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General Introduction






General Introduction

Marine microbial ecology in a nutshell

Microbial life on Earth emerged about 3.8 billion years ago and microbes were the only
living organisms populating Earth up to the appearance of eukaryotes 2 billion years later
(Blaser et al., 2016; Munn, 2020). Yet, it was not until the 17™ century when Antonie van
Leeuwenhoek observed ‘animalcules’ under the microscope that we realized the existence
of microbes (Figure 1). Two centuries after their discovery, the so called “Golden Era”
of microbiology began with pioneering work by Louis Pasteur, Robert Koch, Ferdinand
Cohn and other scientists (Robinson et al., 2010; Berg et al., 2020). The realization that
microorganisms are omnipresent in nature forming complex communities often associated
with hosts led to the debut of the field of microbial ecology at the end of the 19t century
(Robinson et al., 2010; Berg et al., 2020).

While breakthroughs in microbiology started to reveal the richness of the microbial realm
over 350 years ago, researchers began to formulate questions about the diversity and
role of microbial life in marine environments only recently (Heidelberg et al., 2010). The
foundations of marine microbial ecology as a discipline were laid between the 1930s and
1940s by Claude E. ZoBell who was among the first to study marine microbes with a focus on
bacterial attachment to surfaces (biofilm formation) (Kirchman and Gasol, 2018). Microbes
from the sea were considered as a ‘black box’ until improvements in microscopy and new
visualization techniques during the 1970s to early 1990s increased the understanding of
microbial communities and their significance in ocean food webs (Caron, 2005; Kirchman
and Gasol, 2018). The first paradigm shift for marine microbial ecologists was the accurate
estimation of the total biomass of planktonic microorganisms along with a wealth of
information regarding their ecological role in the ocean (Figure 1) (DeLong, 2009). In the
1980s, other landmarks in the field followed namely the discovery of the cyanobacterium
Prochlorococcus (Chisholm et al., 1988), the most abundant primary producer in the global
ocean and the introduction of the term ‘microbial loop’ (Azam et al., 1983), the carbon route
from dissolved organic matter to higher trophic levels via bacteria and protist predators and
back (Kirchman and Gasol, 2018).

Inthe 1990s, a new aspect of marine microbes was unveiled with the analysis of 16S ribosomal
RNA (rRNA) gene sequences as phylogenetic markers that showed the preponderance of
bacterial lineages very different from the isolates obtained in the laboratory (Giovannoni
et al., 1990). Subsequent findings based on the application of the polymerase-chain
reaction (PCR) revealed the presence of Archaea in the oceans (DelLong, 1992; Fuhrman
et al., 1992), previously considered as “extremophiles” or protist symbionts (Kirchman and
Gasol, 2018). At the beginning of this century, advances in molecular biology revolutionized
marine microbial ecology bringing light to the unprecedented microbial diversity in marine
ecosystems. This led to more directed cultivation efforts and the successful isolation and
characterization of the first marine bacteria, archaea and viruses (Rappé et al., 2002;
Delong, 2009; Heidelberg et al., 2010).
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Figure 1. Brief history of scientific breakthroughs in microbiology, molecular biology and marine
microbial ecology. Adapted from original artwork of Mariana Ruiz Villarreal
(https://commons.wikimedia.org/wiki/File:Timeline_evolution_of_life.svg).

Nowadays, the application of next-generation sequencing technologies and the launch of
major sampling expeditions (e.g., Global Ocean Sampling (GOS), Tara Oceans) have resulted
in vast amounts of data contributing to major findings, such as the discovery of a new
type of phototrophy widespread among marine bacterial taxa (DeLong, 2009; Kirchman
and Gasol, 2018). To this point, the microbial ecology of the oceanic surface and coastal
environments is relatively well known. However, despite the technological developments
and rapid generation of data, there are several understudied habitats within the ocean,
such as hydrothermal vents, sediments and microbiomes of marine animals. Exploring these
habitats will provide a more comprehensive view on microbial life in the sea and their role
in global ecology (Munn, 2020).
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Sponges are pore-bearing animals

Sponges are members of the phylum Porifera (from Latin porus, pore and fero, to bear) and
among the most primitive multicellular organisms (Metazoa) (Schutze et al., 1999). Dating
back to the Precambrian (Turner, 2021), sponges are true survivors that have evolved into key
constituents of marine benthic ecosystems distributed globally from polar to tropical habitats
(Hooper et al., 2021). Recent studies support the ‘Porifera-first’ hypothesis which places
sponges as the sister group of all other animals. This is also reflected in their simplistic body
architecture as a precursor to complex multicellularity in animals (Nielsen, 2019; Redmond
and Mclysaght, 2021). Lacking tissues and organs, sponges possess an aquiferous system,
which is the basis for their filter-feeding activity. Most sponges secrete a wide variety of
spicules (siliceous or calcareous) which function as skeletal components providing structural
support (Figure 2) (Taylor et al., 2007a). Epithelial cells called pinacocytes compose the
outer layer of the sponge (or pinacoderm) and the internal canals which extend through the
pores (ostia) (Simpson, 1984). The second type of cells are known as choanocytes forming
specialized chambers inside the sponge where the pumping is generated with the beating of
their flagella (Figure 2). Seawater enters from the pores along the canals in the choanocyte
chambers where food particles are filtered out and transferred to the connective tissue
of the sponge, the mesohyl. This is where another group of cells is present, namely the
archaeocytes which are totipotent cells capable of consuming seawater food particles via
phagocytosis (Figure 2). After the filtering, water is pumped out of the sponge through
openings, called oscula (Simpson, 1984).

Given their high pumping rates (up to 24,000 L per day), sponges can significantly influence
pelagic environments due to their suspension feeding and the removal of particles from the
water column (Bell, 2008). This is more evident in tropical and cold-water coral reefs where
sponges, as efficient filter feeders, convert dissolved organic matter (DOM) to particulate
organic matter (POM), mediating the recycling of nutrients within reef food webs (‘sponge
loop’) (de Goeij et al., 2013; Rix et al., 2018; Bart et al., 2021). In order to maintain their
dominance in benthic ecosystems, sponges have to deal with spatial competition and
predation (Wulff, 2006; Bell, 2008). To succeed in this, they have developed a defensive
strategy that involves the production of a vast diversity of biologically active secondary
metabolites with antimicrobial, antiviral, cytotoxic and other deterrent effects (Blunt et
al., 2017; Blunt et al., 2018). Besides the competitive interactions, sponges are well known
for their intimate associations with microbial and macrofaunal communities. Described as
‘living hotels’, sponges accommodate a large biodiversity of organisms that use them as
microhabitats (Bell, 2008). Symbionts vary from facultative sponge-dwelling organisms that
also seek protection elsewhere to obligate ones that are either generalists or specialists
(Waulff, 2006; Bell, 2008).
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Microorganisms Pllnacocytes

Figure 2. Schematic representation of a sponge on the seafloor and its internal structure (mesohyl).
Different types of sponge cells, spicules and microorganisms are displayed.

Sponges ‘n microbes: a symbiosis paradigm

Sponges are known to harbour dense, diverse and yet distinct microbial communities,
despite their plain body structure and constant filter-feeding activities (Thomas et al., 2016;
Webster and Thomas, 2016). Pioneers in sponge microbiology research described that 40%
of the sponge biomass can be comprised of microbial symbionts, thus referring to sponges
as ‘bacteriosponges’ (Vacelet and Donadey, 1977; Wilkinson and Fay, 1979; Wilkinson, 1983)
or later as ‘microbial fermenters’ (Hentschel et al., 2006). Based on a holistic ecological
perspective, sponges are considered ‘holobionts’, a term which describes the host and the
associated microbial consortium (Webster and Taylor, 2012; Webster and Thomas, 2016; Pita
etal., 2018). Sponge-microbe interactions underpin the evolutionary success of Porifera and
represent one of the oldest symbioses between animals and microbes (Hill and Sacristan-
Soriano, 2017). There are different scenarios for the symbiont acquisition by the sponge
host (Taylor et al., 2007a) with existing evidence for both vertical (from parent sponge to
offspring) and horizontal (from surrounding seawater) transmission modes (Webster et al.,
2010; Schmitt et al., 2012; Sipkema et al., 2015).

Sponge-associated microorganisms generally reside in the mesohyl around the choanocyte
chambers, sometimes within specialized host cells (bacteriocytes) or just below the
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pinacoderm (Hentschel et al., 2006; Webster and Thomas, 2016). In some sponge species,
microbial populations can reach huge densities of 10° cells/cm?3, while other sponges show
lower densities roughly equivalent to seawater (10>-10° cells/cm?) (Hentschel et al., 2006;
Schmitt et al., 2012; Webster and Thomas, 2016). These observations led to the classification
of sponges into those with high-microbial abundance (HMA) and low-microbial abundance
(LMA) (Vacelet and Donadey, 1977; Reiswig, 1981; Hentschel et al.,, 2003). The HMA-
LMA dichotomy has been long considered, although the validity of the concept remains
questionable (Hill and Sacristan-Soriano, 2017; Pita et al., 2018). Microbial abundance,
diversity (Moitinho-Silva et al., 2017b; Busch, 2021), functional gene content (Bayer et
al., 2014) and sponge morphology (Gloeckner et al., 2014; Poppell et al., 2014) have been
shown to differ between HMA and LMA sponges. However, there are sponge species hosting
an intermediate number of microbes (Gloeckner et al., 2014) while evidence shows a degree
of functional relatedness between symbiont communities from divergent hosts, regardless
of their HMA-LMA status (Thomas et al., 2010a; Fan et al., 2012). Apparently, there is still
a lot to be discovered regarding the symbiont community in the context of this dichotomy.

The sponge microbiome displays remarkable diversity that spans across all major
evolutionary lineages of archaea, bacteria and microbial eukaryotes (Taylor et al.,
2007b; Taylor et al., 2007a). More than 40 different microbial phyla have been detected
in sponges (Thomas et al.,, 2016). The most dominant bacterial phyla representing the
symbiont community are Proteobacteria, Chloroflexota, Cyanobacteria, Acidobacteriota,
Actinobacteria, Bacteroidota, Firmicutes, Nitrospirota, and the candidate phyla PAUC34f
and Poribacteria (Thomas et al., 2016; Moitinho-Silva et al., 2017b). Sponge-associated
microbial communities are complex and structured as follows: the core microbiota, highly
prevalent members in all individuals of a certain species and the variable microbiota,
members of which are present only in some individuals (Schmitt et al., 2012; Pita et al.,
2018). Generalist symbionts characterize the core sponge microbiome while specialists
are under-represented (Thomas et al., 2016). Until recently, it was thought that symbiont
communities are ‘sponge-specific’ (Hentschel et al., 2002; Simister et al., 2012) but it is
more likely that they are ‘sponge-enriched’, as clusters previously defined as sponge-specific
are widespread, albeit at low relative abundances, in diverse marine habitats (Taylor et al.,
2013; Thomas et al., 2016; Webster and Thomas, 2016). The exact nature of their intimate
associations remains unclear and ranges from beneficial (mutualism or commensalism) to
harmful for the host (pathogenesis, parasitism and fouling) (Taylor et al., 2007a; Hill and
Sacristan-Soriano, 2017). Modern sequencing efforts have revealed that sponges harbor
species-specific and relatively stable microbiomes irrespective of their habitat, depth,
season or their continuous filter-feeding activity (Thomas et al., 2016; Pita et al., 2018). Yet,
there is evidence suggesting that environmental factors such as temperature, salinity and
depth influence the composition of the sponge microbiome.

