 

Tethybacterales order that includes well-studied betaproteobacterial symbionts such as 

Amphirhobacter heroislandensis AqS2, a symbiont of the Australian coral reef sponge 

Amphimedon queenslandica (Waterworth et al., 2021; Gauthier et al., 2016). These symbionts 

have since loosely been referred to as ‘Tethybacteria’. Unlike the Tethybacteria, the dominant 

Spirochaete population reported in T. favus sponges is exclusive to sponges of the Tsitsikamma 

and Cyclacanthia genera (Matcher et al., 2017). Analysis of 16S rRNA gene amplicon libraries 

of these two sponge-associated microbial communities at strain level (OTUs clustered at a 

distance of 0.01) revealed the presence of two distinct spirochete species in T. favus sponges 

(Matcher et al., 2017), which were most closely related to clones Sp02-3 and Sp02-15 

previously isolated from T. favus sponges (Walmsley et al., 2012a).  

Numerically dominant spirochete populations have also been reported in a number of marine 

invertebrates such as corals and sea stars (Loudon et al., 2023), molluscs (Kuhn 1981, Margulis 

and Hinkle 2006; Paster 2010; Sitnikova et al., 2012), arthropods (Graña-Miraglia et al., 2020) 

and the hindguts of termites (Lilburn et al., 2001). Aside from Tsitsikamma and Cyclacanthia 

sponges, Clathrina clathrus is the only other sponge in which dominant spirochete populations 

have been documented (Neulinger et al., 2010; van der Water et al., 2016). The functional 

potential of these spirochete populations remains unclear; however, it is speculated that they 

may be involved in the fixation of carbon and nitrogen in the red coral Corallium rubrum (van 

der Water et al., 2016), sea star Pisaster orchraceus (Lilburn et al., 2001) as well as termites 
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Reticulitermes speratus (Rhinotermitidae), Hodotermopsis sjoestedti (Termopsidae), and 

Mastotermes darwiniensis (Iida et al., 2000). While the role within sponges is currently 

unknown, the dominant spirochete OTUs in T. favus and Cyclacanthia spirochetes are 

hypothesized to fulfil specialized functions within their hosts. This hypothesis was borne of the 

fact that these spirochetes are not phylogenetically closely related to other sponge-associated 

spirochetes, and the exclusive presence of these spirochetes in latrunculid sponges was 

suggestive of possible the spirochetes being the biogenic source of pyrroloiminoquinones 

within these hosts (Matcher et al., 2017). 

The aim of the research presented in this chapter was to determine the distribution and 

phylogenetic relatedness of spirochete populations in latrunculid sponges, relative to sympatric 

sponge species and further determine their potential role in the sponge holobiont.  

3.2 Assessment of microbial communities present in latrunculid and non-

latrunculid sponges endemic to the South African coastline 

To investigate the presence of spirochete symbionts in sponge specimens collected to the South 

African coastline (including both latrunculid and non-latrunculid sponges), a number of 

collection sites were selected along the South-Eastern coastline of South Africa. Specimens 

were primarily collected from reefs within Algoa Bay (Gqeberha, formerly known as Port 

Elizabeth), but other collection sites included Tsitsikamma Marine Protected Area, the 

Amathole Marine Protected Area (East London), Sodwana Bay (KwaZulu-Natal) and the 

remote Bouvet Island in the Antarctic Ocean. The microbial communities of 155 marine 

sponges and 8 seawater samples were assessed using 16S rRNA gene fragment amplicons 

clustered into operational taxonomic units (OTUs) at a distance of 0.03 (Schloss et al., 1999). 

A total of 13,012,208 reads were obtained from all 163 samples. A total of 9711 OTUs were 

subsequently recovered from the resultant amplicon libraries. Classification of these OTUs 

through alignment of the OTU sequences against the SILVA and nr databases revealed 142 

OTUs were classified as members of phylum Spirochaetota, of which only 10 OTUs had an 

average abundance greater than 0.01% across all 163 sponge specimens (Appendix A - Table 

A2). OTU3 and OTU59 were the most abundant in the Tsitsikamma and Cyclacanthia sponges, 

with very low abundances in Latrunculia apicalis and L. algoaensis sponges (collected in 

Algoa Bay as well and the Antarctic Ocean), as well as in some Mycale specimens and a single 

sympatric Phorbas sp. sponge (Figure 3.1A). Alignment of the consensus sequences of these 
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OTUs revealed that these were most closely related to spirochete 16S rRNA clones Sp02-3 and 

Sp02-15, previously identified in T. favus sponges (Walmsley et al., 2012a; Matcher et al., 

2017). As the Mycale specimens were found as encrusting species on the Tsitsikamma sponges, 

it is likely that these OTUs were the result of possible contamination. As there was only a single 

Phorbas specimen, additional specimens would be required to confirm the presence of these 

OTUs in this species of sponge and discredit their presence as the result of possible 

contamination. These two OTUs were otherwise absent from any other non-latrunculid sponge 

specimens collected from the same regions (Figure 3.1B). Despite the considerably low 

abundances of OTU3 and OTU59 in L. apicalis sponges collected off the coast of Bouvet Island 

in the South Atlantic Island (approximately 3000 kilometres from Algoa Bay), the presence of 

these spirochete OTUs and phylogenetically distinct spirochete OTUs in sympatric non-

latrunculid sponges suggest that these Sp02-3 and Sp02-15 OTUs are specific to latrunculid 

sponges. Inspection of the phylogeny of these ten spirochete OTUs (Figure 3.1C) revealed six 

of the ten OTUs formed a clade with spirochete clones Sp02-3 and Sp02-15 previously 

identified in T. favus sponges (Walmsley et al., 2012a; Matcher et al., 2017). The remaining 

four appear to form two separate clades distantly related to other sponge-associated spirochetes, 

with OTU105 and OTU128, the most abundant OTUs in the non-latrunculid sponges, 

clustering between a clade containing spirochetes from Clathrina clathrus sponges and a clade 

containing free-living spirochetes isolated from soil, alkaline lakes and hypersaline 

environments.  
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Figure 3.1: Distribution of spirochete populations across sponges collected from South 

African coasts and the Antarctic Southern Ocean. A) Relative abundance of OTUs 

classified as spirochetes clustered at a distance of 0.03. B) A magnified view of the spirochete 
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OTUs present in non-latrunculid sponges collected from the south-eastern coast of South 

Africa, as well as three L. apicalis sponges and one sympatric L. algoaensis sponge. C) 

Maximum-likelihood phylogeny of the top ten most abundant spirochete OTUs identified in 

the sponges included in this study conducted with 1000 bootstraps. Bootstrap values are 

indicated as decimals on the branch nodes and a scale bar is shown indicating the average 

number of nucleotide substitutions per site. The 16S rRNA sequence of Archaeoglobus fulgidus 

(GenBank accession number: DQ374392.1) was used as an outgroup. A colour key is used to 

represent the Tsitsikamma-associated spirochetes, free-living spirochetes and other sponge-

associated spirochetes. 

3.3 Characterization of the associated microbial communities in marine 

sponges of the Latrunculiidae family 

The microbial communities of 79 sponges within the Latrunculiidae family were assessed using 

their 16S rRNA gene amplicon sequences. Clustering of these sequences at a distance of 0.01 

(strain level) resulted in 17052 Operational Taxonomic Units (OTUs). This analysis revealed 

distinct microbial community profiles in the sponge species (Figure 3.2). OTUs representative 

of the dominant and highly conserved Tethybacterales population previously reported by 

Waterworth et al. (2021) were present in all sponges. OTU1, OTU2, OTU4, OTU9 and OTU20 

were present across all 73 Tsitsikamma sponges, however, the distributions thereof varied 

according to the different sponge species. Alignment of the consensus sequences of these OTUs 

revealed that these were likely strains of the Tethybacterales symbionts (Sp02-1) previously 

identified in latrunculid sponges (Matcher et al., 2017; Walmsley et al., 2012a; Waterworth et 

al., 2017). The distribution of these Tethybacterales symbionts was as follows: OTU10.01 was 

dominant in T. favus, T. nguni and T. pedunculata sponges, and OTU20.01 was dominant in T. 

madiba, T. michaeli and C. bellae sponges. The other three conserved OTUs (OTU4, OTU9 

and OTU20) were secondary dominant populations of the Tethybacteria, where OTU40.01 was 

most abundant in T. pedunculata sponges, OTU90.01 was abundant in T. madiba and T. michaeli 

sponges and OTU200.01 was abundant in T. pedunculata sponges only.  

Similarly, all latrunculid sponges collected from the South African coast included populations 

representative of the spirochete clones Sp02-3 and Sp02-15 previously isolated from T. favus 

specimen TIC2009-002 (Walmsley et al., 2012a; Matcher et al., 2017) (Figure 3.2A). Three 

spirochete representatives, OTU50.01, OTU60.01 and OTU70.01, were conserved across six 
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Tsitsikamma species, however, were present at very low abundances (less than 1%) in C. bellae 

and L. apicalis sponges. Pairwise analysis of similarity (ANOSIM) testing showed a 

statistically significant difference between the microbial communities associated with the 

sponge species, indicative of species-specific microbial communities (p<0.05) (ANOSIM data 

available in Appendix A – Table A4) (Figure 3.2B).
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Figure 3.2: Distribution of microbial OTUs across latrunculid sponges. A) Bacterial 

community profiles associated with latrunculid sponges represented by OTUs clustered at a 

distance of 0.01. The top 20 OTUs with the highest relative abundances are shown. The closest 

relative (indicated with the colored key) was determined through alignment of the OTU 

nucleotide sequences against the NCBI-BLAST nucleotide (NR) database. B) Non-metric 
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multidimensional scaling plot of bacterial OTUs clustered at a distance of 0.01 showing the 

species-specific distribution of bacterial OTUs in latrunculid sponges. The species of each 

sponge are represented by a coloured key.  

As shown in previous studies (Kalinski et al., 2019; Kalinski et al., 2021; Kalinski et al., 2022), 

much like the microbial communities, the chemical profiles present in latrunculid sponges are 

species-specific. Additionally, there are distinct chemotypes present in the T. favus and T. nguni 

sponges. Assessment of the chemical profiles associated with the sponges used in this study 

(Appendix A – Figure S1) showed that the distribution of pyrroloiminoquinones was sponge-

specific. However, the T. favus and T. michaeli Chemotype II sponges were distinct (p<0.05) 

from T. favus and T. michaeli Chemotype I sponges (Appendix A – Figure S1, denoted by the 

asterisks) (ANOSIM data available in Appendix A – Table A5).  