Since cultured representatives of the majority of taxa of the sponge microbiome are
lacking, knowledge on the functional roles of the symbionts has been mostly obtained by
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culture-independent, omics-based approaches (Hill and Sacristan-Soriano, 2017; Moitinho-
Silva et al., 2017b). Shared core functions have been identified between microbiomes of
phylogenetically distant sponge species indicating functional convergence (Thomas et al.,
2010a; Fan et al., 2012; Ribes et al., 2012). These metabolic features are mainly linked to
the acquisition of nutrients (e.g., carbon, nitrogen) present in the host environment, the
supply of vitamins to the host, the interactions between symbionts, defense and stress
response (Webster and Thomas, 2016; Pita et al., 2018). The majority of symbionts rely on
heterotrophy and thus transport and utilize nutrients derived from the filtered seawater or
the host itself, for example by degrading complex carbohydrates or the proteoglycan sponge
matrix (Kamke et al., 2013; Slaby et al., 2017; Astudillo-Garcia et al., 2018; Bayer et al., 2018;
Podell et al., 2018; Sizikov et al., 2020; Robbins et al., 2021; Taylor et al., 2021). Nitrogen
metabolism is also evident among sponge-associated microbes due to the large amount of
ammonia made available by the host. Symbionts either use ammonia as energy supply or
nitrogen source to make organic compounds or assist the sponge in detoxification (Karimi
et al., 2019; Engelberts et al., 2020; Moreno-Pino et al., 2020; Taylor et al., 2021). Another
potential benefit to the host could be the microbially mediated synthesis of essential
vitamins and amino acids the sponge is otherwise not capable of producing (Astudillo-
Garcia et al., 2018; Karimi et al., 2019; Engelberts et al., 2020). In order to establish their
residency, sponge-dwelling microbes need to protect themselves from host phagocytes and
both themselves and the host from viruses, pathogens and toxins (Webster and Thomas,
2016; Hill and Sacristan-Soriano, 2017; Pita et al., 2018). Omics studies have revealed
that symbionts encode effective mechanisms against the aforementioned threats, such as
eukaryotic-like proteins (ELPs), clustered regularly interspaced short palindromic repeats
(CRISPRs), universal stress proteins and toxin-antitoxin systems (TAs) (Burgsdorf et al., 2015;
Horn et al., 2016; Karimi et al., 2017; Slaby et al., 2017; Astudillo-Garcia et al., 2018; Bayer
et al., 2018; Podell et al., 2018; Moreno-Pino et al., 2020; Sizikov et al., 2020; Robbins et al.,
2021). Moreover, sponge-associated microbes contribute to the chemical defense of the
host against predators and epibionts via the production of a wide array of biologically active
secondary metabolites (Sipkema et al., 2005; Piel, 2009; Indraningrat et al., 2016; Lackner
et al., 2017; Schorn et al., 2019). The presence of these functional traits in microbiomes of
different sponge species regardless of biogeography implies the adaptation of the associated
microbiota towards a successful symbiosis with the host (Thomas et al., 2010a; Fan et al.,
2012; Ribes et al., 2012).

What about cultivation? The challenge
Nature hosts an enormous microbial diversity, and yet there is a vast discrepancy between
the currently known phyla and those with representative isolates obtained in pure culture

(Stewart, 2012; Gutleben et al., 2017). The realization that most microbes seen under the
microscope do not produce colonies on traditional cultivation media first occurred in the
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1980s and was described as the ‘great plate count anomaly’ (Staley and Konopka, 1985).
This ‘unseen majority’ (Whitman et al., 1998) was later confirmed with the use of molecular
tools, which shed light on the diverse and abundant microbial groups present in numerous
niches ranging from soil to human-made systems, sediments, animals and the human body
(Stewart, 2012). It accounts for 85 to 99% of all bacteria and archaea and thus, impeding
the scientific progress in several aspects, for example in drug biodiscovery (Lok, 2015).
Besides the biotechnological and industrial potential of microbes, cultivation is equally
significant in order to comprehensively determine their features (metabolism, physiology,
cell biology) and understand their role in their respective ecosystems (Lewis and Ettema,
2019; Mu et al., 2020; Lewis et al., 2021). There are many factors that affect the culturability
of microorganisms such as finding the appropriate growth conditions and deal with cell
dormancy, environmental fluctuations, low abundance and competition (Lewis and Ettema,
2019; Lewis et al., 2021).

A representative example of microbes recalcitrant to cultivation are sponge-associated
bacteria. In this case, another level of complexity is added as symbiotic interdependencies
need to be taken into account (Schippers et al., 2012). Most conventional cultivation
strategies aim at simulating the natural environment by providing the necessary nutrients
and growth conditions for the targeted species (Nichols, 2007; Gutleben et al., 2017).
There are certain difficulties though, in mimicking the native milieu of the sponge such as
the occasional anoxic conditions in the mesohyl when pumping is ceased or the complex
interactions between sponges and their microbiomes including cross-feeding of metabolites
and signaling (Hoffmann et al., 2006; Sipkema et al., 2009; Sipkema et al., 2011; Pande and
Kost, 2017). Many cultivation attempts beyond the traditional plating methods have led to
the successful isolation of previously uncultured sponge-associated bacteria. These studies
were based on alternative cultivation approaches including the use of diffusion devices
(Jung et al., 2014), floating polycarbonate filters (Sipkema et al., 2011), stratified cultivation
systems (Gutleben et al., 2020), addition of antibiotics (Versluis et al., 2017b), sponge-
derived antimicrobials (Gutleben et al., 2020), arsenic (Keren et al., 2015) or sponge tissue
extracts (Webster et al., 2001; Abdelmohsen et al., 2010; Sipkema et al., 2011). In some
cases, bacterial recoverability reached 14% of the total diversity (Sipkema et al., 2011).
Nevertheless, the majority of the sponge-derived isolates did not reflect the microbial
community composition estimated by cultivation-independent methods, reinforcing the
gap between the cultured and uncultured microbial fraction (Schippers et al., 2012; Esteves
et al., 2016). Therefore, no major phylotypes residing in sponges like the ones belonging
to the phyla Acidobacteriota, Chloroflexota, Cyanobacteria or Ca. Poribacteria have been
amenable to in vitro cultivation (Esteves et al., 2016; Gutleben et al., 2020).
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Omics and the data deluge

The advent of high-throughput analytical methods and bioinformatic tools provided
increasingly effective ways to circumvent the limitations of cultivation (Gutleben et al.,
2017). Current sequencing technologies generate enormous amounts of data, which allow
researchers to address fundamental questions about microbial communities from various
environmental sources (Eren et al., 2015). The term “omics” includes various disciplines
in biological sciences with the suffix -omics which were named according to the type of
molecules they are focusing on, such as genes (genomics), RNA (transcriptomics), proteins
(proteomics) and metabolites (metabolomics) (Vailati-Riboni et al., 2017). Genomics
deals with the complete set of genetic information in an organism, transcriptomics does
genome-wide expression profiling, proteomics determines function and structure of all sets
of proteins, and metabolomics resolves the diversity and abundance of the total cellular
metabolites (Zhang et al., 2010; Vailati-Riboni et al., 2017). Integration of the information
stemming from the aforementioned omics technologies seems necessary to obtain a global
overview of microbial biology (Gutleben et al., 2017). This is defined as the ‘multi-omics
approach’ that can act as a powerful tool for a data-driven, holistic monitoring of functions
and dynamics of biological systems in a high-throughput manner (Zhang et al., 2010;
Gutleben et al., 2017).

In the late 1990s, shotgun sequencing, particularly in the beginning combined with clone
libraries of varying insert size, gave birth to the field of metagenomics which enables direct
access to the genetic content of an entire community of organisms inhabiting a certain
environment (Handelsman et al., 1998; Rondon et al., 2000; Handelsman, 2004). Since then,
metagenomics revolutionized microbial ecology and shed light to the so-called ‘microbial
dark matter’ (Rinke et al., 2013; Lok, 2015). This cultivation-independent method gave
insights into the unknown microbial biosphere by revealing entirely new microbial groups
otherwise overlooked by rRNA-based or other conventional analyses as well as novel genes
and associated functions of even well-known taxa (Baker and Dick, 2013). Comparison
between 16S rRNA and shotgun sequencing in microbiome studies has pinpointed several
limitations of the rRNA-based strategy such as limited taxonomic resolution among closely
related species, proneness to PCR biases and the inability to predict functions. Nevertheless,
it always depends on the purpose of the study since 16S rRNA amplicon sequencing can
be effectively used as a quick and low-cost method for analyzing the microbial community
composition at higher taxonomic levels (Poretsky et al., 2014; Campanaro et al., 2018;
Durazzi et al., 2021).

Recent advances in computational tools led to the successful reconstruction of near-
complete microbial genomes from environmental metagenomes by a process called binning
(Tyson et al., 2004; Luo et al., 2012; Thomas et al., 2012; Alneberg et al., 2018). To date,
several binning algorithms have been developed which cluster contigs into groups likely
representing genomes of individual species based on sequence composition and/or coverage
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(Alneberg et al., 2014; Wu et al., 2014; Kang et al., 2015; Kang et al., 2019). The potential
of binning in resolving genomes of uncultivated microbial species paved the way for other
computational methods such as comparative genomics, phylogenomics and genome mining
that provided a deeper glimpse into the lifestyle and evolution of microbes (Thomas et al.,
2012; Baker and Dick, 2013; Eren et al., 2015). In addition, the accelerated discovery rate
of yet-uncultured microbial taxa substantially expanded the tree of life (Parks et al., 2017).
This led to the realization that there is an urgent need for establishing a nomenclature
system to incorporate uncultured taxa based primarily on sequence data (Konstantinidis et
al., 2017; Parks et al., 2018; Chuvochina et al., 2019; Murray et al., 2020; Parks et al., 2020;
Hugenholtz et al., 2021).

During the past decade, an unprecedented number of genomes has been recovered from
numerous environments, including marine sponges. Such data has yielded clues about
uncultivated bacterial and archaeal lineages inhabiting different sponge species. Some
examples are members of the phyla Proteobacteria (Karimi et al., 2019), Chloroflexota
(Bayer et al., 2018), Ca. Poribacteria (Podell et al., 2018), SAUL (Astudillo-Garcia et al., 2018),
Cyanobacteria (Burgsdorf et al., 2015; Schorn et al., 2019), Verrucomicrobiota (Sizikov et al.,
2020) and Thaumarchaeota (Haber et al., 2020). Hitherto, most omics studies on sponges
have focused on resolving the phylogeny and metabolism of specific groups of symbionts
(Burgsdorf et al., 2015; Astudillo-Garcia et al., 2018; Bayer et al., 2018; Podell et al., 2018;
Schorn et al., 2019; Haber et al., 2020; Sizikov et al., 2020), whereas others provided a more
global overview of sponge microbiomes (Slaby et al., 2017; Bayer et al., 2020; Engelberts et
al., 2020; Moreno-Pino et al., 2020; Robbins et al., 2021). A lot of attention has been also
given to the mining of sponge-associated metagenomes for biosynthetic gene clusters, as
marine sponges are among the richest known sources of natural products. Hence, analysis
of sponge metagenomes has confirmed the bacterial origin of several biologically active
secondary metabolites and revealed many chemically talented sponge symbionts (Wakimoto
et al., 2014; Freeman et al., 2016; Nakashima et al., 2016; Lackner et al., 2017; Mori et al.,
2018; Tianero et al., 2019; Rust et al., 2020; Storey et al., 2020). Overall, omics-derived
knowledge holds great promise for the comprehensive understanding of metazoan host-
microbe interactions and for granting access to the biotechnological potential of symbiotic
microorganisms.
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Research aims and thesis outline

Sponges are among the oldest of all extant animals on the planet and are thus, a success story
of the holobiont concept. As introduced in chapter 1, microbial ecology effectively began
with the discovery that microbes are everywhere and especially in marine environments,
both free-living and host-associated. Advances in microscopy and later molecular methods
revealed that marine sponges hold a remarkable abundance and diversity of microorganisms
inhabiting their mesohyl. This coupled with their significant impact on the marine ecosystem
and their extraordinary chemical potential render marine sponges as a promising model
system for the study of host-microbe interactions. However, most symbiotic microbes exhibit
recalcitrance to in vitro cultivation, which leaves a significant gap of knowledge regarding
the relationships between sponges and their microbial symbiotic consortia.

This brings me to the research aim of this thesis, which is to elucidate the phylogeny,
primary and secondary metabolism of both cultured and yet-uncultured bacterial lineages
representing the sponge microbiome. In this work, we set out to determine functions
related to symbiosis and obtain insights into the biosynthetic potential of sponge-dwelling
bacteria for secondary metabolites with interesting properties. Overall, the scope of this
research was to enhance the understanding of the complex interplay between sponges and
their bacterial symbionts by means of cultivation-dependent and cultivation-independent
methods.

In chapter 2, we explore characteristic biological traits of Flavobacteriaceae, the largest
family in the phylum Bacteroidota in comparison with other major players of the global
bacterioplankton. Comparative genomic analysis was performed to investigate features
underlying niche adaptation based on genomes of free-living and host-associated bacteria,
including seven presumably novel sponge symbionts sequenced here. Genome mining for
biosynthetic gene clusters revealed the secondary metabolite repertoire of the studied
bacteria. In order to link the genomic properties with observed phenotypes the novel
sponge-associated isolates were further subjected to in vitro testing for gliding motility and
antimicrobial bioactivity.

Chapter 3 examines the bioactivity of several bacteria isolated from different sponge species
against various human pathogens and cancer cells via functional screening. Furthermore,
the phylogeny and secondary metabolite biosynthesis potential of the studied strains were
assessed based on available genome sequence information. Gene-trait matching analysis
followed to identify putative candidate gene clusters or predicted compounds responsible
for the observed antimicrobial and anticancer activity.

Chapter 4 describes the phylogenetic structure, habitat distribution and chemical potential
of the candidate phylum Tectomicrobia that includes the genus Candidatus Entotheonella,
one of the most biosynthetically talented sponge symbionts. To investigate the diversity of
the candidate phylum Tectomicrobia, phylogenetic analysis was performed using 16S rRNA
gene sequences recovered from public databases and generated here. In addition, 16S rRNA
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gene amplicons and catalyzed reporter deposition fluorescence in situ hybridization (CARD-
FISH) were employed for the identification and description of additional sponge-associated
Ca. Entotheonella producers of bioactive compounds. Lastly, omics data were used in
order to predict functions and estimate the secondary metabolite biosynthetic potential of
sponge-associated tectomicrobial representatives.

In chapter 5, we resolved the phylogeny and explored the metabolism of sponge-associated
members of the candidate phylum Dadabacteria, recently united with the candidate
phylum Desulfobacterota. Representatives of this yet-uncultured bacterial lineage have
been regularly observed in sponges, but still our knowledge about their role in the sponge
microbiome is limited. For this, we performed phylogenomics and metabolic reconstruction
to investigate their taxonomy and function. In addition, FISH was applied for description
and localization of sponge-associated bacteria belonging to this enigmatic taxonomic group.
In chapter 6, the research findings of this thesis are discussed in a broader context compared
with the outcomes of previous studies. Moreover, the main conclusions of this research are
summarized and future perspectives on how to enhance our current understanding of the
host-symbiont interactions are presented.
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Abstract

Members of the bacterial family Flavobacteriaceae are widely distributed in the marine
environment and often found associated with algae, fish, detritus or marine invertebrates.
Yet, little is known about the characteristics that drive their ubiquity in diverse ecological
niches. Here, we provide an overview of functional traits common to taxonomically diverse
members of the family Flavobacteriaceae from different environmental sources, with a focus
on the Marine clade. We include seven newly sequenced marine sponge-derived strains
that were also tested for gliding motility and antimicrobial activity. Comparative genomics
revealed that genome similarities appeared to be correlated to 16S rRNA gene- and genome-
based phylogeny, while differences were mostly associated with nutrient acquisition, such
as carbohydrate metabolism and gliding motility. The high frequency and diversity of genes
encoding polymer-degrading enzymes, often arranged in polysaccharide utilization loci
(PUL), support the capacity of marine Flavobacteriaceae to utilize diverse carbon sources.
Homologs of gliding proteins were widespread among all studied Flavobacteriaceae in
contrast to members of other phyla, highlighting the particular presence of this feature
within the Bacteroidetes. Notably, not all bacteria predicted to glide formed spreading
colonies. Genome mining uncovered a diverse secondary metabolite biosynthesis arsenal
of Flavobacteriaceae with high prevalence of gene clusters encoding pathways for the
production of antimicrobial, antioxidant and cytotoxic compounds. Antimicrobial activity
tests showed, however, that the phenotype differed from the genome-derived predictions
for the seven tested strains. Our study elucidates the functional repertoire of marine
Flavobacteriaceae and highlights the need to combine genomic and experimental data
while using the appropriate stimuli to unlock their uncharted metabolic potential.
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Introduction

The family Flavobacteriaceae is the largest family of the Bacteroidetes phylum, and its
members thrive in a wide variety of habitats. These Gram-negative, non-spore forming, rod-
shaped, aerobic bacteria are commonly referred to as flavobacteria (Bernardet, 2011; McBride,
2014). The taxonomy of members of the family Flavobacteriaceae is considered controversial
(Hahnke et al., 2016), with many members that have been renamed and uprooted several
times since the first classification (Bernardet and Nakagawa, 2006; McBride, 2014). For the
past two decades, the family structure has been relatively stable, even though changes in the
taxonomy are still occurring due to the large number of new isolates (McBride, 2014). There has
been a vast increase in the number of described genera within the Flavobacteriaceae from ten
(Jooste and Hugo, 1999) to 158 in the past 20 years. Due to this large number of members, the
family has been divided into the following clades: Marine, Capnocytophaga, Flavobacterium,
Tenacibaculum-Polaribacter and Chryseobacterium, based on 16S ribosomal RNA (rRNA)
gene-based phylogenetic analysis (McBride, 2014). Recently the genus Chryseobacterium has
been reclassified and moved into the family Weeksellaceae. Flavobacteriaceae are common
in terrestrial and freshwater environments and in many cases are numerically predominant
in marine habitats (Kirchman, 2002). Within the Flavobacteriaceae, bacteria isolated from
marine sources are widespread throughout all clades, but a large proportion belongs to the
Marine clade (McBride, 2014). To date, marine flavobacteria have been found either free-
living or attached to detritus in the water column (DelLong et al., 1993; Bennke et al., 2016).
Their lifestyle includes colonization of the surface of algae (Mann et al., 2013), but also close
association with invertebrate animals such as sponges (Yoon and Oh, 2012), corals (Sweet et
al., 2010) and echinoderms (Romanenko et al., 2007).

A large number of marine flavobacteria degrade high molecular weight macro-molecules,
such as complex polysaccharides and proteins, contributing to the carbon turnover in
marine environments (Mann et al., 2013; Barbeyron et al., 2016; Bennke et al., 2016). Earlier
comparative genomics analyses showed that genomes of marine flavobacteria encode a
relatively large number of both glycosyl hydrolases (GHs) and peptidases compared to other
marine bacteria. Moreover, a similar number of peptidases was found as compared to other
proteolytic specialists, suggesting the important role of flavobacteria in the degradation of
both complex carbohydrates and proteins (Fernandez-Gomez et al., 2013). The capacity of
flavobacteria to use macromolecules varies considerably, which is reflected by differences in a
broad spectrum of enzymes known as carbohydrate-active enzymes (CAZymes) for the whole
family. Genes that encode the protein machinery for polysaccharide binding, hydrolysis and
transport are often organized in distinct polysaccharide utilization loci (PULs) (Bjursell et al.,
2006) that appear unique for the Bacteroidetes phylum. The first described PUL was the starch
utilization system (Sus) of the human gut symbiont Bacteroides thetaiotaomicron (Shipman et
al., 2000). PULs in other saccharolytic Bacteroidetes encode proteins homologous to SusC and
SusD. The SusC-like proteins act as TonB-dependent receptor transporters while the SusD-
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like proteins are carbohydrate-binding lipoproteins (Martens et al., 2009). Within PULs, genes
encoding these homologs can be found in close proximity to genes coding for CAZymes, such
as GHs, polysaccharide lyases (PLs), carbohydrate esterases (CEs) and carbohydrate binding
modules (CBMs). Several previous studies have indicated that sequenced genomes of marine
Flavobacteriaceae feature high proportions of CAZymes and PULs (Fernandez-Gomez et
al., 2013; Mann et al., 2013; Xing et al., 2015; Barbeyron et al., 2016; Bennke et al., 2016;
Kappelmann et al., 2019), reinforcing their adaptations towards biopolymer degradation.
Besides their specialization as degraders of complex organic matter, many members of the
Bacteroidetes, and particularly Flavobacteriaceae, share another distinct feature, known as
‘gliding motility’ (McBride and Zhu, 2013). Whilst gliding has been described in bacteria that
belong to different taxa, such as Chloroflexi, Cyanobacteria, Proteobacteria and Bacteroidetes
(Nett and Konig, 2007; McBride, 2019a), this term has been used loosely and covers multiple
molecular mechanisms. Bacteroidetes species use their own unique motility machinery that
results in rapid gliding movement by pivoting, flipping or crawling over solid surfaces without
the aid of flagella or pili (McBride, 2001; McBride and Zhu, 2013). Gliding motility can be
observed both microscopically by cells moving on glass slides, as well as on agar by colony
spreading (McBride and Zhu, 2013; McBride, 2014). Cell movement is driven by a molecular
motor that is composed of several groups of proteins (Gld, Spr and Rem) and powered by
the proton motive force (McBride et al., 2009; McBride and Nakane, 2015; Shrivastava et
al., 2015). Recent studies revealed that this form of motility involves the rapid movement
of adhesins delivered to the cell surface by a novel secretion system, the type 9 secretion
system (T9SS), which is highly conserved among Bacteroidetes species (Munoz et al., 2020)
and unrelated to other known bacterial secretion systems (Sato et al., 2010; McBride and Zhu,
2013; McBride and Nakane, 2015; McBride, 2019a). This system has been extensively studied
in the motile aquatic or soil-derived Flavobacterium johnsoniae and the non-motile human
oral pathogen Porphyromonas gingivalis (Lasica et al., 2017). In F. johnsoniae, 27 proteins
are involved in gliding motility and protein secretion. Orthologs of the F. johnsoniae proteins
involved in type 9 secretion are also found in P. gingivalis (Veith et al., 2017; Johnston et al.,
2018). They are common within (McBride and Zhu, 2013), but apparently limited to members
of the Bacteroidetes (Johnston et al., 2018). Nevertheless, the exact nature of the gliding
motility mechanism and its relationship with the T9SS remain under debate.

Gliding motility has previously been linked to the production of secondary metabolites likely
due to their common purpose (predation/defense) (Nett and Konig, 2007). Several antibiotics
(B-lactams, quinolones) have been previously isolated from Flavobacteriaceae strains (Evans
et al., 1978; Cooper et al., 1983; Hida et al., 1985; Kato et al., 1987), with some of them acting
against recalcitrant targets such as methicillin-resistant Staphylococcus aureus (Funabashi et
al., 1993; Katayama et al., 1993). Other bioactive molecules derived from flavobacteria include
cell growth-promoting (Imai et al., 1993) and antitumor (Umezawa et al., 1983) compounds,
von Willebrand factor receptor antagonists (Kamiyama et al., 1995), protease (Fujita et
al., 1994) and topoisomerase (Nemoto et al., 1998) inhibitors, as well as antioxidative and
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neuroprotective myxols (Shindo et al., 2007). Even though numerous intriguing molecules are
flavobacterial products, the metabolic potential of the family has been poorly investigated.
Most of the microbially derived bioactive molecules belong to polyketides, non-ribosomal
peptides, saccharides, alkaloids or terpenes and are related through common, highly
conserved biosynthetic gene clusters (BGCs) (Milshteyn et al., 2014; Medema and Fischbach,
2015). Computational detection of these BGCs and structural prediction of their products
allow microbial genomes to be mined for metabolites (Medema and Fischbach, 2015). Further
exploration of the secondary metabolism of marine flavobacteria might therefore unlock a
vast resource of novel bioactive compounds.

Here, we performed a comparative genomics analysis to investigate characteristic biological
features, such as the complex carbohydrate metabolism and gliding motility mechanism of
the Flavobacteriaceae family, with a focus on the ‘understudied’ Marine clade (McBride,
2014). In order to examine the relatedness underlying these properties with other bacterial
groups that are abundant and equally important in the marine environment we included
genomes of microorganisms belonging to Cyanobacteria and Proteobacteria phyla. Together
with Bacteroidetes, they represent the most significant fraction of the global marine
bacterioplankton (Kirchman, 2002; Yooseph et al., 2010; Sunagawa et al., 2015b). Moreover,
to discern traits that highlight niche-adaptation the same analysis was conducted, comparing
host-associated and non-host associated flavobacteria. Of the many recently identified
members of the Marine clade of the Flavobacteriaceae, only a few have been studied in detail
beyond their isolation and initial physiological characterization. In this study, we determined
the individual genome sequences of seven presumably novel flavobacteria isolated from
marine sponges (Versluis et al., 2017b; Gutleben et al., 2020) and associated their genomic
content with phenotypic features in terms of their gliding motility and antimicrobial activity.
Finally, in silico genome mining for BGCs was performed to elucidate the secondary metabolic
potential of bacteria belonging to dominant marine phyla (Cyanobacteria and Proteobacteria)
and particularly, to members of the Flavobacteriaceae.