Inspection of the spirochete OTUs conserved across all the Tsitsikamma sponges (Figure 3.3) 

revealed that the distrubution of OTU5 and OTU6 varied between species. OTU5 was more 

dominant in T. favus, T. nguni and T. pedunculata sponges, accounting for 2 – 25% of all reads, 

and OTU6 was more dominant in T. madiba, T. favus and T. michaeli sponges, accounting for 

1 – 22% of all reads (Figure 3.3A). Furthermore, it was noted that the abundance of OTU6 

appeared greater than OTU5 in T. favus and T. michaeli sponges classified as Chemotype II 

(denoted with asterisks in Figure 3.2A). OTU7, an additional representative of spirochete clone 

Sp02-3, was dominant in T. pedunculata sponges. The phylogenetic relationship of these 

spirochete OTUs was assessed by aligning their 16S rRNA sequences against their closest 

matches obtained from the NCBI-BLAST nucleotide (NR) database, and sequences from 

spirochetes associated with other marine invertebrates (Wada et al., 2020; van de Water et al., 

2016), including the dominant spirochete associated with the distantly related Clathrina 

clathrus sponge (Neulinger et al., 2010). The phylogeny was inferred using the Maximum-

likelihood method, and showed that the latrunculid-associated spirochetes were distinct from 

other marine-associated spirochetes, yet clustered in a distinct clade with the ‘uncultured 

marine clone Sp02-3’ and ‘uncultured marine clone Sp02-15’ previously identified in T. favus 

isolate TIC2009-002 (Walmsley et al., 2012a) as well as their closest culturable relative, 

Salinispira pacifica (GenBank Accession number: NR_134803.1), isolated from hypersaline 

microbial mats (Hania et al., 2015).  
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Figure 3.3: Assessment of the spirochete OTUs conserved across latrunculid sponges. A) 

The distribution of spirochete OTUs in latrunculid sponges B) Maximum-likelihood phylogeny 

of spirochete 16S rRNA sequences inferred using 1000 bootstrap replicates. Bootstrap values 

are indicated on the branch nodes and a scale bar is shown indicating the average number of 

nucleotide substitutions per site. The 16S rRNA sequence of Archaeoglobus fulgidus 

(GenBank accession number: DQ374392.1) was used as an outgroup. A colour key is used to 

represent the latrunculid-associated spirochetes, free-living spirochetes and other sponge-

associated spirochetes.  
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To determine whether there was a correlation between the abundance of spirochete OTUs and 

the chemical profiles observed in the sponges (Appendix A – Figure S1) a correlation analysis 

was conducted using the top 50 most abundant OTUs with relative pyrroloiminoquinone 

abundances per sponge sample (Figure 3.4, Appendix A – Table A6). This was conducted by 

determining the correlation score per OTU-compound combination.  The Sp02-3 spirochetes 

(OTU5, OTU7, OTU26) were positively correlated with Chemotype I pyrroloiminoquinones 

such as tsitsikammamines, as well as discorhadbin I and makaluvamines in C. bellae sponges. 

The Sp02-15 spirochete OTU6 was positively correlated with Chemotype II 

pyrroloiminoquinones that included makaluvamines, bromo-makaluvamines, bromo-

orthoquinones, hydroxy-discorhabdins, and dibromo-discorhabdins. No other bacterial OTU 

was correlated with the change in chemotype observed in T. favus and T. michaeli sponges.  

  

Figure 3.4: Co-correlation analysis of OTU abundance and pyrroloiminoquinone 

presence in latrunculid sponges shows that OTU6 is exclusively correlated with all 

compounds that are characteristic of Chemotype II sponges. The top 50 most abundant OTUs 

and their closest NCBI matches (left-hand dendrogram), along with the average OTU 

abundances per sponge (right-hand horizontal bar graphs) was used to assign a correlation score 

between -1 and 1 for each OTU-compound combination (colour-scale indicated). A negative 

score (represented by blue colour) represents a presence-absence relationship, and a positive 

score (represented by pink colour) represents a presence-presence relationship.  
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3.4 Characterization of spirochete genomic bins in latrunculid sponges: 

To better understand the potential role of the spirochetes in the latrunculid sponges, we 

assembled and analysed shotgun metagenomic data from eight Tsitsikamma sponge specimens. 

The assembled contigs, from each metagenomic assembly, were binned into metagenome-

assembled genomes (MAGs) using kmer frequency distribution profiles. Eight spirochete 

MAGs were extracted, one from each of the eight Tsitsikamma sponges: MAGs 050A_9, 

050C_1, 003B_3, 003D_1, 003M_1, 013N_1, 009_1 and 059_1. The MAGs generated were 

named after the Tsitsikamma specimen from which they were extracted, and the numbers 

associated with each MAG were arbitrarily assigned during the binning process. The 16S and 

23S rRNA gene sequences were extracted from individual MAGs using Barrnap 0.9. 

Alignment of the 16S rRNA gene sequences against the NCBI database revealed that five 

MAGs were representatives of the ‘uncultured marine clone Sp02-3’ previously identified in 

T. favus isolate TIC2009-002 (Walmsley et al., 2012a), sharing above 99% sequence identity 

with the reference 16S rRNA gene sequence of Sp02-3 (HQ241788.1) (Table 3.1). The next 

closest matches from the NCBI database were from the ‘uncultured marine clone Sp02-15’ 

with a sequence identity match of 99.39%, followed by Salinispira pacifica strain L21-RPuL-

D2 with a sequence identity match of 93.26%. A 16S rRNA gene sequence was not recovered 

from MAGs 003B_3, 013N_1 and 009_1. Assessment of the 23S rRNA gene sequences against 

the NCBI database revealed Salinispira pacifica, previously identified as the closest relative of 

Sp02-3 in South African latrunculid sponges (Walmsley et al., 2012b; Antunes et al., 2005; 

Matcher et al., 2017), as the closest relative of the extracted Tsitsikamma-associated spirochete 

MAGs. Taxonomic classification of the MAGs against the GTDB-Tk database placed all eight 

genomes within the Salinispira genus (Appendix A – Table A7).
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Table 3.1: Characteristics of putative representative genomes of latrunculid-associated 

spirochete symbiont species 
Host Sample Bin Size 

(Mbp) 
Quality 16S rRNA 

(% ID) 
23S rRNA 

(% ID) 
Chemotype 

T. favus TIC2016-
050A 

050A_9 0.07 Low Uncultured 
marine 

clone Sp02-
3 (99.52%) 

Salinispira 
pacifica 

L21-RPuL-
D2 

(89.54%) 

Chemotype I 

TIC2016-
050C 

050C_1 1.79 Medium Uncultured 
marine 

clone Sp02-
3 (99.52%) 

N/A Chemotype 
II 

TIC2018-
003B 

003B_3 1.88 Medium N/A Salinispira 
pacifica 

L21-RPuL-
D2 

(89.54%) 

Chemotype I 

TIC2018-
003D 

003D_1 2.49 High Uncultured 
marine 

clone Sp02-
3 (99.52%) 

Salinispira 
pacifica 

L21-RPuL-
D2 

(89.58%) 

Chemotype 
II 

TIC2018-
003M 

003M_1 2.55 High Uncultured 
marine 

clone Sp02-
3 (99.52%) 

Salinispira 
pacifica 

L21-RPuL-
D2 

(89.58%) 

Chemotype 
II 

T. michaeli TIC2019-
013N 

019N_1 2.33 High N/A Salinispira 
pacifica 

L21-RPuL-
D2 

(89.48%) 

Chemotype 
II 

TIC2022-
009 

009_1 1.47 Medium N/A Salinispira 
pacifica 

L21-RPuL-
D2 

(91.25%) 

Chemotype I 

T. 

pedunculata 
TIC2022-

059 
059_1 2.04 Medium Uncultured 

marine 
clone Sp02-
3 (99.11%) 

Salinispira 
pacifica 

L21-RPuL-
D2 

(88.08%) 

Chemotype I 

3.5 Phylogeny of Tsitsikamma-associated spirochete genomes: 

The phylogeny of all eight Tsitsikamma sponge-associated spirochete symbionts was inferred 

using the extracted 16S rRNA sequences as well as whole genome data. The recovered 16S 
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rRNA gene sequences were aligned against the 16S rRNA sequences of the spirochete 

representative species OTU5 and OTU6, as well as T. favus isolate TIC2009-002 uncultured 

spirochete clones Sp02-3 or Sp02-15. Genomes 050A_9 and 059_1 clustered with OTU5 and 

the uncultured spirochete clone Sp02-3, while genomes 050C_1, 003D_1 and 003M_1 

clustered with OTU6 and the uncultured spirochete clone Sp02-15 (Figure 3.5). This validated 

the distribution of strains Sp02-3 and Sp02-15 according to chemotypes, and further suggested 

that genomes 050A_9 and 059_1 may be representatives of clone Sp02-3 while genomes 

050C_1, 003D_1 and 003M_1 may be representatives of Sp02-15 clone.  

 

Figure 3.5: Phylogeny of spirochete 16S rRNA sequences obtained from Tsitsikamma 

sponge metagenomes and amplicon libraries. The phylogeny of 16S rRNA sequences from 

Tsitsikamma sponge-associated spirochetes follows that of the host sponge chemotypes. 

Maximum-likelihood method was used to infer phylogeny with 1000 bootstrap replicates. The 

16S rRNA sequence of Mariniblastus fucicola (GenBank Accession number: NR_156914.1) 

was used as an outgroup to root the tree.  

As an orthologous approach for investigating phylogeny at species and we calculated the 

pairwise average nucleotide identity (ANI) values for all eight spirochete MAGs. The ANI 

values were calculated using FastANI and visualized as a heatmap using ANIclustermap 

(v.1.2.0) (Figure 3.6). MAGs with ANI values greater than 95% are traditionally considered 

the same species (Rodriguez-R et al., 2024). Although all T. favus-derived MAGs displayed 

ANI values greater than 95%, MAGs, there were two distinct clades of MAGs that shared 

greater than 97% identity: 050C_1, 003D_1, 003M_1 from T. favus Chemotype I sponges, and 

050A_9 and 003B_3 from T. favus Chemotype II sponges. Interestingly, MAGs 013N_1 (T. 

michaeli host) and 059_1 (T. pedunculata host) displayed ANI values of 95.3% despite having 

been isolated from two distinct Tsitsikamma sponge species. A previous study by Kalinski et 

al. (2021) reported high levels of discorhabdin production in T. pedunculata sponges, similar 
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to those present in T. michaeli sponges, thereby, providing a possible reason for the potential 

similarity of MAG 059_1 with MAG 013N, as both would have to adapt to similar chemical 

environments.  

Figure 3.6: Comparative pairwise ANI values of Tsitsikamma sponge-associated 

spirochete genomes. The relatedness of Tsitsikamma-associated spirochetes appears to 

correlate with their reported chemotypes. A colour scale is used to represent the pairwise ANI 

values. The host species names and corresponding chemotypes of the different genomes are 

indicated.    

Further analysis of the phylogeny of the Tsitsikamma-associated spirochete MAGs relative to 

other host-associated (N=14) and free-living (N=25) spirochetes within the Spirochaetaceae 

family was inferred using marker gene alignment via Phylophlan3 and RaxML (Figure 3.7). 

Notably, the phylogeny of the Tsitsikamma-associated spirochetes did not follow that of the 

phylogeny inferred from the 16S rRNA genes. The Tsitsikamma-associated spirochete 

genomes did not cluster with the other host-associated (sponges and termites) spirochetes but 

formed a distant clade with its closest relative S. pacifica, Spirochaeta lutea, Spirochaeta 
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africana and other free-living (non-host-associated) spirochetes isolated from hypersaline 

microbial mats, seawater, and volcanic mud. Furthermore, the spirochetes associated with other 

sponges form a separate distinct clade from the termite-associated spirochetes that are more 

related to non-host associated spirochetes isolated from wetland sediments.  

 
Figure 3.7: Phylogeny of sponge-associated spirochetes inferred using PhyloPhlan3 and 

RaxML. Tsitsikamma-associated spirochetes are highlighted using a black box with their 

respective hosts and chemotypes (where applicable). A colour key is used to represent free-

living, other sponge-associated, and free-living reference spirochetes. Reference spirochete 

genomes are labelled as their accession number followed by their scientific name. 

3.6 Estimated evolutionary divergence of sponge-associated spirochetes 

The divergence pattern of sponge-associated spirochetes and their closest relatives was 

estimated using their rates of synonymous substitution (dS) calculated through alignment of 

amino acid and nucleotide coding sequences of 12 orthologous genes common to all 20 

spirochete genomes (eight Tsitsikamma sponge-derived MAGs, ten sponge-associated 

spirochete reference genomes, and two seawater-derived spirochete reference genomes). 
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Visualization of the estimated divergence (Figure 3.8) revealed that the two groups began 

diverging from a common ancestor approximately 0.7 x rate1 million years ago (mya), with the 

other sponge-associated spirochetes having diverged from their closest relative, a planktonic 

species (GCA_913043385.1), earlier than the Tsitsikamma-associated spirochetes diverged 

from S. pacifica. The Tsitsikamma-associated spirochetes are, thus, evolutionarily divergent 

from the other sponge-associated spirochetes as well as their closest relative S. pacifica. In 

addition, if we consider the point where the Tsitsikamma-associated spirochetes diverged from 

S. pacifica as the point in time when the closest ancestor of the Tsitsikamma-associated 

spirochetes began association with their latrunculid sponge hosts, then the Tsitsikamma-

associated spirochetes only recently began diverging from one another as they began adapting 

to their host environments. Furthermore, the clades formed by the Tsitsikamma-associated 

species correlate with their respective hosts, however, the individual branches do not appear to 

follow the topology of the inferred phylogeny (Figure 3.7) nor chemotypes of the sponges 

(Figure 3.6). 