Methods

Sample Collection and Isolation of Strains

Samples from the sponges Aplysina aerophoba and Dysidea avara were collected in January
2012 and June 2014, respectively, from Cala Montgd, Spain (42° 06’ 52.20" N, 03° 10" 06.52"
E) by SCUBA diving at a depth of approximately 12 m (Versluis et al., 2017b; Gutleben et al.,
2020). The collection of sponge samples was conducted in strict accordance with Spanish
and European regulations within the rules of the Spanish National Research Council with the
approval of the Directorate of Research of the Spanish Government. The study was found
exempt from ethics approval by the ethics commission of the University of Barcelona since,
according to article 3.1 of the European Union directive (2010/63/UE) from the 22/9/2010,
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no approval is needed for sponge sacrifice, as they are the most primitive animals and
lack a nervous system. Moreover, the collected sponges are not listed in the Convention
on International Trade in Endangered Species of Wild Fauna and Flora (CITES). Tissue
preparation and cryopreservation were performed as previously described (Sipkema et al.,
2011). Cryopreserved samples were stored at -80 °C. Initial cultivation and isolation of the
Flavobacteriaceae strains from the sponges Aplysina aerophoba (DN50, DN105, DN112, Aa_
C5, Aa_D4 and Aa_F7) and Dysidea avara (Da_B9) were described in Versluis et al. (2017)
and Gutleben et al. (2020) (Versluis et al., 2017b; Gutleben et al., 2020) (Table S1).

DNA extraction, Identification and Sequencing

Glycerol stocks of the original strains were initially used as inoculum for regrowth on
the original solid isolation media at 20 °C (Table S1). Single colonies were picked and
cultured in marine broth 2216 (Difco, Detroit, USA) at 30 °C. Genomic DNA was extracted
using the MasterPure DNA Purification Kit (Epicentre, Madison, USA). The quality,
purity and concentration of the extracted DNA were estimated by gel electrophoresis,
spectrophotometric analysis using a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific, USA) and Qubit dsDNA BR Assay kit (Molecular Probes, Life Technologies) used
with the DS-11 FX Fluorometer (DeNovix, USA).

To confirm the identity of the strains, 16S ribosomal RNA (rRNA) gene amplicons were
generated by PCR using primers 27F (5-AGAGTTTGGATCMTGGCTCAG-3') and 1492R
(5'-CGGTTACCTTGTTACGACTT-3’). The PCR reaction mixture contained 10 pL 5X GoTaq
reaction buffer (Promega), 1 uL dNTPs (10 mM), 2.5 uL primer 27F (10 uM), 2.5 uL primer
1492R (10 uM), 0.5 pL GoTaq Polymerase (5 U/uL) (Promega, Madison, W1, USA) and 1 pL of
the extracted DNA. Nuclease-free water (Promega, Madison, WI, USA) was added to reach
a total reaction volume of 50 pL. The following conditions were used for the bacterial 16S
rRNA gene amplification: initial denaturation at 98 °C for 10 min followed by 35 cycles of
denaturation at 98 °C for 20 sec, annealing at 52 °C for 20 sec, elongation at 72 °C for 45 sec
and a final extension step at 72 °C for 5 min. PCR products were purified using the GenelET
PCR purification kit (Thermo Fisher Scientific, USA) and quantified using a Nanodrop 2000c
spectrophotometer (Thermo Fisher Scientific, USA). The purified PCR products were sent
for Sanger sequencing with primers 27F and 1492R (GATC Biotech, Cologne, Germany; now
part of Eurofins Genomics Germany GmbH). Trimming (99% good bases, quality value >20,
25-base window) and contig assembly were conducted with DNA Baser 3.5.4.2.

Genome sequencing of strains DN50, DN105 and DN112 was performed using the Illumina
MiSeq platform (paired end, 2 x 300 bp reads) (Versluis et al., 2017b). The genomes of
strains Da_B9, Aa_C5, Aa_D4 and Aa_F7 were sequenced with lllumina HiSeq (paired end,
2 x 150 bp reads). All genomes were sequenced at GATC Biotech (Konstanz, Germany; now
part of Eurofins Genomics Germany GmbH).
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Genome Assembly and Quality Control

The quality of the reads was assessed with FASTQC 0.11.4 (Andrews, 2010). Trimmomatic
0.32 was used to remove the lllumina TruSeq adapter sequences and to perform quality
filtering (Bolger et al., 2014). A sliding window trimming approach was employed where
part of the read in the window (4 bases) was cropped if the average Phred quality in the
window was lower than 20. Any raw reads shorter than 20 bases were discarded. Genome
sequences generated by the Illumina MiSeq platform were de novo assembled with the
A5-miseq assembler (version 20160825) (Coil et al., 2015) using default settings. In the
case of DN50, the A5-miseq assembler generated a highly fragmented assembly, and the
SPAdes 3.11.1 assembler (Bankevich et al., 2012) was used instead. For the HiSeq data, the
best k-mer size was automatically selected by KmerGenie 1.6741 (Chikhi and Medvedeyv,
2014). SPAdes 3.11.1 was employed for the de novo assembly of the lllumina HiSeq reads
using the selected k-mer. BLASTN (Altschul et al., 1990) with default settings was employed
to investigate the assemblies for contamination. All contigs assigned to sequencing
artifacts and contamination (e.g. Enterobacteria phage phiX174) were discarded prior to
downstream analysis. Bowtie2 2.2.5 (Langmead and Salzberg, 2012) was used to map the
quality-filtered reads to the assembled contigs resulting in a sequence alignment map (SAM)
file. The SAM file was converted into a binary alignment map (BAM) file that was sorted and
indexed using SAMtools 0.1.19 (Li et al., 2009). The BAM file was used as input to improve
the draft assemblies using Pilon 1.13 (Walker et al., 2014). In addition, coverage per base
was calculated using the ‘genomecov’ command of BedTools 2.17.0 (Quinlan, 2014). The
quality of the draft assemblies was evaluated using QUAST 4.6.3 (Gurevich et al., 2013).
Completeness and contamination of all analysed genomes were estimated using CheckM
1.07 with the default set of marker genes (Parks et al., 2015).

Genome Annotation and Comparative Genomic Analysis

The draft assemblies of the seven strains sequenced in this study were uploaded to the
Integrated Microbial Genomes and Microbiomes (IMG/M version 5.0) system (Chen et al.,
2019), and metadata was submitted to the Genomes OnLine Database (GOLD) (Mukherjee
et al., 2019). For the comparative analysis, 59 genomes of strains belonging to the phyla
Bacteroidetes (family Flavobacteriaceae), Cyanobacteria and Proteobacteria (Table S2) were
selected that were publicly available at IMG/M (Chen et al., 2019). Protein functional families
were automatically assigned via the IMG/M pipeline by comparing predicted proteins to
Pfam-A (El-Gebali et al., 2019) Hidden Markov Models using HMMER 3.0b (Finn et al., 2015).
Gliding motility and T9SS proteins of the gliding F. johnsoniae and non-gliding P. gingivalis
(Additional File 1; https://github.com/mibwurrepo/Gavriilidou_PhD_Thesis) were used to
identify homologs in the protein sequences of the studied strains by BLASTP searches with
an E-value cut-off of 1e-5 using the IMG BLAST Tool. All selected genomes were downloaded
via the IMG/M website for further annotation. Predictions of the protein sequences were
obtained using Prokka 1.13 (Seemann, 2014). CAZymes were annotated based on HMMER

29




Chapter 2

searches (HMMER 3.0b) (Finn et al., 2015) against the dbCAN database release 6.0 (Lombard
et al., 2014). Annotation of PULs was performed using the PULPy pipeline (Stewart et al.,
2018). PULs which contained one susC/susD gene pair and at least one adjacent gene coding
for CAZymes were assigned as “complete”. The online server antiSMASH 5.0 (Blin et al.,
2019) was used for the identification of secondary metabolite BGCs with “relaxed” detection
strictness. The ClusterBlast and KnownClusterBlast modules integrated into antiSMASH 5.0
(Blin et al., 2019) were also used for comparative gene cluster analysis based on the NCBI
GenBank (Benson et al., 2013) and the ‘Minimum Information about a Biosynthetic Gene
Cluster’ (MIBiG) (Medema et al., 2015) data standard, respectively.

Phylogenetic Analysis and Data Selection

Taxonomic assignment of the seven newly sequenced isolates was performed by: 1) BLASTN
(May 2019) (Altschul et al., 1990) of near full length 16S rRNA gene sequences recovered
from this study against the nr/nt NCBI database and 2) single-copy marker gene analysis and
placement of genomes in the Genome Taxonomy Database (GTDB) reference tree (Parks
et al., 2018) using the GTDB-Tool Kit 1.1.0 (GTDB-Tk) classify workflow (Chaumeil et al.,
2019). For the reconstruction of the phylogeny, the closest relative of each isolate in NCBI
was selected based on the availability of genomes in IMG/M (Chen et al., 2019). Similarly,
representatives of the other clades of the family Flavobacteriaceae were chosen according
to the genome availability in IMG/M (Chen et al., 2019), but also the phylogenetic position
of the isolates (based on their 16S rRNA gene sequences) in ARB (Ludwig et al., 2004) using
the SILVA SSU Ref NR 99 database (release 132) (Quast et al., 2013) as reference. To compare
the functional traits of the Flavobacteriaceae members, representatives of two other phyla
that are dominant in the marine environment (Cyanobacteria and Proteobacteria) were
included in the analysis and were also used as outgroup. Multiple alignments of the 16S
rRNA gene sequences were performed using the SINA Aligner 1.2.11 (Pruesse et al., 2012).
A maximum likelihood tree was generated in ARB (Westram et al., 2011) employing RAXML
7.0.3 (Stamatakis et al., 2008) with 1,000 iterations of rapid bootstrapping. Phylogenomic
analysis was performed using GTDB-Tk 1.1.0 (Chaumeil et al., 2019). A concatenated amino
acid-based phylogeny was reconstructed using the translated amino acid sequences of 120
bacterial marker genes identified in the studied genomes and aligned by GTDB-Tk identify
and align module, respectively. The resulting multiple sequence alignment was used for
generating a maximum likelihood protein tree using FastTree 2.1.11 with default parameters
(Price et al., 2010). Visualization of both maximum likelihood trees was performed using the
Interactive Tree of Life (iTOL) version 3 (Letunic and Bork, 2016).

Phenotypic Assays

Gliding Motility Tests

To determine colony spreading, two different types of marine agar plates were prepared
using marine broth 2216 (Difco, Detroit, USA) solidified with either 1% (w/v) or 1.8% (w/v)
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of Noble Agar (Sigma-Aldrich, MA, USA). The cells were first grown in marine broth at
30 °C until they reached mid-exponential phase. Subsequently, a 5 pL sample of the cell
suspension was spotted at the centre of each test plate using an Eppendorf pipette. After
observing growth, the edges of the colonies were viewed with a Zeiss Axio Scope.Al phase-
contrast microscope at a magnification of 10X. Pictures of the colony edges were taken using
a Zeiss AxioCam ICc3 attached to the phase-contrast microscope.

Antimicrobial Activity Tests

Disc diffusion assays were carried out according to the Kirby-Bauer susceptibility method
(Bauer et al., 1966). To determine the antimicrobial activity of the seven isolates (Table S1),
a number of indicator strains were used (Table S3). Prior to the screening, broth cultures
of the indicator strains were prepared using 200 plL of the stock cultures to inoculate 3
mL of the respective media and incubated overnight at the corresponding temperatures
(Table S3). Subsequently, 200 uL of the cultures (adjusted to 0D, 0.5) were uniformly
spread on agar plates using a sterile L-shape spreader. The tested isolates were cultured in
marine broth 2216 (Difco, Detroit, USA) at 30 °C until they reached stationary phase. After
harvesting, the cultures were centrifuged at 1,657 x g for 20 min at room temperature. The
supernatant was sterile-filtered using a 0.2 um syringe filter to remove the bacterial cells.
For screening, sterile, 6-mm diameter filter paper discs were impregnated with 60 uL of
the cell-free supernatant and air-dried for 1 h. The paper discs were then transferred onto
the agar plates covered with a lawn of the indicator strains. As positive controls, antibiotics
known to be effective against the indicator strains were used (Table S3). The uninoculated
growth medium of each of the tested strains was used as negative control, after receiving
the same treatment as described for the cultures of the isolates. The plates were incubated
for 24 to 48 h at different temperatures depending on the indicator strains used for the
assay. After the incubation, the plates were examined for the presence of inhibition zones
that were measured using a calliper. All assays were performed in triplicate.

Statistical analysis

Datawere analysed and visualizedin R3.5.0 using vegan 2.5-2 (Oksanen etal., 2018), phyloseq
1.26.1 (McMurdie and Holmes, 2013), ggplot2 3.1.1 (Wickham, 2016), VennDiagram 1.6.20
(Chen, 2018), and ComplexHeatmap (Gu et al., 2016). Functional comparisons between
genomes were performed using Pfam annotations as input data. A Bray-Curtis dissimilarity
distance matrix was calculated based on the relative abundance (Gene counts/Total
genes) of Pfam profiles with the ‘vegdist’ function in the vegan R package. Variation in the
functional profiles was assessed by non-metric multidimensional scaling (NMDS) ordination
using the Bray-Curtis dissimilarity matrix with the ‘ordinate’ function in the phyloseq R
package. NMDS plots were created using the ‘plot_ordination’ function of the ggplot2 R
package. The significance of the differences in functional profiles across major taxonomic
groups and within the Flavobacteriaceae was tested by non-parametric permutational
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analysis of variance (PERMANOVA) on the Bray-Curtis dissimilarity matrix using the ‘adonis’
function in the vegan R package, with the number of permutations set at 999. To rank
the Pfams contributing the most to the differentiation of the functional profiles between
genomes, Similarity Percentage (SIMPER) analysis was employed with the ‘simper’ function
of the vegan R package. For the pairwise comparisons, only Pfam entries with the highest
significant contribution to the dissimilarity are shown (>0.2%, p <0.05).

Results

Genome properties and phylogeny

To determine the genomic characteristics of the seven Flavobacteriaceae isolates recently
obtained from the sponges Aplysina aerophoba and Dysidea avara and to allow for
comparison with publicly available genomes from other members of the Flavobacteriaceae,
their genomes were elucidated using lllumina sequencing. Genome sizes of the seven strains
ranged from 3.7 to 5.3 Mbp with an average GC content of 38% (Table 1). The assembly
generated genomes with 13-83 contigs and N50 ranging from 0.1 to 1.3 Mbp. Estimated
completeness was more than 98%, and redundancy was lower than 2% for all assembled
genomes. Coverage per base was above 200x for all draft genomes, except for DN50 for
which it was 77x. Total gene count varied between 3317 and 4738, while the percentage
of coding sequences (CDS) in all the assembled genomes was more than 98%. On average,
more than 75% of the total genes could be assigned to protein families (Pfams).

Table 1. Genome properties and quality metrics of the strains sequenced in this study.

Aa_C5 Aa_D4 Aa_F7 Da_B9 DN50 DN105 DN112
Size (Mbp) 3.7 3.7 42 43 5.3 4.8 4.7
Contigs 45 13 43 19 38 83 19
%GC 37 37 41 45 39 36 31
N50 (Mbp) 0.8 0.7 0.6 0.6 0.3 0.1 13
Per base 1331 357 298 248 77 207 261
coverage (x)
Completeness 98.7 98.7 99.3 99.7 99.7 99.7 99.3
(%)
Contamination 0.1 0.1 0.2 0.7 1.8 0.6 1.0
Total gene 3317 3306 3776 4079 4738 4331 4069
count
CDS genes (%) 98.7 98.7 98.8 98.7 98.7 98.8 98.0
Number of 16S 1 1 2 1 3 1 1
rRNA genes
Number of 36 36 37 45 50 40 63
tRNA genes
Genes in 80.9 80.9 77.8 74.8 70.2 73.2 77.8
Pfams (%)
Isolation Aplysina Aplysina Aplysina Dysidea Aplysina Aplysina Aplysina
source aerophoba aerophoba aerophoba avara aerophoba aerophoba aerophoba
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Phylogenetic analyses based on 16S rRNA gene as well as concatenated protein sequences

both clustered all seven newly sequenced strains within the Marine clade of the family
Flavobacteriaceae (Figure 1 and S1).

Lutibacter
maritimus bsm 24450

. lum-Polaribacte,
r ,naCIbaC" r

Tree scale: 0.1

Figure 1. 16S rRNA gene phylogenetic tree of microorganisms whose genomes were compared in
this study. Phylogeny was inferred using a maximum likelihood method. Bootstrap values (> 70%) are
displayed as black circles on the middle of the branches. Color annotations represent the different
Flavobacteriaceae clades. Sequences belonging to Cyanobacteria and Proteobacteria were used as
outgroups. Names in bold indicate sequences generated in the current study. The scale bar indicates
0.1 substitutions per site.

All strains isolated in this study formed distinct branches in both phylogenetic trees, except
for Aa_D4 and Aa_C5, the 16S rRNA gene sequences of which were 99.6% identical. Similarly,
a two-way Amino Acid Identity (AAI) comparison of Aa_D4 and Aa_C5 resulted in 99.8%
AAl. Among the newly sequenced isolates, two subclades within the Marine clade were

represented, where DN112 and DN105 were phylogenetically adjacent, but distant from the
rest of the isolates that grouped together (Figure 1 and S1). A BLASTN search against the nr/
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nt NCBI database showed that both Aa_C5 and Aa_D4 were members of the genus Eudoraea
(Table S4). BLASTN returned Flagellimonas sp. as the closest hit to Aa_F7 and Lacinutrix sp.
to DN112. The closest related sequence to DN50 belonged to an uncultured organism clone,
while Da_B9 and DN105 were most closely related to a Flavobacteriaceae bacterium, isolated
from seamounts and a marine sponge, respectively (Table S4). Taxonomic assighment of
the newly sequenced genomes based on the Genome Taxonomy Database (GTDB) showed
similar results with the 16S rRNA gene-based taxonomy. According to GTDB taxonomy, none
of the strains could be classified to species level. Four of them were classified to genus level
and the rest to family level (Table S4).

Functional profiling

Pfam profiles of 66 genomes representing three taxonomic groups (the family
Flavobacteriaceae, and the phyla Cyanobacteria and Proteobacteria), all four clades of the
Flavobacteriaceae (Marine, Capnocytophaga, Tenacibaculum-Polaribacter, Flavobacterium)
and two different types of isolation sources (host-associated and non-host associated) were
used as input to assess the correlation of taxonomy and life strategy with genome-derived
functional traits. Flavobacteriaceae, Cyanobacteria and Proteobacteria had highly divergent
functional profiles based on the relative abundances of Pfam annotations (PERMANOVA, p =
0.001) (Figure 2a). Flavobacteriaceae and Cyanobacteria showed higher overall dissimilarity
(57.4%) at the functional level, compared to Flavobacteriaceae and Proteobacteria
(50%). Similarly, functional profiles were significantly different between the four different
flavobacterial clades (PERMANOVA, p = 0.001) (Figure 2b). In contrast, no significant
differences were observed between host-associated and non-host associated flavobacteria
at the functional level (PERMANOVA, p > 0.05) (data not shown).
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Figure 2. NMDS clustering of genomes based on similarity of functional groups according to Pfam
annotations. Genomes are plotted following Bray-Curtis dissimilarity values calculated from Pfam
abundance profiles between major taxonomic groups (a) and different Flavobacteriaceae clades (b).

34



Comparative genomic analysis of Flavobacteriaceae

From the 5,173 Pfams detected, 1,648 were present in all three groups (Flavobacteriaceae,
Cyanobacteria and Proteobacteria), whereas 1,132 were specific to Flavobacteriaceae
(Figure 3a). The total number of predicted Pfams in the included genomes of the
Flavobacteriaceae was 3,843 with 17% of them being specific to the Marine clade. Overall, a
high degree of functional conservation, was observed at the Pfam-level among the different
clades of the Flavobacteriaceae, with 48% of all annotated Pfams being shared by the four
clades (Figure 3b). All predicted Pfams that significantly contributed most to the dissimilarity
between Flavobacteriaceae, Cyanobacteria and Proteobacteria (SIMPER analysis, > 0.2%
contribution, p < 0.05) showed higher abundances in Flavobacteriaceae. Particularly, most
functional attributes strongly selected for in flavobacteria were related to proteins involved
in carbohydrate metabolism and transport (Table 2). These include a series of protein
domains found in TonB-dependent receptors (pfam13715, pfam07715, pfam00593) and
two-component regulatory systems (pfam00072, pfam08281, pfam04542, pfam04397).

a b
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Flavobacterium  Tenacibaculum-Polaribacter
Flavobacteria

i Capnocytophaga
Marine 133 5 pnocytophag

650

Proteobacteria

Figure 3. Shared and unique protein families (Pfams) between the analysed genomes. Venn diagrams
illustrate shared and unique Pfams amongst Flavobacteriaceae, Cyanobacteria and Proteobacteria (a)
and within the Flavobacteriaceae (b).

The majority of the genes coding for TonB-dependent receptors were found adjacent to
genes that code for SusD/RagB family proteins (pfam07980), which are restricted to the
phylum Bacteroidetes. Moreover, among the most differentiating Pfam entries was the
CHU_C family (pfam13585) that was found only in Flavobacteriaceae. This family has been
reported as essential for the localization of a cellulase on the cell surface in Cytophaga
hutchinsonii and the function of this cellulase in crystalline cellulose degradation (Wang
et al., 2017). It showed high similarity to the gliding motility-associated C-terminal domain
(CTD) (TIGR04131) that is unique to and highly prevalent in the phylum Bacteroidetes (Veith
et al., 2017). This CTD (type B CTD) has been recently shown to target proteins for secretion
by the T9SS (Kulkarni et al., 2019). Similarly, within the Flavobacteriaceae, the functional
differences between the Marine, the Capnocytophaga and the Flavobacterium clade were
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mainly due to contribution of Pfam entries related to the attachment and degradation
of polymeric compounds (Table S5). There were no obvious functions distinguishing the
Marine and the Tenacibaculum-Polaribacter clades, except for the C-terminal domain of the
CHU protein family (pfam13585) that was significantly more abundant in the Marine clade
members.

Table 2. Pfams contributing most significantly (> 0.2%, p < 0.05) to differences across major taxonomic
groups.

Function name (Pfam ID) Relative Abundance (%) Contribution (%) p-values (< 0.05)
F c P F-C F-P F-C F-P

CarboxypepD_reg-like domain 1.23 0 0.004 0.97 0.97 0.001 0.001
(pfam13715)

TonB-dependent Receptor Plug 1.13 0.01 0.44 0.77 0.76 0.001 0.016
Domain (pfam07715)

TonB dependent receptor 0.55 0.01 0.29 0.47 0.42 0.001 0.04
(pfam00593)

Response regulator receiver 1.09 0.85 0.95 0.41 0.49 0.014 0.015
domain (pfam00072)

Sigma-70, region 4 (pfam08281) 0.51 0.04 0.11 0.41 0.37 0.001 0.002
LytTr DNA-binding domain 0.40 0 0.06 0.35 0.34 0.005 0.029
(pfam04397)

Sigma-70 region 2 (pfam04542) 0.63 0.24 0.21 0.33 0.40 0.004 0.001
C-terminal domain of CHU 0.38 0 0 0.31 0.35 0.001 0.001

protein family (pfam13585)

F, Flavobacteriaceae; C, Cyanobacteria; P, Proteobacteria.

Carbohydrate metabolism and transport

The ability to degrade and transform complex carbohydrates was assessed by mining
the genomic data for carbohydrate-active enzymes (CAZymes) and PULs. In total,
Flavobacteriaceae harboured more CAZymes per Mbp (Kruskal-Wallis test, p < 0.001)
compared to Cyanobacteria and Proteobacteria (Additional File 1; https://github.com/
mibwurrepo/Gavriilidou_PhD_Thesis). Comparison of the CAZyme repertoire (average
number of CAZymes per Mbp) across the different groups showed significantly higher
frequencies of GHs, PLs, CEs and CBMs in Flavobacteriaceae (Kruskal-Wallis test, p < 0.001),
whereas glycosyl transferases (GTs) were more frequent in Cyanobacteria (Kruskal-Wallis
test, p < 0.05) (Figure 4a). No statistically significant differences were observed in the
frequency of the different CAZyme classes between the different Flavobacteriaceae clades
(Figure 4b and Additional File 1). In contrast, the number of degradative CAZymes arranged
in PULs per Mbp (Kruskal-Wallis test, p < 0.05) and putative PULs per Mbp (Kruskal-Wallis
test, p < 0.01) revealed a significant variation in the potential to degrade polysaccharides
between the Flavobacteriaceae clades (Additional File 1; https://github.com/mibwurrepo/
Gavriilidou_PhD_Thesis).