 

Figure 3.8: The estimated divergence pattern of sponge-associated spirochetes using 

pairwise synonymous substitution rates (dS) (values indicated on the x-axis) of sponge-

                                                             
1 Several rates of evolution have been provided on a limited number of bacteria. As all rates will be equally relative given 
the constant of the synonymous substitution rate, no single rate was applied as it is currently unknown which rate would be 
most appropriate for these particular bacteria. 



47 
 

associated spirochete genomes, based on the alignment of 12 orthologous genes. PAL2NAL 

and CodeML from the PAML package were used to calculate pairwise dS values and the 

resultant matrix was visualized in MEGA11 using the UPGMA method.  

3.7 Comparative analysis of the functional capabilities of sponge-associated 

spirochetes 

The functional capabilities of all 45 spirochete genomes (8 MAGs from this study, 37 reference 

genomes and MAGs) within the Spirochaetaceae family was predicted by assigning KEGG 

Orthologs (KO) annotations using KofamScan. KO counts were counted per genome and 

assigned to associated pathways within the KEGG database (Kanehisa and Goto, 2000) 

(Appendix A – Table A9). A non-metric multidimensional scaling (NMDS) analysis of the 

annotations per genome was performed to determine whether the functional gene repertoire 

differed between host-associated and free-living spirochetes (Figure 3.9). The Tsitsikamma-

associated spirochetes appeared to be distinct from the other sponge-associated spirochetes and 

clustered towards the centre of the three groups representing free-living, other sponge-

associated and other host associated, suggesting shared similarities in the functional potential 

between these groups. A pairwise ANOSIM of the data (Appendix A – Table A9) showed that 

the functional gene repertoires in the Tsitsikamma-associated spirochetes and other sponge 

associated spirochetes were significantly different (p<0.05) from each other as well as those 

from other hosts and those that were free-living. However, when comparing the R-values 

associated with each group, the Tsitsikamma-associated spirochetes may display an overlap in 

functional potential of free-living spirochetes (R=0.2941), unlike those associated from 

seawater (R=0.6967).   
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Figure 3.9: The functional gene potentials of sponge-associated and free-living 

spirochetes shows distinct gene profiles in Tsitsikamma-associated spirochetes. Non-metric 

multidimensional scaling plot of KEGG-annotated gene profiles in Tsitsikamma sponge-

associated, other host-associated and free-living spirochetes. The Tsitsikamma-associated 

spirochetes (circled) appear to be at the interface of free-living and sponge-associated 

spirochetes. 

A comparative analysis of the presence or absence of metabolic genes in both groups of sponge-

associated-spirochetes and their closest relatives, was performed to determine whether there 

were genes common to all sponge-associated spirochetes (Figure 3.10). This was conducted by 

selecting genes that were present in S. pacifica (denoted by gene counts above one) and 

disregarding those that were absent from S. pacifica (gene counts of zero) (Appendix A – Table 

A8). The selected genes were then used to assess whether any genes present in S. pacifica were 

absent from both groups of sponge-associated spirochetes. No genes were shown to be absent 

in all sponge-associated spirochetes relative to S. pacifica (Appendix A – Table A8). However, 

to be exhaustive, genes correlating to bacterial chemotaxis, peptidoglycan biosynthesis, biofilm 

production, flagellar assembly, and quorum sensing pathways were examined as these are often 

associated with symbiotic adaptation (Chaban et al., 2015; Dula et al., 2012; Colin et al., 2021; 

Preda and Săndulescu, 2019; Garde et al., 2021). Inspection of the three high quality MAGs 
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from Tsitsikamma-associated spirochetes (Bins 003M_1, 003D_1 and 013N_1) revealed that 

all the genes involved in flagellar assembly (i.e., the flg, flh and fli gene clusters) were 

conserved across the Tsitsikamma-associated spirochete genomes, while majority of these 

genes were absent in all spirochete genomes associated with other sponges. Conversely, the 

majority of the genes involved in quorum sensing were absent in the Tsitsikamma-associated 

spirochete MAGs but were present in the other sponge-associated spirochetes. Furthermore, 

inspection of the counts of quorum sensing genes across both groups showed that the ddpD and 

ddpF genes, oligopeptide permeases that form part of the ATP-binding transport cassette and 

transport peptides and sugars across the cell membrane (Tanaka et al., 2018), were conserved 

across both groups of sponge-associated spirochetes, however, the abundance of these genes 

was considerably higher in the other sponge associated spirochete genomes (average of 102 

gene counts for ddpD and 121 for ddpF)  compared to the genomes of the Tsitsikamma-

associated spirochetes (average of 11 gene counts for ddpD and 11 gene counts for ddpF) 

(Appendix A – A8). Interestingly, the representative MAGs of Sp02-3 and Sp02-15 encoded 

several genes for ABC membrane transporters, DNA metabolism, fatty acid biosynthesis and 

degradation, however, no genes were recovered that were associated with tryptophan 

biosynthesis, an amino acid from which pyrroloiminoquinone-containing natural products are 

derived (Figueroa et al., 2024). 
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Figure 3.10: Presence/absence heatmap of genes lost from sponge-associated spirochetes and their closest free-living relatives. Only genes 

present in S. pacifica were used as a reference to determine which genes and corresponding pathways were missing from both Tsitsikamma sponge-
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associated and other sponge associated spirochetes. Gene presence is indicated with blue boxes. A colour key illustrates the different pathways 

present as well as the sources from which the genes were obtained (free-living, Tsitsikamma sponge-associated or other sponge-associated). Genes 

corresponding to flagellar assembly (indicated with red box) and quorum sensing (indicated with purple box) pathways are shown. 
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3.8 Evidence of genome reduction in Tsitsikamma-associated spirochete 

MAGs 

Further assessment of the sponge-associated spirochete MAGs was conducted to determine 

whether there was evidence of genome reduction, a hallmark characteristic of symbiosis 

(McCutcheon and Mora, 2012). The genome size, number of open reading frames (ORFs), GC 

content (%), coding density and the percentage of pseudogenes (number if pseudogenes per 

total number of ORFs) in all the sponge-associated spirochete genomes were assessed (Table 

3.2) (A full list of the genome reduction statistics is available in Appendix A – Table A10). 

Symbionts undergoing genome reduction tend to have smaller genomes, with lower GC 

contents, and lower coding densities due to the lower number of functional genes and the 

presence of numerous pseudogenes (McCutcheon and Moran, 2012). A comparison of the two 

groups showed that the Tsitsikamma-associated spirochete genomes could potentially be 

undergoing genome reduction due to the smaller genome sizes, lower GC content, and smaller 

number of ORFs compared to the other sponge-associated spirochetes. Several medium quality 

genomes such as 050C_1, 009_1, 059_1, 514_concoct_135, 515_metabat2_042 and 

GCA913043885.1 appear to have a higher number of pseudogenes compared to the high 

quality genomes 003D_1, 003M_1, 013N_1, 510_metabat1_super_011, 575_concoct_135, 

APA bins 62 and 94, GCA002238925.1, RHO1_bin_44 and RHO3_bin_84. As pseudogenes 

are identified by truncation of or disruptions to open reading frames within a genome 

(Cheetham et al., 2020), medium quality genomes often exhibit a higher number of 

pseudogenes than higher quality genomes within the same size range due to fewer complete 

contigs (Cohen and Veksler-Lublinski, 2023).   Nonetheless, all eight Tsitsikamma-associated 

spirochete genomes have likely begun undergoing genome reduction as evidenced by all eight 

possessing coding densities lower than the average 80% for bacterial genomes (McCutcheon 

and Moran, 2012), higher pseudogene counts, and lower GC content as observed in other 

reduced bacterial genomes.
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Table 3.2: Quality assessment of Tsitsikamma-associated spirochete genomes for evidence of 

genome reduction 

Genome Size 
(Mbp) 

Completeness 
(%) 

GC 
Content 

(%) 

Total 
ORFs 

% 
Pseudogenes 

Initial 
coding 
densit

y  

Coding 
density 
without 

pseudogene
s  

050A_9 0.07 3.47 6.00 2855 29.7 85.65 62.56 

050C_1 1.79 86.92 50.1 2169 45.0 85.26 50.27 

003B_3 1.88 88.92 50.2 2154 32.45 86.49 61.5 

*003D_1 2.49 98.93 49.63 2259 15.89 91.01 77.57 

*003M_1 2.55 98.04 49.37 2297 13.49 90.9 80.17 

*013N_1 2.33 93.6 45.05 2101 11.14 91.17 81 

009_1 1.47 63.21 51.73 1898 40.3 84.39 53.87 

059_1 2.04 85.25 50.29 2283 35.09 84.55 58.15 

506 
metabat1 
super.028 

2.75 55.84 66.28 2917 22.59 74.98 60.28 

510 
metabat1 
super.011 

5.23 94.53 67.53 4878 12.11 85.78 78.45 

514 
concoct.135 

4.19 85.66 66.27 4208 23.36 71.39 57.63 

515 
metabat2.04

2 

4.49 89.87 67.36 4355 16.09 83.96 73.23 

*575 
concoct.030 

4.48 95.33 68.58 5059 7.84 91.58 86.62 

*APA bin 
62 

4.84 98.13 59.5 4272 7.61 89.74 85.08 

*APA bin 
94 

6.27 96.93 66.35 5931 14.26 85.54 77.16 

GCA_00223
8925.1 

4.1 94.80 59.5 4327 11.05 89.06 81.86 

RHO1 bin 
44 

5.73 97.93 67.40 5118 10.28 86.92 81.23 

RHO3 bin 
84 

5.99 92.53 68.28 5481 9.62 90.34 84.7 

 *Represents high quality genomes according to MIMAG standards 
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3.9 Analysis of the biosynthetic potential of Tsitsikamma-associated 

spirochetes 

A total of 504 biosynthetic gene clusters (BGCs) were identified across 18 sponge-associated 

spirochete MAGs using antiSMASH. Of these, 20 were predicted to encode a terpene BGC. 

Six of the eight Tsitsikamma-associated spirochetes were each predicted to include only a 

single BGC, all of which were predicted to encode a terpene. The remaining MAGs from 

samples TIC2016-050A and TIC2018-003B had no detectable BGCs, however, manual 

inspection of the scaffolds revealed two fragments of a terpene BGC in the unclustered regions 

of their respective metagenomes. Assessment of all 20 terpene BGCs from the sponge-

associated spirochetes revealed that the BGCs identified in the other sponge spirochetes did 

not appear to share any homology with the BGCs identified in the Tsitsikamma-associated 

spirochetes (Figure 3.11). The terpene BGCs identified in the Tsitsikamma-associated 

spirochete genomes appear to be homologous with one another, bearing high similarity in 

organization of the genes as well as the amino acid sequences. A similar terpene producing 

BGC was identified in the genome of S. pacifica, the closest relative of the Tsitsikamma-

associated spirochetes, however, the amino acid sequence similarity of shared biosynthetic 

genes only ranged between 37 – 50%. This indicates low similarity between the shared genes, 

thus suggesting that the terpene BGC in the Tsitsikamma spirochetes may be unique to these 

symbionts. Despite the low sequence and organizational similarities between the Tsitsikamma-

associated and S. pacifica spirochete BGCs, it is likely that should the terpene secondary 

metabolite be produced by the latrunculid-associated spirochetes, it is likely to protect the 

symbiont or host from oxidative stress, as hypothesized for the S. pacifica bacterium (Hania et 

al., 2015).
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Figure 3.11: Pairwise comparison of amino acid sequence identity of terpene biosynthetic gene clusters from sponge-associated 

spirochetes. The pairwise similarity between genes is indicated between genes and the genes are colour coded according to their predicted 

functions. A scale bar is shown to indicate the gene sizes. Grey arrows indicate genes which do not show any pairwise similarity with other genes 

within the BGCs.
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Chapter 4: Discussion and Conclusions 

4.1 General discussion 

Pyrroloiminoquinones are a major source of pharmaceutical potential due to the cytotoxicity, 

anti-microbial, anti-viral, anti-fungal and anti-inflammatory activities they possess (Antunes et 

al., 2005; Kalinski et al., 2019; Kalinski et al., 2021; Kalinski et al., 2022). The most prolific 

producers of these compounds are marine sponges of the Latrunculiidae family, a diverse group 

of sponges endemic to the Algoa Bay region of South Africa (Davies-Coleman et al., 2023). 