36



Comparative genomic analysis of Flavobacteriaceae

a

204
oy

151
=
o Taxa
§. Cyanobacteria
1§10 Flavobacteriaceae
(c) Proteobacteria
[
]
= 51

,
AAs CBMs CEs GHs
CAZyme Classes

b

254

20+
Q
s
315 Clades
15
; Capnocytophaga
N Flavobacterium
8 10- Marine
% Tenacibaculum-Polaribacter
]
E

AAs CBMs CEs GHs GTs PLs
CAZyme Classes

Figure 4. Mean number of CAZymes per Mbin the analyzed genomes. Frequency of CAZymes normalized
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Error bars represent mean numbers + standard error. GHs, glycoside hydrolases; PLs, polysaccharide
lyases; CEs, carbohydrate esterases; GTs, glycosyl transferases; CBMs, carbohydrate-binding modules.

Strains of the Marine clade possessed an average of 42.4 degradative CAZymes per Mbp
of which 14.6% were PUL-associated. Moreover, 3.1 PULs per Mbp were identified in
the Marine strains with 5.2% being “complete” (Table 3). The rest of the annotated PULs
included only polysaccharide binding proteins (susC/D genes), but no CAZyme-encoding
genes. Within Flavobacteriaceae, Capnocytophaga genomes encoded 2.5 times more PUL-
associated CAZymes (Kruskal-Wallis test, p < 0.05) than genomes belonging to the Marine
clade. Similarly, strains of the Capnocytophaga clade showed on average the highest
frequency of PULs (8.4 PULs per Mbp) while Marine, Tenacibaculum-Polaribacter and
Flavobacterium genomes followed with 3.1, 2.9 and 1.8 PULs per Mbp, respectively (Table
3). In the Marine clade, among the most abundant GH families were GH family 74 (GH74)
and GH109 (Additional File 1; https://github.com/mibwurrepo/Gavriilidou_PhD_Thesis).
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GH74 comprises many xyloglucan-hydrolyzing enzymes, while enzymes belonging to GH109
have a-N-acetylgalactosaminidase activity (Carbohydrate Active Enzymes database; http://
www.cazy.org/). In the case of CBMs in the Marine clade, most hits belonged to the chitin-
or peptidoglycan-binding family (CBM50) and cellulose- and xyloglucan-binding family
(CBMA44) (Carbohydrate Active Enzymes database; http://www.cazy.org/

Table 3. Comparison of frequencies of degradative CAZymes, PULs and CAZymes in PULs in
Flavobacteriaceae genomes.

Flavobacteriaceae

M C F T
CAZymes/Mbp 42.4 43.7 28.9 40.1
Total PULs/Mbp 3.1 8.4 1.8 2.9
%Complete PULs/Mbp 5.2 4.7 7.3 5.0
CAZymes in PULs/Mbp 6.2 15.5 49 8.5
%CAZymes in PULs/Mbp 14.6 35.1 11.0 19.3

A more detailed table of the PUL-associated CAZymes distribution can be found in Additional File 2
(https://github.com/mibwurrepo/Gavriilidou_PhD_Thesis). M, Marine; C, Capnocytophaga;
F, Flavobacterium; T, Tenacibaculum-Polaribacter.

Gliding motility and Type 9 secretion

Based on the studies of (Veith et al., 2017) and (McBride, 2019b), we defined a set of 27
proteins that are related to gliding motility and T9SS, e.g. as reported for F. johnsoniae and P.
gingivalis. These proteins were categorized as i) essential, ii) important, when their absence
had a minimal effect but not complete loss of motility and secretion, and iii) non-essential,
according to previous reports on F. johnsoniae (Veith et al., 2017; McBride, 2019a) (Additional
File 1; https://github.com/mibwurrepo/Gavriilidou_PhD_Thesis). Forty-nine publicly available
genomes (Table S2) of gliding and non-gliding members of the different clades of the
Flavobacteriaceae (Marine, Capnocytophaga, Flavobacterium, Tenacibaculum-Polaribacter)
(Figure 5) isolated from different environments (host-associated and non-host associated)
were screened for the presence of homologs to these 27 proteins, using amino acid sequences.
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Figure 5. Presence of homologs of gliding motility and T9SS proteins in the predicted proteomes. Presence
of homologs is indicated by light blue squares and absence by white squares. Strains sequenced in the
framework of this study are indicated in bold. Each species was annotated based on its taxonomy (Groups)
and motility as reported in literature. Protein names in bold are considered essential or important for F.
johnsoniae gliding. The rest of the proteins are either non-essential or their role in F. johnsoniae gliding
has not been determined (Veith et al., 2017; McBride, 2019a). Other, gliding motility mechanism other
than T9SS-based;NA, no information available (see also Additional File 1).

All 29 flavobacteria reported in the literature as ‘gliding’ had homologs for 20 of the motility
and T9SS-related proteins (GIdA, GIdB, GIdF, GIdG, GldD, GldH, Gldl, GldJ, GIdK, GIdL, GIdM,
GIdN, SprA, SprE, SprF, SprT, PorV, SigP, PorX and PorY), except for Cellulophaga tyrosinoxydans

which was lacking GIdF and GIdG homologs (Figure 5). The 20 proteins encoded by the

genomes of all other gliding flavobacteria include all the Gld and Spr proteins that were
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considered essential or important for motility in F. johnsoniae (Additional File 1; https://
github.com/mibwurrepo/Gavriilidou_PhD_Thesis) (McBride and Zhu, 2013). Homologs to
the motility adhesins RemA were not detected in five out of the 29 genomes of gliding
members of the Bacteroidetes phylum, while SprB homologs were present in all gliding
bacteria. In our dataset, there were two strains for which no information regarding motility
was available in literature (Winogradskyella jejuensis CP32™ and Winogradskyella sp. 114-2).
Here, we report that both strains have a complete set of homologs to the T9SS-based gliding
proteins. For the non-gliding P. gingivalis, homologs for the major T9SS components (GIdK,
GldL, GIdM, GIdN, SprA, SprE, SprT) were detected in the genome (Figure 5). Four proteins
(GIdF, GIdG, GIdD, Gldl) that are required for gliding motility of F. johnsoniae did not appear
to be encoded in the genome of P. gingivalis. The same was the case for the motility adhesin
RemA and the SprB supporting proteins, SprC and SprD. No obvious differences in the
presence of gliding and T9SS proteins were found among genomes of host-associated and
non-host-associated strains (data not shown). Similarly, no specific pattern was observed in
terms of the gliding motility of the different Flavobacteriaceae clades (Figure 5).

Apart from the Bacteroidetes, proteins encoded by genomes from two other phyla
(Cyanobacteria and Proteobacteria) were searched by BLASTP (E-value 1e-5) for the presence
of homologs of gliding and T9SS-related proteins (Figure 5). In general, homologs to F.
johnsoniae motility proteins were scarce among these two phyla. From the gliding motility
proteins, only GIdA homologs were present in all cyanobacterial and proteobacterial genomes.
However, GIdA is the ATP-binding component of the ABC transporter of the gliding motility
apparatus and might share sequence similarity with many other (not necessarily gliding-
related) ATP-binding regions of ABC transporters (McBride and Zhu, 2013). Anabaena sp. and
Trichodesmium erythraeum strains were the only cyanobacteria in our dataset previously
reported as gliding (Hoiczyk, 2000; Lee et al., 2017), and both genomes were found to encode
homologs for five gliding proteins (GIdA, GIdF, GIdG, GldJ, GIdK) and three regulatory proteins
(SigP, PorX and PorY). The Anabaena sp. genome also encoded one Spr ortholog (SprE) that was
absent from T. erythraeum. Among the genomes tested in this study, those of Prochlorococcus
marinus and Candidatus Pelagibacter ubique encoded the lowest number (three) of homologs
to the motility and T9SS proteins (Figure 5). In addition to examining the genomes of the seven
flavobacterial sponge isolates, their gliding motility was also tested based on the formation
of spreading colonies on agar. All newly sequenced genomes encode homologs for each of
the proteins considered essential for gliding motility and type 9 secretion in F. johnsoniae
(Additional File 1; https://github.com/mibwurrepo/Gavriilidou_PhD_Thesis). However, after
examination of the colony morphology, most of the isolated strains (DN105, Da_B9, Aa_C5,
Aa_D4, DN112) were non-spreading on agar, and only Aa_F7 and DN50 formed spreading
colonies. The edges of the colonies of both Aa_F7 and DN50 formed slender peninsulas
spreading on 1% (w/v) agar plates (Figure 6a and b). On 1.8% (w/v) agar plates, DN50 exhibited
a colony surface contour pattern probably attributed to gliding motility and secondary colony
formation (Figure 6c¢). This pattern was not observed for any of the other strains.
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Figure 6. Colony morphologies of the studied flavobacterial strains. a and b) Spreading colonies of
strains DN50 and Aa_F7, respectively, that form slender peninsulas on 1% (w/v) agar; c) Surface
contour pattern of DN50 colonies on 1.8% (w/v) agar; d) Non-spreading colonies of DN105. Photos
were taken with an AxioCam ICc3 attached to a Zeiss Axio Scope.Al phase-contrast microscope.

Homologs for all gliding and T9SS proteins were identified in the genomes of the spreading
strains (Aa_F7 and DN50), except for PorQ and PorU. Consequently, the chromosomal
neighbourhood of these genes was investigated for the genomes of Aa_F7 and DN50 and
compared to that of F. johnsoniae UW101 (Figure 7). In the F. johnsoniae genome, porU
(Fjoh_1556) liesimmediately upstream of porV (Fjoh_1555) and adjacent to g/dJ (Fjoh_1557),
being encoded on the opposite strand. For Aa_F7 and DN50, the gene arrangement was
similar to that found in F. johnsoniae with a gene coding for a ligase downstream of gldJ. No
homolog to porU was identified in the genomes of Aa_F7 and DN50, and the genes directly
adjacent to gldJ were annotated as hypothetical proteins (Figure 7).
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Sequence alignments of these hypothetical proteins and F. johnsoniae PorU by BLASTP showed
amino acid identities of 24.4% and 26.3% and a query cover of 8% and 14% for Aa_F7 and
DN50, respectively. In the case of porQ, it was not possible to use the gene neighbourhood
because it is not adjacent to any of the known gliding or T9SS-related genes in F. johnsoniae.
Instead, a BLASTP search with a lower cut-off (E-value 1e-0) revealed weak hits for PorQ in
both Aa_F7 and DN50. Interestingly, in the genome of DN105 all components of F. johnsoniae
gliding and T9SS machinery were identified, even though it did not form spreading colonies on
agar under the examined conditions (Figure 6d). Similarly, Bizionia echini, Lacinutrix venerupis
and Tamlana sedimentorum were previously reported as non-motile, but they carry a complete
set of orthologous gliding genes in their genomes (Figure 5).

Secondary metabolome

The genomic repertoire for secondary metabolite synthesis of the 66 studied bacteria was
assessed using the ‘Antibiotics and secondary metabolite analysis shell’ (antiSMASH) (Blin et
al., 2019). In Flavobacteriaceae, the vast majority of BGCs was predicted to encode terpene
synthases (44%), followed by type Il polyketide synthases (T3PKS) (9%), non-ribosomal
peptide synthetases (NRPS) (7%), lanthipeptide (6%) and aryl polyene (6%) clusters. In total,
the percentage of genes putatively involved in the biosynthesis of secondary metabolites in
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relation to the total number of protein-coding genes in each genome ranged between 0.02
and 0.3%. Cyanobacteria showed the highest average number of annotated BGCs (n = 7),
compared to Flavobacteriaceae (n = 4) and Proteobacteria (n = 4) (Table S6). Gene clusters
encoding the proteins involved in the biosynthesis of non-ribosomal peptides and polyketides
were identified in genomes from all three major groups (Table S6). Terpene BGCs were detected
in all analysed genomes and showed the highest relative abundance in Flavobacteriaceae and
Cyanobacteria. In contrast, the most abundant gene cluster in Proteobacteria was affiliated
with the biosynthesis of homoserine lactones (HSL), a quorum sensing (QS) molecule in Gram-
negative bacteria (Table 4). Interestingly, only one flavobacterial strain (Muriicola jejuensis
DSM 21206) harboured HSL BGCs.

Table 4. Distribution of BGCs (mean number of BGCs per strain) across major taxonomic groups and
different Flavobacteriaceae clades.

Gene cluster type Flavobacteriaceae Cyanobacteria Proteobacteria
(antiSMASH)

M C F T
Terpene 1.63 1.20 1.40 1.20 1.60 0.40
T3PKS 0.39 0 0.20 0.20 0.20 0
NRPS 0.29 0 0.20 0 1.00 0
Lanthipeptide 0.22 0.40 0 0.20 0 0
Aryl polyene 0.17 0 0.60 0.20 0.60 0.20
Aryl polyene-Resorcinol 0.17 0 0.60 0 0 0
Bacteriocin 0.12 0.20 0.20 0 1.40 0.80
NRPS-like 0.05 0.40 0 0 0.60 0
Siderophore 0 0.20 0.60 0.20 0 0.20
Homoserine lactone 0.02 0 0 0 0 1.40
Betalactone 0 0 0.20 0 0 0.40

Only BGC types with mean abundance of more than 0.1 BGCs/strain in the complete dataset are shown.
A more detailed table of the BGC distribution can be found in Table S7. M, Marine; C, Capnocytophaga;
F, Flavobacterium; T, Tenacibaculum-Polaribacter.

Within the Flavobacteriaceae, strains from the Marine and Flavobacterium clades contained
the largest average number of BGCs (Table S6), whereas on average only 2 BGCs were detected
in the Tenacibaculum-Polaribacter genomes. In general, the different flavobacterial clades
exhibited a similar composition in terms of the types of predicted BGCs being enriched in
their genomes, including terpene, lanthipeptide, NRPS and aryl polyene BGCs.

Genome mining for BGCs of the seven newly isolated flavobacteria resulted in the detection of
five BGCs, on average, belonging to six different classes based on the antiSMASH database. In
total, 63% of the identified BGC encoded proteins were predicted to be involved in pathways
for the production of terpenes, lanthipeptides and aryl polyenes. Less abundant but widely
distributed across these genomes were bacteriocin, T3PKS and NRPS BGCs. Strain DN50
harboured the largest number of different BGC types and the highest absolute BGC abundance
(Figure 8).
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Figure 8. Composition of BGCs identified in the genomes newly sequenced in this study. The absolute
number of BGCs per strain assigned to each BGC class is shown. Different colours indicate different
BGC classes.

A more detailed comparative analysis of the BGCs showed that the necessary proteins
predicted to synthesize carotenoid pigments were present in all seven flavobacterial
genomes. Similarly, DN50 harboured a BGC related to the production of flexirubin, another
type of bacterial pigment (Reichenbach et al., 1980; Bernardet, 2011; McBride, 2014).
To accompany the genome mining results, antimicrobial activity of the seven sponge-
associated flavobacterial strains was tested against six indicator strains (Escherichia coli,
Bacillus subtilis, Staphylococcus simulans, Aeromonas salmonicida, Candida oleophila,
Saprolegnia parasitica) belonging to the three categories Gram-positive, Gram-negative
bacteria and fungi-oomycetes. Even though the genome predictions revealed a variety of
secondary metabolite BGCs, none of the studied isolates showed antimicrobial activity
under the examined conditions (data not shown).

Discussion

The family Flavobacteriaceae in the phylum Bacteroidetes currently contains more than 150
described genera that are widespread in marine and non-marine ecosystems (Kirchman,
2002). Thriving in such diverse habitats could indicate a high genetic plasticity. Disentangling
the phylogeny of the family was controversial and challenging in the past, yet it has remained
relatively stable for the past two decades (McBride, 2014). In this study, we followed the
definition of flavobacterial clades as proposed by (McBride, 2014) with a focus on the Marine
clade. Whole-genome reconstructed phylogeny based on 120 single copy bacterial marker
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genes confirmed the 16S rRNA gene-based phylogeny by placing all newly sequenced strains
in the Marine clade of the family Flavobacteriaceae.

We compared representative genomes of phylogenetically diverse flavobacteria inhabiting
various niches to reveal novel insights into the characteristic properties of this group. The
functional profiling based on Pfam entries revealed a high degree of distinction between
the Flavobacteriaceae in comparison with other taxa dominant in marine environments,
i.e. Proteobacteria and Cyanobacteria. This was also true for the genomic content of
flavobacteria from different clades. However, comparison of functional profiles of host-
associated and non-host-associated flavobacteria did not show significant dissimilarity. These
results indicate that the functional traits within the Flavobacteriaceae were congruent with
both single-copy marker gene- and 16S rRNA gene-based phylogeny (Liu et al., 2019; Silva
et al., 2019a), rather than the habitat type, i.e. host-associated or non-host-associated (Silva
et al., 2019a). However, it is important to mention that the environmental or organismal
source of bacterial strains that have been isolated under laboratory conditions does not
prove host-attachment in situ. Moreover, in marine environments a considerable number
of host-associations might be coincidental as many microbes show metabolic versatility of
a biphasic lifestyle-strategy that includes seawater particles (“free-living”) and animal hosts
(Wollenberg and Ruby, 2012; Bondarev et al., 2013; Versluis et al., 2018; Karimi et al., 2019),
most likely in the search of nutrient sources (Wollenberg and Ruby, 2012). Previous studies
provided evidence with respect to the phylogenetic conservation of traits associated with
organic substrate utilization in different microorganisms (Martiny et al., 2013; Zimmerman
et al., 2013) and particularly in members of the Flavobacteriaceae (Liu et al., 2019; Silva
et al., 2019a). Interestingly, functional traits appeared to be highly conserved within the
different flavobacterial clades (48% shared Pfams), even though the isolation sources of
the strains were largely diverse. The key functions strongly enriched in Flavobacteriaceae,
in general, and also in the Marine clade, were related to nutrient acquisition in regard to
complex carbohydrate metabolism as well as gliding motility.

These two features have been repeatedly linked to the important role of Flavobacteriaceae
in the degradation of high molecular weight organic matter within the marine environment
(Kirchman, 2002; Fernandez-Gomez et al., 2013). Investigation of the repertoire of
polymer-degrading enzymes among dominant marine bacterial groups revealed that
Flavobacteriaceae had significantly more GHs, PLs, CEs and CBMs per Mbp compared to
Cyanobacteria and Proteobacteria, supporting their pronounced capacity as polymer
degraders and perhaps as key players in ocean carbon cycling (Fernandez-Gomez et al.,
2013; Bennke et al., 2016; Kappelmann et al., 2019; Liu et al., 2019; Silva et al., 2019a).
The capacity is justified by Bacteroidetes’ particular genomic content which is enriched in
genes encoding highly specific CAZymes, regulatory proteins and transporters arranged in
clusters termed PULs that are required for depolymerization of complex polysaccharides
(Grondin et al., 2017; Lapebie et al., 2019). Previous analyses of the PUL spectrum in marine
Flavobacteriaceae revealed a similar average number of degradative CAZymes and PULs
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(Kappelmann et al., 2019). Between the different flavobacterial clades, Capnocytophaga
strains possessed more PULs and PUL-associated CAZymes per Mbp, likely reflecting their
increased metabolic capabilities. This was also supported by their slightly larger genomes
compared to the Marine clade strains. Genome size could be partially associated with
the different ecological niches colonized by Capnocytophaga and Marine flavobacteria,
as bacteria living in habitats with ample nutrient supply tend to have larger genomes and
target more complex substrates (Thomas et al., 2011).

Regarding the function of the predicted CAZymes in the Marine clade genomes, the GH74
family occurs with the highest frequency and contains various enzymes that hydrolyse 8-1,4
linkages of glucans. Thus, these enzymes assist in the degradation of different oligo- and
polysaccharides, including xyloglucans, which is a hemicellulose polysaccharide present in
plant cell walls and green algae (Del Bem and Vincentz, 2010). GH109, predicted as a-N-
acetylgalactosaminidase, was the second most frequent GH family in the Marine clade
genomes. These enzymes cleave N-acetylgalactosamine residues from various substrates
such as glycolipids, glycopeptides and glycoproteins. It is highly likely that these substrates
are derived from dissolved and/or particulate organic matter found in seawater, but also from
the matrix of sponges (Kamke et al., 2013; Bayer et al., 2018). In addition, high frequencies
of CBM50 and CBM44 genes were observed in the Marine clade. CBM50 proteins are found
attached to enzymes that might cleave either bacterial peptidoglycan or animal chitin, and
CBM44 are modules related to enzymes that bind both cellulose and xyloglucan (Bennke
et al., 2016; Bayer et al., 2018). Taken together, our results reflect that the Marine clade
flavobacteria have the genetic repertoire for utilizing a large diversity of carbon sources
derived from algae, plants, bacteria and animals. This feature common in these microbes
derived from numerous source habitats underlines the essential role of substrate utilization
in the colonization of both host-associated and non-host-associated niches.

Many members of the Bacteroidetes and particularly Flavobacteriaceae can glide rapidly
over surfaces using two novel and intertwined machines, one gliding motor involved in
cell movement and one protein secretion system, known as T9SS (McBride and Zhu, 2013;
McBride and Nakane, 2015; Johnston et al., 2018; McBride, 2019a). Glidingis common among
members of the Flavobacteriaceae (Bernardet et al., 2002). This notion could be reinforced
by the fact that genomes of all investigated gliding flavobacteria encoded homologs of
the necessary components for T9SS-based gliding, with the exception of Cellulophaga
tyrosinoxydans. This bacterium was lacking the two proteins GIdF and GIdG, which together
with GIdA are thought to be the components of an ATP-binding cassette (ABC) transporter
involved in flavobacterial gliding (Hunnicutt et al., 2002). According to McBride and Zhu
(2013), two other flavobacteria, Cellulophaga algicola and Maribacter sp. HTCC2170 were
also actively gliding even though their genomes were lacking the genes encoding this ABC
transporter (McBride and Zhu, 2013). This might suggest either the involvement of another
ABC transporter, common in most organisms, or a non-essential role of this ABC transporter
in Bacteroidetes gliding motility (McBride and Zhu, 2013; Zhu and McBride, 2016; McBride,
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2019a). The T9SS exports the motility adhesins RemA and SprB which are propelled along
the cell surface by the gliding motor, resulting in cell movement of F. johnsoniae (Shrivastava
et al., 2012; McBride and Zhu, 2013; McBride and Nakane, 2015). SprB homologs were
ubiquitous in gliding flavobacteria, whereas RemA was rare. This might indicate that SprB
is more important for Bacteroidetes gliding. Additional novel motility adhesins may allow
other species to move over diverse surfaces (McBride and Nakane, 2015; Zhu and McBride,
2016).

Gliding motility is considered as an efficient strategy to enhance survival, but the actual
role in nature is still unknown. It has been previously suggested that gliding over surfaces
facilitates access to nutrient sources (Nett and Konig, 2007), or is involved in pathogenesis
(Sato et al., 2010) or symbiosis (Raina et al., 2019). Accordingly, in both non-host- and host-
associated bacteria, the importance of T9SS has been demonstrated for many processes
such as polymer degradation, adhesion, motility and virulence (McBride, 2019a). In this
study, no specific link was found between host-association and gliding or type 9 secretion.
Similarly, no difference was found when comparing the genomic repertoire of members of
different taxonomic clades within the Flavobacteriaceae. These observations add to the fact
that flavobacteria appear to be ‘generalists’, rather than ‘specialists’ and this might explain
why they thrive in such diverse niches. Especially in the marine environment, the availability
of nutrients might drive opportunistic host-microbe interactions, which might explain the
presence of flavobacteria in the biomes of numerous marine hosts.