Despite little progress being made to elucidate the biosynthetic origins of these compounds, 

sufficient evidence has been provided to support their biosynthetic origins as microbial (Jordan 

and Moore, 2016; Kalinski et al., 2022). The microbial communities associated with sponges 

within this family are highly conserved (Walmsley et al., 2012b; Matcher et al., 2017) and have 

been hypothesized to play a role in the biosynthesis of these compounds in T. favus and 

Cyclacanthia sponges (Matcher et al., 2017).  

The overall aim of the research presented in this study was thus to investigate the role of the 

dominant spirochete symbiont present in the highly conserved Tsitsikamma favus sponge 

microbial community and whether this was linked to the production of pyrroloiminoquinones 

in these sponges.  First, the latrunculid sponge-associated bacterial communities were assessed 

to confirm the conservation of the dominant spirochete communities through the curation of 

16S rRNA amplicon sequencing libraries. This was followed by the use of metagenomic 

analyses to elucidate the functional and biosynthetic potential of the conserved spirochete 

symbiont with respect to the possible biosynthesis of pyrroloiminoquinones.  

Conservation and characterization of the dominant spirochete symbiont of latrunculid sponges  

In this study 155 sponges were collected from Algoa Bay and sequenced to assess their 

associated bacterial communities. Of these, 79 sponges were representatives of the 

Latrunculiidae family and were confirmed to possess bacterial communities that were highly 

conserved, and numerically dominated by populations of Gammaproteobacteria and Spirochete 
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symbionts that were representative species of the uncultured Tethybacterales symbiont clone 

Sp02-1 (Matcher et al., 2017; Waterworth et al., 2021) and the uncultured Spirochete clones 

Sp02-3 and Sp02-15 originally sequenced from a T. favus specimen TIC2009-002 (Walmsley 

et al., 2012a; Matcher et al., 2017; Waterworth, 2018). These representative species were 

otherwise absent from the communities associated with the remaining 76 sympatric non-

latrunculid sponge specimens and 8 seawater samples. All three symbiont species were 

detected across the different Tsitsikamma sponge species representatives as well as in sponges 

representing the Cyclacanthia bellae and Latrunculia apicalis species, however, the microbial 

communities within the Tsitsikamma sponges versus those in C. bellae and L. apicalis sponges 

differed significantly (p<0.05). Both Sp02-3 and Sp02-15 strains were detected in all 

Tsitsikamma sponges and their respective OTUs abundances were exclusively correlated with 

the chemotype of their host sponge. Phylogenetic analysis of these spirochete OTUs revealed 

that both Sp02-3 and Sp02-15 were distinct from spirochetes associated with other marine 

invertebrates and the distantly related marine sponge Clathrina clathrus (Neulinger et al., 

2010; van der Water et al., 2016; Loudon et al., 2023). Evans Peak, the reef from which the 

chemotype I and chemotype II T. favus and T. michaeli sponges were collected, is located 

inshore, in shallow water within the Algoa Bay and is under constant influence by the inflow 

of nutrient-rich freshwater from the river estuaries (Waterworth et al., 2017).  It is tempting to 

speculate that the two chemotypes observed in T. favus and T. michaeli sponges could be the 

result of changes in the chemical composition of the freshwater inflows into Evans Peak, 

however, all T. favus sponges collected in 2016 representing both chemotypes were collected 

in close proximity to one another along the same reef, thus, rendering this an unlikely theory.  

Phylogeny and estimated evolutionary divergence of spirochete symbiont  

Metagenomic sequencing and binning of eight Tsitsikamma sponge specimens (spanning three 

species) resulted in a single spirochete MAG from each sponge sample. The topology of the 

phylogeny inferred from the 16S rRNA gene sequences from these MAGs correlated with the 

chemotypes of the respective hosts. However, this pattern was not repeated using conserved 

gene markers from the whole genome sequences. The phylogeny of the Tsitsikamma sponge 

spirochete genomes was inferred relative to spirochetes of the same family (Spirochaetaceae), 

where genomes were categorized as either free-living (non-host-associated) or associated with 
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sponge or termite hosts. Spirochete species from wetland sediments, river estuaries and 

volcanic mats, which were selected as free-living spirochetes in the analyses, have been shown 

to thrive in diverse aquatic habitats as either aerobes or anaerobes (Isenbarger et al., 2008; 

Harris et al., 2013; Schneider et al., 2013). Termite-associated spirochetes such as those found 

in the hindguts of termite species Parasphaerocata coccoides, Treponema azonutricium and 

Treponema saccharophilum, are beneficial symbionts that contribute to the overall health and 

well-being of their hosts through the metabolism, fixation and general cycling of carbon and 

nitrogen (Breznak, 2002). Relative to these free-living and host-associated spirochetes, the 

MAGs for Sp02-3 and Sp02-15 were shown to be more closely related to free-living 

spirochetes isolated from hypersaline microbial mats, seawater, and volcanic mud, the closest 

relative being the anaerobic, aerotolerant bacterium S. pacifica (Hania et al., 2015). It is, 

therefore, highly likely that the same anaerobic and aerotolerant capabilities may be shared 

with the latrunculid spirochete MAGs. 

A comparative analysis of the estimated divergences of the Tsitsikamma-associated spirochete 

genomes and the genomes of spirochetes associated with other sponges indicated that the two 

groups of sponge-associated spirochetes diverged from a common ancestor considerably early 

in their evolutionary history, approximately 0.7*rate million years ago, and that the other 

sponge-associated spirochetes diverged from their common ancestor earlier than the 

Tsitsikamma-associated spirochetes did. The Tsitsikamma-associated spirochetes only recently 

began diverging from their closest relative with S. pacifica at approximately 0.4*rate million 

years ago, at which point they were possibly acquired by their sponge hosts. Furthermore, if 

this is considered the approximate point from which the Tsitsikamma-associated spirochetes 

began diverging from the closest relative with S. pacifica, these spirochetes have only recently 

begun diverging from one another as they may be adapting to their sponge hosts. Adaptations 

leading to small-scale divergences between microbial populations of the same species are often 

the result of changes in the local environment (Rödin-Mörch et al., 2020; Tuso et al., 2020). 

This local environment not only describes the area from which these sponge specimens were 

collected but also includes the host environment, thus, highlighting the effect changes in either 

environment may have on the associated microbial communities. Comparison of the 

divergence estimates of the Tsitsikamma-associated spirochetes with that of the dominant 

Tethybacterales symbiont in T. favus sponges Ca. Ukwabelana africanus showed that the 
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Tethybacterales symbionts represent an older group of sponge symbionts, as they were likely 

acquired by their sponge hosts earlier at 0.6*rate million years ago (Waterworth et al., 2021). 

Moreover, considering that these Tethybacterales symbionts are more generalist symbionts that 

are ubiquitous or broad host associated it is no surprise that they appear to have evolved and 

been acquired earlier than their spirochete counterparts, that are likely specialized symbionts 

as they appear to follow a narrow host range (Taylor et al., 2003). 

Functional potential of the spirochete symbiont and evidence of potential genome reduction 

Characterisation of the dominant spirochete genome in T. favus sponges by Waterworth (2018) 

identified the presence of multiple genes involved in maintaining the symbiotic relationship 

between the spirochete and the sponge host such as ABC membrane transporters, 

lipopolysaccharides and mechanisms used to evade host predation systems such as efflux 

pumps (Wyrick, 2000; Garderes et al., 2015; Webster and Thomas, 2016; Lorenzo et al., 2017). 

The presence of these genes suggests the spirochete symbiont may utilise these genes to survive 

the toxicity present within the host sponge environment. Genome reduction is a phenomenon 

observed within bacterial symbionts who undergo changes to their genome as a method of 

adapting to the functional role they perform within their host organisms (Sloan and Morran, 

2012). Similarly, genome streamlining describes the process by which bacterial symbionts 

undergo a reduction in genome size and the loss of non-essential genes, allowing for a reduction 

in energy expenditure (Sengupta et al., 2024). The genome of S. pacifica was reported to have 

a GC content of 51%, 3500 open reading frames (ORFs) and 53 pseudogenes (Hania et al., 

2015). Consequently, the Tsitsikamma-associated spirochete MAGs 003D_1, 003M_1 and 

013N_1 (high-quality MAGs) appear to be undergoing genome reduction, indicated by their 

low coding density values, high number of pseudogenes (relative to the number of predicted 

functional ORFs) and low GC content. This genome reduction is likely still in progress, as 

observed by the recent estimated divergence of these genomes from S. pacifica and further 

evolution of these Tsitsikamma species genomes from each other. The conservation of all genes 

encoding the biosynthesis of flagella in Tsitsikamma spirochete genomes compared to their 

absence from the spirochete genomes associated with other sponges confirms the likelihood of 

the Tsitsikamma-associated spirochetes still being in the process of undergoing genome 

reduction, as the production of flagella is most likely to ensure successful colonisation of the 
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host environment (Otteman and Miller, 1997; Josenhans and Suerbaum, 2002; Sharndama and 

Mba, 2022). It is therefore possible that latrunculid-associated spirochetes may be extracellular 

symbionts that may possess a free-living stage, suggesting that they require an active mode of 

remaining associated with the sponge and its progeny. Although it is not entirely clear why 

quorum sensing may have been lost from the Tsitsikamma-associated spirochetes, it is tempting 

to speculate that these symbionts may no longer be reliant on quorum sensing when colonizing 

their host environments as they still maintained their flagella, and would not need to alter their 

behaviour when colonizing their host environment due to the introduction of changes in 

chemical stimuli or their environment (Mukherjee and Bonnie, 2019). 

Biosynthetic potential of the spirochete symbiont 

The genome of S. pacifica, the closest known relative of latrunculid-associated spirochetes, 

was shown to carry a terpene producing biosynthetic gene cluster (Hania et al., 2015). Terpenes 

are carotenoid pigments that are often produced to combat oxidative stress (Britton et al., 1998) 

and are likely responsible for the aerotolerant capabilities that S. pacifica possesses (Hania et 

al., 2015). Both the Tsitsikamma-associated spirochetes and other sponge-associated 

spirochetes were found to carry terpene BGCs, however, very little homology was present 

between these groups. Similarly, the terpene BGCs in the Tsitsikamma-associated spirochetes 

and the BGC present in S. pacifica are distinct. This suggests that the terpene BGC in 

Tsitsikamma-associated spirochetes is likely novel. Despite the low levels of homology 

between the BGCs in the Tsitsikamma-associated spirochete genomes and S. pacifica, it is 

possible that the terpene BGC in the Tsitsikamma-associated spirochete genomes may act as 

an antioxidant and prevent oxidative stress within the host, similar to that observed in S. 

pacifica (Britton et al., 1998; Hania et al., 2015).   

The data presented in this thesis indicates that the conserved spirochete in Tsitsikamma sponges 

is a relatively recent symbiont. The conservation of a single terpene BGC in the genomes would 

suggest that the encoded product is important to the fitness of the spirochete. While it is unclear 

what the function of the terpene product, it is possible that it helps protect the symbiont from 

oxidative stress. The maintenance of flagella would suggest that the bacterium is capable of 

movement but that this movement is not directed by quorum sensing but by a different method 
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such as chemotaxis. The functional role of the spirochete remains unclear but may involve the 

production of the conserved terpene BGC product. What is clear, however, is that there is no 

evidence to suggest that the spirochetes associated with the latrunculid sponges are responsible 

for the production of the pyrroloiminoquinone compounds characteristic of these sponges. 

Instead, the spirochete appears to be co-speciating with its host, with additional responsive 

adaptation to the chemotype of its respective host. It has been shown that chemotype II sponges 

have deformed spicules (Kalinski et al., 2019) and it is therefore reasonable to assume that this 

chemotype is detrimental to the health of the sponge. The increased abundance of Sp02-15 is 

correlated with this chemotype which would suggest that the distributions of the two spirochete 

strains between the different host chemotypes may influence sponge health and 

pyrroloiminoquinone production. Furthermore, it is likely that a change in the balance of these 

two strains could be detrimental to the health of the sponge host. This study did not show any 

functional differences between the two spirochete strains; however, it is likely that the 

assembled MAGs were a hybrid of both Sp02-3 and Sp02-15 strains, a limitation found during 

both the assembly and binning processes as a result of the short-reads used to generate contigs 

for assembly, resulting in difficulties reconstructing and identifying structural variations 

between the two MAGs (Sohn and Nam, 2018).  Additional deep sequencing will be required 

to further investigate the differences between the two strains. 

4.2 Future prospects 

Amplicon and shotgun metagenomic sequencing of latrunculid sponges of the Tsitsikamma 

genus has revealed a correlation between the dominant spirochete strains, Sp02-3 and Sp02-

15, and the distinct chemotypes in T. favus and T. michaeli sponges collected from Evans Peak, 

Algoa Bay. However, no genes predated to be directly involved in the production of the 

pyrroloiminoquinones associated with the different chemotypes, were identified within the 

Tsitsikamma-associated spirochete genomes.  This indicates the need to conduct further 

analysis of other microbial genomes through additional metagenomic sequencing tools. 

The results of this study have laid the foundation for further research into the biosynthetic 

origins of pyrroloiminoquinone synthesis in latrunculid sponges. Metatranscriptomics studies 

involve the sequencing of the RNA transcripts expressed by the entire sponge holobiont in 
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order to provide an overview of all the genes expressed within a community (Aguiar-Pulido et 

al., 2016; Mukherjee and Reddy, 2020). Therefore, metatranscriptomics analysis can provide 

insight into which functional genes are expressed under different environmental conditions. 

This data would provide an accurate representation of how stress and changes to environmental 

conditions may shape the microbial communities within a metagenome (Mukherjee and Reddy, 

2020).  Analysis of the metatranscriptomes from chemotype I and II T. favus and T. michaeli 

sponges would allow for the identification of which genes are expressed within the different 

sponge chemotypes, and whether the gene expression is by the host sponge or the bacterial 

symbionts thus providing further insight into how pyrroloiminoquinones are produced and 

elucidating the biosynthetic origins of these pharmaceutically important compounds.  

The comparative assessment of the free-living and host-associated spirochete genomes in this 

study were only limited to a relatively small number of terrestrial and marine invertebrates. By 

expanding the study to include metagenomes from marine invertebrates besides sponges, these 

comparisons could be refined to determine whether dominant spirochete populations are 

associated with other marine invertebrates and provide further insight as to the phylogenetic 

and genetic relationships between latrunculid sponges and their symbiotic spirochetes. This 

could also reveal when and why these groups of marine invertebrate-associated spirochetes 

were acquired from the environment, how they subsequently evolved from one another and 

what the functional potential of these associated spirochetes are within their holobionts now.  

4.3 Concluding remarks 

Symbiotic relationships between marine sponges and their associated bacteria have long been 

linked to the production of secondary metabolites. As the largest contributor of 

pyrroloiminoquinones, the Latrunculiidae family of marine sponges, which play host to highly 

conserved associated microbial communities, have been a source of great effort for identifying 

the role symbionts may play in the production of these compounds. This study provides new 

knowledge of the nature of symbiotic relationships between marine sponge hosts and their 

symbiotic bacteria and emphasizes the acquisition of specialized bacterial symbionts to 

perform highly specialized roles within the sponge holobiont. 
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Appendix A: Supplementary data 

A link to all the supplementary data generated in this study can be found as Excel spreadsheets 

in the Google Drive folder titled “MSc Appendix A - Supplementary Data”. 

MSC Appendix A - Supplementary Data - Google Drive 

 

Figure S1: Relative abundance of different pyrroloiminoquinone classes per latrunculid 

sponge sample as indicated by the coloured key. Scaffold structures are provided for identified 

chemical groups. Blank regions indicated sponges that have not had their chemistry assessed. 

Sponges classified as Chemotype II are indicated with an asterisk.  

  

https://drive.google.com/drive/u/0/folders/18z7Tsq3EVToI6T_r2Y4SDsD9Tw8S79KX
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Appendix B – Custom scripts 

A link to all custom scripts and their respective input files can be found in the Github Repo 

under the profile Gabby9902 accessible using the following link: 

Gabby9902/Custom-python-scripts-generated-for-MSc-thesis.: A list of all the custom 

programme and python scripts used to complete my MSc research. 

  

https://github.com/Gabby9902/Custom-python-scripts-generated-for-MSc-thesis.
https://github.com/Gabby9902/Custom-python-scripts-generated-for-MSc-thesis.
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Appendix C – Publications and conferences 

Data from this thesis was presented at the following conference proceedings under the 

following titles: 

Poster presentation at H3D Drug discovery symposium in 2022 titled: “Integrating genomics 

and metabolomics for the elucidation of secondary metabolite biosynthetic gene clusters by 

sponge microbiomes”.  

Poster presentation at SASBI/SAGS Bio2024 conference in 2024 titled: “Genome-resolved 

metagenomic analysis of a conserved spirochete symbiont in pyrroloiminoquinone producing 

sponges”. 

Below is a copy of the manuscript “The unique and enigmatic spirochete symbiont of 

latrunculid sponges” accepted at mSphere awaiting publication.
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The unique and enigmatic spirochete symbiont of 

latrunculid sponges 
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AUTHOR AFFILIATIONS See affiliation list on p. 15. 

ABSTRACT Bacterial symbionts are critical members of many marine sponge holobionts. Some sponge-

associated bacterial lineages, such as Poribacteria, sponge-associated unclassified lineage (SAUL), and 

Tethybacterales, appear to have broad-host ranges and associate with a diversity of sponge species, 

while others are more species-specific, having adapted to the niche environment of their host. Host-

associated spirochete symbionts that are numerically dominant have been documented in several 

invertebrates including termites, starfish, and corals. However, dominant spirochete populations are rare 

in marine sponges, having thus far been observed only in Clathrina clathrus and various species within 

the Latrunculiidae family, where they are co-dominant alongside Tethybacterales symbionts. This study 

aimed to characterize these spirochetes and their potential role in the host sponge. Analysis of 

metagenome-assembled genomes from eight latrunculid sponges revealed that these unusual 

spirochetes are relatively recent symbionts and are phylogenetically distinct from other sponge-

associated spirochetes. Functional comparative analysis suggests that the host sponge may have selected 

for these spirochetes due to their ability to produce terpenoids and/or possible structural contributions. 

IMPORTANCE South African latrunculid sponges are host to co-dominant Tethybacterales and Spirochete 

symbionts. While the Tethybacterales are broad-host range symbionts, the spirochetes have not been 

reported as abundant in any other marine sponge except Clathrina clathrus. However, spirochetes are 

regularly the most dominant populations in marine corals and terrestrial invertebrates where they are 

predicted to serve as beneficial symbionts. Here, we interrogated eight metagenome-assembled 

genomes of the latrunculid-associated spirochetes and found that these symbionts are phylogenetically 

distinct from all invertebrate-associated spirochetes. The symbiosis between the spirochetes and their 

sponge host appears to have been established relatively recently. 
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KEYWORDS symbiosis, marine sponges, spirochetes, metagenomics, 

pyrroloiminoquinones, bacterial communities 

T 

he development of symbiotic relationships with prokaryotes likely predates the 

emergence of marine sponges (phylum Porifera) during the Cambrian explo­ 

sion ~540 million years ago (1, 2), and these associations have played a critical 

role in the evolution of modern sponge taxa (3, 4). Bacterial symbionts have co-

evolved with their host to perform specific, specialized services that promote 

the health and fitness of the host (5). The symbionts are involved in nitrogen, 

sulfur, and phosphorus cycling (6–9), carbon cycling, detoxification (10, 11), and, 

in some cases, the production of bioactive secondary metabolites as chemical 

defenses against pathogens, predators, and competitors (12, 13). In return, the host provides its 

symbionts with a safe and nutrient-rich environment that promotes the fitness and survival of the 

symbiont (14). The taxonomic and functional diversity of sponge-associated microbiomes is generally 

host-specific, distinct from the surrounding water column, and is acquired by recruitment and 

enrichment from the environment (5, 15, 16). However, there are a small number of specialized 

symbionts acquired by vertical inheritance from the parent sponge that is broadly distributed across 

phylogenetically distant sponge hosts (17, 18), including the Poribacteria, the “sponge-associated 

unclassified lineage” (SAUL), and the recently discovered Tethybacterales symbionts (15, 19, 20). 

The Tethybacterales represents a clade of cosmopolitan sponge-associated symbionts, comprising three 

families, namely the Candidatus Persebacteraceae, Candidatus Tethybacteraceae, and Candidatus 

Polydorabacteraceae (17, 20). As with the Poribacteria and Desulfobacteria, the Tethybacterales 

symbionts are present in phylogenetically diverse taxa that are primarily low-microbial abundance (LMA) 

sponge species, but these bacteria have also been detected in some high-microbial abundance species 

(17, 20). Characterization of metagenome-assembled genomes (MAGs) of different species of the three 

Tethybacterales families and their associated hosts also indicates that there were multiple acquisition 

events, and host adaptation and co-evolution began after each acquisition event (17). 

Sponges of the family Latrunculiidae (Demospongiae and Poecilosclerida) are known to be prolific 

producers of cytotoxic pyrroloiminoquinone alkaloid compounds (21– 26) with pharmaceutical potential 

[reviewed in Kalinksi et al. (27)]. It has recently been discovered that there are two chemotypes present 

in the Tsitsikamma favus and Tsitsikamma michaeli latrunculid sponges (21, 28). Latrunculids are LMA 

sponges with highly conserved microbiomes that are dominated by Tethybacterales and Spirochete taxa 

(22, 29). The T. favus microbiome is dominated by two sponge-specific bacterial species defined by their 

16S rRNA gene sequence, clones Sp02-1 and Sp02-3. The Sp02-1 symbiont has been recently 

characterized (17) and is classified as Ca. Ukwabelana africanus, a member of the Ca. Persebacteraceae 

family within the Tethybacterales (17). The Ca. U. africanus symbiont is phylogenetically related to 
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symbionts in sponges across multiple orders within the Demospongiae and may be involved in the 

reduction of nitrogen and sulfur in the sponge holobiont (17). 

Unlike Ca. U. africanus (Sp02-1), the co-dominant spirochete (Sp02-3) is not representative of a globally 

distributed, broad-host range sponge symbiont. Spirochetes have been reported as minor members of 

several sponge microbiomes (30–32), but numerically dominant populations of spirochetes in sponges 

have only been reported in Latrunculiidae species, which are endemic to the southeastern coast of South 

Africa, and in the distantly related Clathrina clathrus (Calcarea and Clathrinida), collected by Neulinger 

and colleagues from the Adriatic Sea off the coast of Croatia (33). In addition, spirochetes, presumed to 

be symbionts, have been detected in the embryonic and larval cells of the marine sponge Mycale laevis, 

but their role is currently unknown (34, 35). Numerically dominant spirochete species are, however, 

present in several other marine invertebrates, including sea anemones (36) and sea stars (37, 38), where 

a decreased abundance of certain spirochete populations correlates with an increased incidence of 

disease (38). Spirochaeta symbionts are also commonly present as dominant populations in corals (39–

42) and in termite guts (43), where they may be involved in the fixation of carbon or nitrogen (41). A 

recent study investigating the association between coral hosts and their associated microbiota found that 

Spirochaeta was most abundant in the coral skeleton, hypothesizing that they may be key members in 

coral skeletal environment due to their ability to fix carbon and nitrogen (44). 

The aim of the present study was to understand the relationship between latrunculid sponges and the 

Sp02-3 spirochete symbiont. Here, we report the characterization of eight spirochete MAGs from four 

Tsitsikamma sponge species and use comparative genomics to shed light on factors that may drive their 

conservation. Comparative analysis relative to publicly available genomes and MAGs of the 

Spirochaetaceae family suggests that the Sp02-3 spirochetes are distinct from all other sponge-associated 

spirochetes. 

RESULTS AND DISCUSSION 

Previous studies identified two closely related spirochete species, Sp02-3 and Sp02-15, in the T. favus 

microbiome (22). Subsequently, the Sp02-3 symbiont was shown to be present in the microbiomes of 

other Tsitsikamma species and Cyclacanthia bellae (29). Our aim in this study was to characterize the 

genome of the Sp02-3 symbiont to better understand its role in the sponge holobiont. 

Survey of microbial communities in latrunculid sponges and other sponge species endemic to the South 

African coast 

To survey the prevalence of spirochetes in sponge collected off the South African coastline, we clustered 

16S rRNA gene fragment amplicons sourced from 155 marine sponges and eight seawater samples into 

operational taxonomic units (OTUs) at a distance of 0.03 in mothur (45). These sponges were collected 

primarily from reefs within Algoa Bay, South Africa but also included samples from the Tsitsikamma 

National Park, the Amathole Marine Protected Area in the Indian Ocean, and the remote Bouvet Island in 

the Southern (Antarctic) Ocean (Table S1). 
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A total of 9,711 OTUs were recovered from the 163 amplicon libraries. We identified spirochete OTUs 

with classifications from alignment of the OTUs against the SILVA and nr databases (Table S2). A total of 

142 OTUs were classified within the Spirochaetota phylum, of which only 10 had an average abundance 

greater than 0.01% across all sponge specimens (Fig. 1A). OTU3 and OTU59 were most abundant in the 

Tsitsikamma and Cyclacanthia sponges. These OTUs were most closely related to spirochete 16S rRNA 

gene clones Sp02-3 and Sp02-15, previously identified in T. favus sponges (22). These two OTUs were 

present at low abundance in the Latrunculia algoaensis and Latrunculia apicalis sponge specimens 

(collected in Algoa Bay and the Southern Antarctic Ocean), as well as in some Mycale specimens and a 

single sympatric Phorbus sp. sponge (Fig. 1B). As the Mycale specimens were found as encrusting species 

on the T. favus sponges, we cannot discount the possibility of contamination between these two species. 

As we have only a single Phorbus sp. representative, additional specimens will be required to determine 

the significance of these spirochete OTUs in this genus or whether this was a result of contamination 

during collection. These two OTUs were otherwise absent in all other non-latrunculid sponges collected 

from sympatric regions. The presence, albeit low, of OTU3 and OTU59 in the L. apicalis sponges collected 

just off of Bouvet Island (~3,000 km/1,800 miles from Algoa Bay), and the presence of phylogenetically 

distinct spirochetes in sympatric non-latrunculid sponges of Algoa Bay would suggest that these Sp02-3 

and Sp02-15 spirochetes are specifically associated with latrunculid sponges. 

Spirochete OTUs, OTU105 and OTU128, were relatively abundant in other sponges collected from the 

South African coast. However, they were absent in latrunculid sponges and appeared more sporadic in 

their distribution among sponge specimens (Fig. 1B). These OTUs were most closely related to 

spirochetes detected in Spongia officinalis (OY759747.1) and Astrosclera willeyana (HE985144.1) 

sponges, respectively (Table S2). Inspection of phylogeny of these 10 OTUs (Fig. 1C) revealed that 6 of the 

10 spirochete OTUs formed a clade with spirochete clones previously cloned from T. favus sponges (22). 

Of the remaining four, OTU105 and OTU128 (which were more abundant in non-Latrunculid sponge 

specimens) were part of distant clades of other sponge-associated spirochetes, while OTU581 and 

OTU399 belonged to a clade stemming from a variety of environments (Fig. 1C). Notably, a clone 

(Sp02sw36) isolated from the seawater extruded from T. favus sponges in 2012 (22) was closely related 

to spirochetes associated with crown-of-thorns starfish (37) and the dominant spirochete found in 

Clathrina clathrus sponges (33). 

 



 
 

 

99 
 
 

 

 

FIG 1 Spirochete population distribution in sponges collected from the South African coast and the Antarctic Southern Ocean. (A) The relative 

abundance of OTUs clustered at a distance of 0.03 and classified as spirochetes. (B) A magnified view of the spirochete OTUs present in non-

latrunculid sponges collected from the southeastern coast of South Africa, three L. apicalis sponges collected from the Southern Ocean, and one 

sympatric L. algoaensis sponge. (C) Maximum-likelihood phylogeny (with 1,000 bootstraps) of the top 10 most abundant spirochete OTUs 

recovered from the sponges included in this study. 

Characterization of Tsitsikamma sponge-associated spirochete MAGs 

Eight sponges including five T. favus specimens (TIC2015-050A, TIC2015-050C, TIC2018-003B, TIC2018-

003D, and TIC2018-003M) and one each of T. michaeli (TIC2019-013N), Tsitsikamma madiba (TIC2022-
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009), and Tsitsikamma pedunculata (TIC2022-059) were selected for metagenomic analysis (Table S1). 

Following assembly, binning, and taxonomic classification, eight spirochete MAGs were identified, one 

from each of the eight Tsitsikamma sponge metagenomes: MAGs 050A_2, 050C_7, 003B_7, 003D_7, 

003M_1, 059_1, 013N_1, and 009_1 (Table 1; Table S3). The 16S rRNA and 23S rRNA gene sequences 

from each MAG (if recovered) were aligned against the NR nucleotide database via online BLASTn (46). 

The 16S rRNA gene sequences recovered from three MAGs all showed the greatest sequence identity 

with “uncultured marine clone Sp02-3,” representing the conserved spirochete symbiont previously 

identified in T. favus sponges (22, 29). All recovered 23S rRNA sequences shared the greatest sequence 

similarity with Salinispira pacifica L21-RPul-D2. This S. pacifica strain, isolated from a hypersaline 

microbial mat (47), was previously shown to be the closest known relative of the conserved spirochete 

Sp02-3 clone (22, 29). Finally, all eight Tsitsikamma-associated spirochete MAGs were taxonomically 

classified, via GTDB-Tk (48), within the Salinispira genus (Table S3). Therefore, we were confident that 

these MAGs represented the conserved spirochete symbiont (Sp02-3) previously reported in South 

African latrunculid sponges. 

Phylogeny of Tsitsikamma sponge-associated spirochete MAGs 

The 16S rRNA gene sequences recovered from three of the Tsitsikamma-associated spirochete MAGs 

were aligned against their closest matches in the NR database, as well as spirochetes from other marine 

invertebrates (37, 39), including the dominant spirochete present in the distantly related Clathrina 

clathrus sponges (33). Inferred maximum-likelihood phylogeny from the 16S rRNA gene alignment 

showed that the Tsitsikamma-associated spirochete MAGs were distinct from all other invertebrate-

associated spirochetes (Fig. S1). The Tsitsikamma-associated spirochete MAGs formed a distinct clade but 

were most closely related to spirochetes detected in non-host-associated environments including 

hypersaline microbial mats, seawater, estuary water, and volcanic mud. 

Since phylogeny inferred by a single marker gene can be limited, several orthogonal approaches were 

used to assess the phylogeny of the Tsitsikamma sponge-associated spirochete symbionts using whole-

genome data. Initially, we employed autoMLST (49) in de novo mode, with both concatenated alignment 

(Fig. 2A) and coalescent tree (Fig. 2B) approaches, using 10 MAGs/genomes acquired from other sponge 

hosts, Rhopaloeides odorabile, Ircinia ramosa, and Aplysina aerophoba (50–52), as references. The 

resultant phylogenies from these two approaches had largely congruent topologies, with the 

Tsitsikamma sponge-associated Sp02-3 symbionts and other sponge-associated spirochetes forming two 

related but distinct clades (Fig. 2). The closest relative of the Tsitsikamma-associated spirochetes was S. 

pacifica, in agreement with the 23S rRNA gene phylogeny. The Tsitsikamma-associated spirochetes 

appeared phylogenetically clustered following their respective hosts, rather than geographically 

clustered. This contrasted with other sponge-associated spirochetes that did not seem to follow any 

discernible pattern of possible co-phylogeny or phylosymbiosis (Fig. 2). 
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As an orthogonal phylogenetic approach, we generated a phylogenetic tree using Phylophlan3 (53) and 

RaxML (54) (Fig. S2). Along with the eight Tsitsikamma-associated spirochete genomes and the 10 

genomes of spirochetes associated with other sponges,  

TABLE 1 Characteristics of putative representative genomes of Tsitsikamma sponge-associated spirochete symbiont MAGs 

MAG Size (Mbp) Quality 16S rRNA (% ID) 23S rRNA (% ID) Host Sponge 

003B_7 1.97 Medium N/Aa Salinispira pacifica L21-RPul-D2 

(89.54%) 
T. favus TIC2018-003B 

050A_2 2.73 Low Uncultured marine clone Sp02-3 (99.52%) S. pacifica L21-RPul-D2 (89.54%) T. favus TIC2016_050A 

003D_7 2.48 High Uncultured marine clone Sp02-3 (99.52%) S. pacifica L21-RPul-D2 (89.58%) T. favus TIC2018-003D 

003M_1 2.74 High N/A S. pacifica L21-RPul-D2 (89.58%) T. favus TIC2018-003M 

050C_7 1.72 Medium Uncultured marine clone Sp02-3 (99.52%) N/A T. favus TIC2016-050C 

009_1 1.47 High N/A S. pacifica L21-RPul-D2 (91.25%) T. madiba TIC2022-009 

013N_1 2.33 High N/A S. pacifica L21-RPul-D2 (89.48%) T. michaeli TIC2019-013N 

059_1 2.04 Medium N/A N/A T. pedunculata TIC2022-059 

aN/A, not applicable. 



 
 

 

102 
 
 

 

 

FIG 2 Phylogeny of sponge-associated spirochetes inferred with autoMLST in de novo mode using (A) concatenated alignment and (B) coalescent 

tree approaches. Tsitsikamma-associated spirochetes are highlighted in blue with their respective hosts. Other sponge-associated spirochetes are 

highlighted in purple with their associated hosts. All other reference spirochete genomes are listed in the format of “accession number | scientific 

name.” 

we included all Spirochaetaceae genomes from the National Center for Biotehnology Information (NCBI) 

database (N = 300) and all host-associated spirochete MAGs from the Joint Genome Institute (JGI) 

database (N = 44). Again, the Tsitsikamma-associated spirochetes formed a clade distinct from all other 

sponge-associated spirochete genomes. Additionally, in this analysis, we found that a MAG present in 

seawater (GCA 913043885.1) clustered with the other sponge-associated spirochetes. The origin of this 

particular genome, whether from a free-living spirochete or a sponge symbiont, remains uncertain due to 
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potential annotation errors in the database. However, we have opted to follow the supplied annotation 

and presume that this MAG is likely representative of the closest free-living relative within the clade. Our 

phylogenetic analysis incorporated all publicly available genomes and MAGs of the Spirochaetaceae 

phylum, and therefore, this presumption is limited by the existing data set. We calculated pairwise 

average nucleotide identity (ANI) scores for all 363 spirochete genomes (Table S4). The Tsitsikamma-

associated spirochetes shared between 93.9% and 98.2% ANI with each other (Table S5) and less than 

75% ANI with any other spirochete, including their closest relative S. pacifica. 

Estimated evolutionary divergence patterns of sponge-associated spirochetes 

The divergence pattern of all sponge-associated spirochetes and their closest known free-living relatives 

was estimated using their rate of synonymous substitutions (dS) in orthologous genes present in all 

genomes. Visualization of the pairwise dS revealed that the Tsitsikamma-associated spirochetes are 

evolutionarily divergent from even their closest relative, S. pacifica (Fig. 3). It appears that the other 

sponge-associated spirochetes may have begun diverging before the Tsitsikamma-associated spirochetes 

diverged from their free-living relative. The divergence pattern of the Tsitsikamma-associated spirochetes 

is congruent with the phylogeny of their sponge host and incongruent with geographic location, 

suggestive of phylosymbiosis. Finally, it appears that these spirochetes have only recently begun 

diverging from one another as they adapt to their sponge host, and their association with latrunculid 

sponges is more recent than that of the co-dominant Tethybacterales symbionts (17). 

Comparative analysis of functional potential in spirochete genomes 

The functional potential for all 363 spirochete genomes was predicted by assigning Kyoto Encyclopedia of 

Genes and Genomes (KEGG) Orthologs (KO) annotations using KofamScan (58). KO counts per genome 

were mapped back to associated pathways detailed in the KEGG database (59) (Table S6). Dimension 

reduction of these counts per genome revealed distinct clusters suggestive of adaptation to the various 

environments from which these spirochetes were acquired (Fig. 4). The functional potential of the 

Tsitsikamma-associated spirochetes was distinct from spirochetes associated with other sponges and, 

interestingly, clustered more closely with the functional potential of spirochetes associated with 

oligochaete worms and spirochetes from hypersaline lake environments (Fig. 4). 

An analysis of similarity (ANOSIM) of the same data (Table S7) showed that the functional gene repertoire 

of the Tsitsikamma-associated spirochetes and other sponge-associated spirochetes was significantly 

different (P < 0.05) from one another and from all other environments. However, when considering the 

associated R-values, the Tsitsikamma-associated spirochetes may exhibit some overlap in functional 

potential of spirochetes in hypersaline lakes (R = 0.26), sediment (R = 0.31), freshwater lakes (R = 0.38), 

termites (R = 0.47), and seawater (R = 0.49). This suggests that the functional repertoire of Tsitsikamma-

associated spirochetes may be more akin to free-living species than host-associated. 

The biosynthetic potential of Sp02-3 spirochetes 
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A total of 581 biosynthetic gene clusters (BGCs) were detected in all spirochete genomes (N = 363; Table 

S8) and clustered into gene cluster families (GCFs) at a maximum distance of 0.3 with BiG-SCAPE (60) (Fig. 

5A). Six of the eight Tsitsikamma-associated spirochetes had only a single-predicted BGC. The remaining 

two MAGs, 003B_7 and 050A_2, which were of medium and low quality, respectively, had no detected 

BGCs, likely due to incomplete coverage of the genomes. All six BGCs were predicted to encode a terpene 

product and were clustered into a single GCF (GCF1). Three other GCFs (GCFs 2, 3, and 4), consisting of 

terpene BGCs from other sponge-associated spirochetes, were identified but did not appear to have any 

homology with the terpene BGC in the Tsitsikamma-associated Sp02-3 spirochetes (Fig. 5B). Additional 

BiG-SCAPE analyses were performed with less stringent cutoffs of 0.5 and 0.8, and no BGCs from other 

spirochete  

 

FIG 3 Unweighted pair group method with arithmetic mean (UPMGA) representation of pairwise dS of sponge-associated spirochete genomes, 

based on the alignment of 11 orthologous genes. PAL2NAL (55) and CodeML (56) from the PAML package were used to calculate pairwise dS values, 

and the resultant matrix was visualized in MEGA11 (57). The Tsitsikammaassociated spirochetes are colored in blue, and other sponge-associated 

spirochetes are colored in purple. 

genomes or the MiBIG database were incorporated into a GCF with the terpene BGCs detected in the 

Tsitsikamma-associated spirochetes (Table S8), indicating that this BGC is likely novel. Nonetheless, the 

closest characterized relative of the Tsitsikamma-associated spirochetes, S. pacifica, produces an orange 

carotenoid-like pigment (terpenoid), which we assume is produced via the only terpene BGC present in 

the S. pacifica genome. Despite the low sequence and organizational similarities, the terpene, if produced 

in the latrunculid-associated spirochetes, may protect them or their host against oxidative stress, as 

hypothesized for the S. pacifica bacterium (47). 

In our previous studies, we have reported the existence of two chemotypes that exist in the T. favus and 

T. michaeli sponge populations in Algoa Bay (21, 28). Chemotype I represents the majority of sponges, as 

the sponges appear visually healthy with turgid structure, and their spicules are in the canonical form. 

Furthermore, this Chemotype is defined by the presence of a variety of discorhabdins and 

tsitsikammamines (28). Conversely, the morphology of the Chemotype II sponges is considered abnormal 
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where the tissues appear bruised and are soft to the touch (akin to rotten fruit), and many spicules are 

malformed (28, 61). This chemotype is further characterized by the presence of structurally simpler 

makaluvamines and brominated discorhabdins (21, 28). 

Previous surveys of the microbial communities associated with 10 T. favus sponges and found no 

correlation between any bacterial population and the chemotypes (28). We have repeated the analysis 

with a larger cohort of T. favus and T. michaeli sponge specimens (N = 26). Using the same 16S rRNA gene 

amplicon data sets as presented in Fig. 1, but instead including only data from the latrunculid sponges 

with associated chemical data, the analysis was repeated, and OTUs were clustered at a maximum 

distance of 0.01 (Table S9) to disentangle the two spirochete strains previously identified in latrunculid 

sponges, Sp02-3 and Sp02-15 (22, 29). Using an indicator species analysis (Table S10), we found that a 

decrease in Sp02-3 representative OTU abundance (OTU3) and an increase in Sp02-15 representative 

OTU abundance (OTU6) correlated with Chemotype II sponges, relative to Chemotype I specimens (Fig. 

S3A and B; Table S10). 

We conducted a correlation analysis of the top 50 most abundant OTUs with relative 

pyrroloiminoquinone abundance per sponge sample (Fig. S4; Table S11). The Sp02-3 spirochetes (OTU3) 

were positively correlated with the increased abundance of Chemotype I pyrroloiminoquinones and 

negatively correlated with the presence of  

 

FIG 4 UMAP dimension reduction 2-dimensional representation of KEGG-annotated gene counts in all spirochete genomes. The isolation source of 

each genome is indicated by color and shape according to whether the isolation source is a living host (circles) or an abiotic environment 

(diamonds). 
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Chemotype II pyrroloiminoquinones. The converse was true of the Sp02-15 spirochetes (OTU6; Fig. S4; 

Table S11). As there was no evidence of BGCs for the production of pyrroloiminoquinones in the 

spirochete MAGs, this result suggests that the switch from Chemotype I to Chemotype II (the cause of 

which has yet to be identified) appears to negatively impact the Sp02-3 spirochete and allows the Sp02-

15 spirochete to thrive in place. 

Since the decrease in Sp02-3 similarly correlated with the incidence of deformed spicules, we considered 

whether it may play a role in spicule formation. The most closely related invertebrate-associated 

spirochete (Fig. 1 and 2) is a highly dominant and conserved spirochete in Corallium rubrum corals (39, 

62). This spirochete is predicted to contribute to the coral’s overall health of the coral (63) and to 

produce a pigmented carotenoid that influences the commercially prized color of this red coral, as the 

spirochete’s presence correlates with the intensity of the observed red pigmentation (64). This spirochete 

was primarily found in the coenenchyme of the coral (64), which houses the sclerites (spicules) that are 

thought to act as initiation sites for the formation of the axial skeleton (65). Finally, the formation of 

spicules in a primary coral polyp is associated with a change in color from white to light pink (66). It is 

thus possible that the C. rubrum-associated spirochete may be involved in spicule formation as shown 

with the calcibacteria in Hemimycale sponges (pale orange to deep red in color) (67, 68) and 

hypothesized for the spirochetes in Platygyra dadalea, Paragoniastrea australensis, and Porites lutea 

sponges (44). While a speculative connection, as no MAG or genome is available for these spirochetes, 

this observation has prompted us to begin metatranscriptomic studies in conjunction with catalyzed 

reporter deposition-fluorescence in situ hybridization (CARD-FISH) experiments to determine the 

localization and potential structural role of spirochetes in latrunculid sponges from the South African 

coastline. 
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FIG 5 Assessment of biosynthetic potential in spirochetes. (A) Network visualization of BGCs from all spirochete genomes used in this study 

clustered into GCFs at a maximum distance of 0.3. BGCs from Tsitsikamma-associated spirochetes are highlighted with a red outline. BGCs from all 

other sponge-associated spirochetes are highlighted with a black outline. GCFs of interest are highlighted. (B) Pairwise comparison of amino-acid 

sequence identity of terpene BGCs from sponge-associated spirochetes. The pairwise similarity between genes is indicated between genes, and 

genes are colored according to their predicted function. The GCFs to which the BGCs belong have been indicated. 

Conclusion 

This study shows that the conserved Sp02-3 spirochete of latrunculid sponges is likely to be a relatively 

new symbiont that has begun co-evolving with its respective sponge hosts. The Sp02-3 symbiont is 
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distinct from all other invertebrate-associated spirochetes, including non-dominant spirochetes 

associated with other marine sponges. Assessment of their functional potential suggests that the Sp02-3 

spirochetes are functionally unique relative to other sponge-associated spirochetes. We found no 

evidence that they are directly involved in the production of the pyrroloiminoquinones characteristic of 

their host sponges. The close phylogenetic relatedness of the latrunculid-associated spirochetes to a 

dominant, conserved coral-associated spirochete hints at a possibly structural role within the sponges. 

However, additional experiments will be necessary to test this hypothesis. 

MATERIALS AND METHODS 

Sponge collection and taxonomic identification 

Sponges were collected by SCUBA or remotely operated vehicle from multiple locations within the 

Tsitsikamma Marine Protected Area, Algoa Bay (Port Elizabeth), the Amathole Marine Protected Area 

(East London), and the Garden Route National Park. In addition, three L. apicalis specimens were 

collected by trawl net off Bouvet Island in the South Atlantic Ocean. Collection permits were acquired 

prior to collections from the Department of Environmental Affairs and the Department of Environment, 

Forestry, and Fisheries under permit numbers: 2015: RES2015/16 and RES2015/21; 2016: RES2016/11; 

2017: RES2017/43; 2018: RES2018/44; 2019: RES2019/13; 2020: RES2020/31; 2021: RES2021/81; 2022: 

RES2022/70. Collection metadata are provided in Table S1. Sponge specimens were stored on ice during 

collection and moved to −20°C on return to the lab. Subsamples of each sponge, collected for DNA 

extraction, were preserved in RNALater (Invitrogen) and stored at −20°C. Sponge specimens were 

identified through inspection of gross morphology, spicule analysis, and molecular barcoding, as 

performed previously (21, 28, 29, 61). 

Bacterial community profiles in latrunculid sponges 

The V4–V5 of the 16S rRNA gene was PCR amplified from 79 latrunculid sponges collected between 1994 

and 2022 (See Table S1 for collection data). Amplicons were sequenced using the Illumina MiSeq platform 

and curated using mothur (v.1.48.0) (45). All raw amplicon read data can be accessed under accession 

number PRJNA508092. Briefly, sequences that were shorter than 250 nt in length, longer than 350 nt in 

length, had homopolymeric runs of 7 nt or more, had ambiguous bases, or had a sliding window quality 

average lower than 20, were removed from the data sets. Chimeric sequences were detected using 

VSEARCH (69) and removed from the data set. Sequences were then classified via alignment against the 

SILVA database (v138.1), and any sequences classified as “chloroplast,” “mitochondria,” “unknown,” 

“archaea,” or “eukaryota” were removed. Sequences were clustered into OTUs at a distance of 0.03, and 

read counts thereof were converted to relative abundance (Table S2). Representative sequences of each 

OTU were aligned against the SILVA database (v138.1) in mothur and against the nt prokaryotic database 

using standalone blastn (70), using parameters -max_hsps 1 -max_target_seqs 1 to return only the first 

match. Descriptions and isolation sources for each returned accession were retrieved using the esearch, 

efetch, and xtract methods from the stand-alone entrez package (71). Spirochete OTUs were subset out 

and aligned with reference sequences from the NCBI nucleotide database using MUSCLE (v. 5.1) (72, 73), 

 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA508092/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA508092/
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and phylogeny was inferred from the alignment using the maximum-likelihood method with 1,000 

bootstrap replicates in MEGA11 (74). Finally, the same analysis was repeated but using only the raw 

amplicon read data from latrunculid sponges, and the OTUs were clustered at a distance of 0.01. In all 

other respects, the analyses were identical. 

Chemical analysis and chemotype identification 

Sponge extracts were prepared by extraction with methanol, drying i. vac., and resuspension in methanol 

at 1–10 mg/mL. LC-MS/MS data were acquired on a Bruker ESI-Q-TOF Compact (Bruker, Bremen) in 

positive ionization mode coupled to a Dionex Ultimate 3000 Chromatograph (ThermoScientific, 

Sunnyvale, CA, USA) and using reversed-phase C18 columns and mobile phases consisting of water and 

acetonitrile with 0.1% formic acid each, using one of two methods (see Supplementary Methods for 

details). The data were converted to mzXML format and analyzed using MZmine3 (75) to assemble an 

aligned feature list (see Supplementary Methods for details). The feature list was filtered based on 

comparison of m/z values and MS/MS spectra to known or putative pyrroloiminoquinones. Peak area 

values were normalized to the overall pyrroloiminoquinone signal per sample and aggregated to the 

pyrroloiminoquinone class to summarize the latrunculid pyrroloiminoquinone profiles. 

Correlation of spirochete populations and sponge chemotypes 

An indicator species analysis was performed using the OTUs clustered at a distance of 0.01 for all T. favus 

and T. micheali sponges for which a chemotype had been assigned 

(16S_Chemotype_Indicator_Species_Analysis.R) to determine which OTUs, if any, were associated with 

the two chemotypes. The co-correlation analysis of the 50 most abundant OTUs (found as an average 

across all samples) was performed using the “cor” function (76) native to R using dataframes of OTU and 

compound abundances as input. A 16S rRNA gene sequence phylogeny was built from the representative 

sequences of the top 50 OTUs, aligned with MUSCLE (v 5.1) (72, 73), using the neighborjoining approach 

with 1,000 bootstraps in MEGA11 (74). The final tree was visualized in iTol (77) where the correlation 

matrix and the average OTU abundance per sponge species were visualized alongside the tree as data 

sets. 

Metagenomic sequencing and analysis of individual T. favus specimens 

The DNA extraction and metagenomic sequencing of four T. favus sponges that resulted in the recovery 

of four MAGs 050A_2, 050C_7, 003B_7, and 003D_7, classified as spirochetes, are described in reference 

(17). In addition to these samples, four additional metagenomes of Tsitsikamma sponges (TIC2018-003M, 

TIC2019-013N, TIC2022-009, and TIC2022-059) were sequenced. These sponges were selected for 

sequencing based on the apparent abundance of spirochete OTUs found via 16S rRNA gene amplicon 

sequence. 

Total genomic DNA was extracted using the Zymo Research Quick DNA Fecal/ Soil Microbe Miniprep Kit 

(Catalog number: D6012) according to the manufacturer’s specifications and stored at −4°C. Shotgun 

metagenomic IonTorrent libraries of 200 bp reads were prepared and sequenced using an Ion P1.1.17 
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chip. All metagenomes were assembled, binned, and processed as described in reference (17). Four 

additional spirochete genome MAGs (003M_1, 059_1, 013N_1, and 009_1) were extracted from the new 

data sets. MAGs were named after the Tsitsikamma sponge specimen from which they were extracted 

(e.g., 050A_2 is the MAG from sponge specimen TIC2016-050A). The numbers associated with each MAG 

are an arbitrary artifact of the binning process. 

Acquisition of reference genomes and MAGs 

Four spirochete MAGs associated with Aplysina aerophoba and Rhopaloeides odorabile sponges from a 

study by Robbins and colleagues (78) were downloaded from https:// 

data.ace.uq.edu.au/public/sponge_mags/, and five sponge-associated spirochete MAGs were acquired 

from the China National GeneBank DataBase from studies by O’Brien and colleagues (50, 51). One 

spirochete genome from an Aplysina aerophoba sponge was additionally downloaded from the NCBI 

database (GCA_002238925.1). Additionally, all other genomes classified within the Spirochaetaceae 

family were downloaded from the NCBI database (N = 300), and all host-associated spirochete MAGs 

were downloaded from the JGI database (N = 44). This resulted in a total of 354 reference genomes 

(Table S3). 

Characterization of MAGs and genomes 

All scripts used for bioinformatic analyses, along with their associated inputs, used in the following 

methods can be found at https://github.com/samche42/Spirochete. All MAGs and genomes used in this 

study were assessed using CheckM (v1.1.3) (79) and taxonomically classified using GTDB-Tk (v2.3.2) (48) 

against the Release 214.1 reference database. Basic metrics such as size, number of contigs, and N50 

were calculated using bin_summary.py. The number of genes, pseudogenes, and coding density per 

genome were calculated using all_included_genome_characteristics.py. All metadata per genome or 

MAG can be found in Table S3. 

Phylogeny of spirochete genome MAGs extracted from individual Tsitsikamma sponges 

Ribosomal sequences (23S rRNA, 16S rRNA, and 5S rRNA) were extracted from individual  

MAGs using barrnap (v 0.9) (80). The closest matches of recovered 16S sequences from sponge-

associated MAGs were identified using BLASTn (v 2.7.1) (70). Resultant sequences were aligned using 

MUSCLE (v. 5.1) (72, 73), and phylogeny was inferred using the maximum-likelihood method with 1,000 

bootstraps in MEGA11 (74). Phylogeny of the Tsitsikamma-associated spirochete MAGs was similarly 

inferred using whole-genome data via autoMLST (49) and PhyloPhlan3 (53). Amino acid sequences and 

nucleotide sequences for all genes were found in all genomes using prokka (v 1.13) (81). The phylogeny 

of all 362 MAGs and genomes (8 Tsitsikamma-associated spirochete MAGs and 354 references) was 

inferred using Phylophlan3. Phylophlan3 was run with diversity set to medium, with default values in the 

supermatrix_aa configuration. The resultant gene protein alignment was used in RaxML (v 8.2.12) (82) to 

build a phylogenetic tree with 1,000 bootstrap replicates using the PROTGAMMAAUTO model. The 

resultant tree was visualized in iTol (77). Genomes from Myxococcota (GCA_002691025.1) and 

 

https://data.ace.uq.edu.au/public/sponge_mags/
https://data.ace.uq.edu.au/public/sponge_mags/
https://data.ace.uq.edu.au/public/sponge_mags/
https://data.ace.uq.edu.au/public/sponge_mags/
https://data.ace.uq.edu.au/public/sponge_mags/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002238925.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002238925.1/
https://github.com/samche42/Spirochete
https://github.com/samche42/Spirochete
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Deltaproteobacteria (GCA_020632655.1) were chosen as outgroups. These genomes had been 

downloaded from the NCBI database as their metadata indicated that they were classified within the 

Spirochaetaceae family. However, the taxonomic  classification of these genomes with GTDB-Tk revealed 

that these genomes had likely been misclassified. These genomes were considered serendipitous choices 

for outgroups for the Phylophlan3 analysis. AutoMLST was deployed in de novo mode using concatenated 

alignments and coalescent trees of marker genes in two separate analyses. ModelFinder and IQ-TREE 

Ultrafast Bootstrap analysis were enabled in both analyses. All latrunculidassociated and other sponge-

associated spirochete MAGs were included in this analysis. MAGs and genomes from JGI and NCBI were 

not used in this analysis as the number of query genomes is limited to 20, so we opted to include only 

sponge-associated spirochetes in this analysis. Resultant trees were downloaded in Newick format and 

revisualized in iTol (77). Finally, the pairwise ANI was calculated for all genomes using fastANI (v1.33) 

(57). If a pairwise alignment fraction was lower than 70% (83), the associated ANI score was nullified as 

the accuracy of the ANI score could not be trusted. 

Estimated evolutionary divergence patterns of sponge-associated spirochetes 

Using the Phylophlan3 (53) and autoMLST (49, 53) trees as guidance, orthologous genes from the eight 

Tsitsikamma-associated spirochetes, the 10 other sponge-associated spirochetes, and their closest 

relatives were identified using OMA (v. 2.6.0) (84). A total of 11 orthologs common to all genomes were 

found using count_OGs.py and aligned using MUSCLE (v 5.1) (72, 73). The corresponding nucleotide 

sequence for each gene was retrieved using streamlined_seqretriever.py, all stop codons were removed 

using remove_stop_codons.py, and nucleotide sequences were aligned using MUSCLE (v 5.1) (72, 73). 

Ortholog gene sequences were grouped per genome using merge_fasta_for_dNdS.py. The nucleotide and 

amino acid sequences (per genome) were each concatenated union function from EMBOSS (85) and 

aligned using PAL2NAL  

(86). The alignment was used to estimate pairwise dS and thereby infer the pattern of divergence 

between these genomes using codeml from the PAML package (87). 

Comparative analysis of functional potential in spirochete genomes 

Genes were identified in all genomes/MAGs using Prokka (v 1.13) (81) and then annotated against the 

KEGG database using KOfamSCAN (58) with detail-tsv as the output format. Reliable annotations were 

extracted from these results based on the criteria that the annotation score is greater than the estimated 

threshold, and then reliable annotations per MAG/genome were counted and summarized using the 

kegg_parser.py script. This produced a table of KO counts per genome that was used as input for both 

ANOSIM processing and dimension reduction, via UMAP (88), for three- and 2-dimensional visualizations 

(dimension_reduction.py). A Jupyter notebook is provided in the GitHub repository for easy reproduction 

and an interactive 3D figure. To find statistically significant KEGG-annotated drivers of the different 

samples, we performed a re-purposed indicator species analysis with the number of KEGG annotations 

per KO per genome in place of OTU abundance. This was performed using the multiplatt method from 

the “indicspecies” package in R (89) with 1,000 permutations and specifying the point biserial correlation 
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coefficient (“r.g”) as the association index as this both accounts for abundance data (rather than 

presence/absence data) and corrects for the different number of samples per host type. 

The biosynthetic potential of sponge-associated spirochetes 

A total of 547 BGCs were predicted from all spirochete genomes (N = 363) using antiSMASH (v. 6.0.1) (55) 

with --cb-general --cb-knownclusters --cb-subclusters --asf --pfam2go --smcog-trees options enabled and 

genes found with prodigal. The resultant putative BGCs were clustered twice using BiG-SCAPE (v 1.1.5) 

(60) at maximum distances of 0.3, 0.5, and 0.8. Network files of non-singleton GCFs were visualized in 

Cytoscape (56). Highlighted gene clusters of interest were visualized with clinker (90). Metadata for BGCs 

were extracted from individual GenBank files using antismash_summary.py. 
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