The high degree of conservation of Gld and Spr proteins in all Flavobacteriaceae, irrespective
of their environmental source or taxonomic clade, supports the notion that T9SS-based
gliding motility is widespread among Bacteroidetes members (McBride and Zhu, 2013) and
especially among Flavobacteriaceae. Gliding motility occurs in other bacteria apart from the
phylum Bacteroidetes (myxobacteria, cyanobacteria, mycoplasmas, etc.) but these employ
their own unique machineries substratum-fixed protein complexes (A-motility), type IV
pili (TAP) or membrane protrusions (Miyata, 2008; Balagam et al., 2014; Khayatan et al.,
2015; Wilde and Mullineaux, 2015). Filamentous cyanobacteria such as Anabaena sp. and
Trichodesmium erythraeum are thought to share a T4P-like nanomotor and polysaccharide
secretion that drive and facilitate locomotion (Khayatan et al., 2015; Wilde and Mullineaux,
2015). Nevertheless, homologs to certain core Bacteroidetes gliding proteins (GIdA, GIdF,
GIdG, Gldl, GldJ, GIdK, SprE) were found to be encoded in genomes belonging to Cyanobacteria
or Proteobacteria, regardless of their gliding status or mechanism. For example, GIdA,
GIdF and GIdG are similar to many putative components of the ABC transporter system,
which is ubiquitous in all microorganisms (McBride and Zhu, 2013; Johnston et al., 2018).
These proteins might serve another purpose in the respective organisms that might not be
linked to gliding motility. In general, the paucity of homologs to Bacteroidetes gliding and
T9SS proteins among bacteria from other phyla implies the presence of diverse and likely
unrelated gliding motility mechanisms (Braun et al., 2005; McBride and Zhu, 2013; McBride,
2019a).
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Gliding motility can also result in colony spreading, observed on agar plates as flat, irregularly
edged colonies (McBride and Zhu, 2013; McBride, 2014; McBride and Nakane, 2015). The
majority of the strains investigated for colony spreading (5 out of 7) were non-spreading
on agar under the tested conditions, even though presence of all genes encoding proteins
involved in the gliding motility apparatus was predicted by the genomic analysis. Presence
of a gene in a genome does not yet imply gene expression. As described above, several
bacterial strains that were previously described as ‘non-gliding’ had all essential genes
present in their genomes.

Moreover, previous findings support that formation of non-spreading colonies is not
necessarily an indication of absence of gliding motility. For example, Maribacter sp.
HTCC2170 could glide well on glass but its colonies did not spread on agar (McBride and
Zhu, 2013). In addition, it should be highlighted that the growth media used in our colony
spreading tests were high in nutrients. Spreading under low nutrient conditions is more
effective because non-metabolizable sugars tend to supress the active cell movement
on agar media (Wolkin and Pate, 1984; Gorski et al., 1993; McBride, 2014). Thus, these
bacteria may be motile in other conditions that were not examined here. On the other hand,
the strains Aa_F7 and DN50, both carrying homologs for all T9SS-gliding proteins in their
genomes, formed spreading colonies on agar displaying characteristic edges and a surface
pattern indicative of secondary colony formation (Fig. 6). In contrast to the other strains,
it is possible that these isolates could metabolize all sugars present in the high-nutrient
media, thus surpassing the carbohydrate-mediated inhibitory effect on colony spreading.
The absence of homologs to PorQ and PorU from Aa_F7 and DN50 genomes did not affect
their gliding motility. Both PorQ and PorU are involved in the T9SS substrate attachment to
the cell surface in P. gingivalis (Glew et al., 2012; Glew et al., 2017) but in . johnsoniae their
deletion did not affect gliding motility (Kharade and McBride, 2015). This might be another
indication that PorQ and PorU are not essential for full motility (Veith et al., 2017; McBride,
2019a).

A wide variety of bioactive molecules, such as antibiotics, cell growth-promoting, antioxidative
and neuroprotective compounds, have been previously isolated from members of the
Flavobacteriaceae (McBride, 2014). Nevertheless, the metabolic potential of flavobacteria
in terms of bioactivity has been underreported in literature. Across taxonomic groups,
terpene BGCs were prevalent in the predicted metabolite arsenal of both Cyanobacteria and
Flavobacteriaceae, particularly of the Marine clade. Terpenes are the largest class of small-
molecule natural products, foundin almost all life forms and performing diverse functions (Tholl,
2006). Previous findings showed that terpene synthases are widely distributed in bacteria, the
majority of which are Gram-positive (Actinomycetales) but also in Gram-negative bacteria,
such as Cyanobacteria and Flavobacteriales (Yamada et al., 2015). In terms of bioactivity, to
date there are only a few reports on terpenes of microbial origin exhibiting antimicrobial (Zhao
etal., 2008; Gallucci et al., 2009; Song et al., 2015) and antioxidant activity (Shindo et al., 2007).
The almost complete absence of HSL BGCs from the Flavobacteriaceae genomes, compared
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to their high relative abundance in Proteobacteria (Table 4), is in accordance with previous
studies on flavobacteria that suggest the existence of alternative QS signalling molecules
for Bacteroidetes (Harms et al., 2018b; Hudson et al., 2019). For example, strains of Zobellia
galactanivorans (member of Flavobacteriaceae) were found to synthesize another type of QS
signalling molecules belonging to dialkylresorcinols, a class of natural products with antibiotic
and antioxidant activity (Harms et al., 2018b). In addition, the detection of a HSL-degrading
enzyme in the genome of Z. galactanivorans (Barbeyron et al., 2016) implies the presence
of a communication system distinct from the HSL-based QS system that could function as a
defence mechanism with antibiotic effect (Harms et al., 2018b). Within Flavobacteriaceae, the
secondary metabolite repertoire did not appear to be influenced by phylogeny, as the global
composition of predicted BGCs was similar among the clades. Besides terpene synthases,
BGCs responsible for the biosynthesis of lanthipeptides were also found in high abundance
in flavobacterial genomes. Formerly known as lantibiotics, they are ribosomally synthesized
post-translationally modified peptides that belong to class | bacteriocins (Knerr and van der
Donk, 2012). It has been previously suggested that bacteriocins play a critical role in mediating
microbial community dynamics (Riley and Wertz, 2002; Desriac et al., 2010). Presumably,
bacteriocin-producing flavobacteria act as anti-competitors, facilitating the invasion of other
closely related species into an established microbial community to successfully colonize
a niche. An additional role suggested for bacteriocins is their involvement in host defence,
protecting the host from pathogens (Riley and Wertz, 2002).

Genome mining of the BGC arsenal of the sponge-associated strains sequenced in this study
revealed homologs to carotenoid-producing BGCs in all seven genomes. Carotenoids are
often the most abundant pigments in marine flavobacteria, and their importance lies in
their strong antioxidant properties. In flavobacteria, a few structurally rare carotenoids have
been identified before, such as saproxanthin and myxol that show significant antioxidative
activities and neuroprotective effects (Shindo et al., 2007). Flexirubins represent another
type of pigment common in Bacteroidetes but not in other bacteria (McBride, 2014). A BGC
similar to one shown to encode proteins needed for flexirubin production was identified in
strain DN50. Interestingly, such pigments exhibit anticancer and antimicrobial properties
(e.g. against Mycobacterium sp.) and are considered promising candidates for treatment
and prevention of cancer and microbial infections (Mojib et al., 2010; Shim and Liu, 2014).
Even though the genome predictions revealed a large number and variety of secondary
metabolite BGCs, none of the studied isolates showed antimicrobial activity under the
conditions we examined. The majority of these biosynthetic loci are frequently dormant or
expressed at low constitutive levels under laboratory conditions, keeping the true biosynthetic
potential of microorganisms hidden and thus hampering the discovery of novel bioactive
compounds (Hertweck, 2009; Rutledge and Challis, 2015). This ‘silent’ state can be reversed
by inducers of gene expression, such as environmental cues, nutrients or signal molecules
(Hertweck, 2009; Rutledge and Challis, 2015). Unlocking the full metabolic potential encoded
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by the studied strains might require high-throughput screening of various growth conditions
in combination with a large number of indicator strains.

Conclusions

The comparative genomics analysis performed in this study demonstrated that 16S rRNA
gene- and single-copy marker gene-based phylogeny, rather than life strategy of the
organisms is the main factor correlated to the functional profile of Flavobacteriaceae. The
traits responsible for the functional divergence between phyla investigated here were found
to be associated with gliding motility and nutrient acquisition through the catabolism of
carbohydrates. Marine flavobacteria appear to be potent utilizers of a large variety of carbon
polymers from algae, bacteria, plants and animals, confirming their role in the ocean carbon
cycling as exceptional degraders of particulate organic matter. Additionally, inspection of the
gene content revealed the occurrence of homologs for all major components of the T9SS-
gliding motility apparatus in all Flavobacteriaceae in contrast to members of other phyla
(Cyanobacteria and Proteobacteria) that are known to use different mechanisms for gliding.
Phenotypic assays showed the formation of spreading colonies for some of the tested
flavobacteria that had the complete set of T9SS-gliding homologs, confirming that not all
potentially gliding bacteria form spreading colonies on agar. In terms of their secondary
metabolic potential, a large diversity of BGCs was identified in the studied genomes, with
terpene BGCs being highly prevalent in both Flavobacteriaceae and Cyanobacteria. Other
BGCs that potentially encode proteins required for the production of compounds with known
antimicrobial, antioxidant and anticancer properties were found in Flavobacteriaceae.
Nevertheless, bioactivity tests did not reflect these genomic findings supporting the fact
that the true biosynthetic potential of microorganisms remains hidden due to the ‘dormant’
state of gene clusters under laboratory conditions. Hence, while this study provides the
required broad overview of the genomic content of Flavobacteriaceae in terms of their
carbon metabolism, gliding motility and secondary metabolite biosynthetic potential,
further studies are essential to enhance our current understanding of these distinct features
and how flavobacteria implement them in their natural environment.

Acknowledgements
We thank Bart Nijsse, Nikolaos Strepis and Sudarshan Shetty from the Laboratory of

Microbiology, Wageningen University & Research, Wageningen, Netherlands for their advice
regarding data analysis.

50



Comparative genomic analysis of Flavobacteriaceae

Supplementary Information

“Kordia algicida OT-1

~Kordia Pperiserrulae DS\ 25731

Dokdonia g

. Pacifica DOsm 2559,
"8 9. pre, &5

auep

80861 WO WINIOJUSIIPES BUBJULIEL

Tree scale: 0.1 ————

Figure S1. Maximum likelihood tree of the 66 genomes generated in this study based on single-
copy marker proteins. Phylogeny was inferred from the concatenation of 120 conserved amino-acid
sequences by GTDB-Tk. Black circles in the middle of the branches represent Shimodaira-Hasegawa
(SH) likelihood support values. Colour annotations represent the different clades and phyla. Sequences
belonging to Cyanobacteria and Proteobacteria were used as outgroups. Names in bold indicate
sequences generated in the present study. Scale bar represents amino acid substitutions per site.
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Table S1. Strains and growth media. Details on the preparation of the media and the cultivation
conditions can be found in the References section.

Strain ID

Isolation source

Growth Medium

References

DN50
DN105
DN112
Da_B9
Aa_F7
Aa_C5
Aa_D4

A.
A.
A.

aerophoba
aerophoba
aerophoba

D. avara

A. aerophoba

A. aerophoba

A. aerophoba

Mucin & Marine agar
Marine agar
Marine agar
Marine agar
Mucin (50x)

All amino acids (50x)

All amino acids (50x)

Versluis et al. (2017)
Versluis et al. (2017)
Versluis et al. (2017)
unpublished
Gutleben et al. (2020)
Gutleben et al. (2020)
Gutleben et al. (2020)
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Table S3. Cultivation conditions of indicator strains and antibiotics used in the antimicrobial
activity tests.

Reference strains Temperature Media Antibiotics
c) (Positive control)

Bacillus subtilis (DSM 402) 30 Nutrient broth Tetracycline
Staphylococcus simulans (DSM 20037) 37 Tryptic Soy broth (TSB) Vancomycin
Escherichia coli (MIB, WUR) 37 Luria-Bertani broth (LB) Tetracycline
Aeromonas salmonicida (DSM 19634) 30 Nutrient broth Vancomycin
Saprolegnia parasitica (CBS 223.65) 20 Potato Dextrose agar (PDA) Delvocid

Candida oleophila (DSM 70763) 25 Yeast Malt Broth (YMB) Nystatin

Table S4. Taxonomic assignment of flavobacterial strains sequenced in this study. Information on
the 16S rRNA gene sequence of each strain, BLASTN best hits against nr/nt NCBI database and
GTDB-Tk classification.

Strain 16S rRNA Closest BLASTN hit ID%  GTDB-Tk classification

ID gene length  (Accession number)
(bp)

Aa_C5 1362 Eudoraea 99.7 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
chungangensis Flavobacteriales;f__Flavobacteriaceae;g__Eudoraea;s
(NR_148299.1)

Aa_D4 1349 Eudoraea 99.7 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
chungangensis Flavobacteriales;f__Flavobacteriaceae;g__Eudoraea;s
(NR_148299.1)

Aa_F7 1257 Flagellimonas sp. 97.9 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
(MF287795.1) Flavobacteriales;f__Flavobacteriaceae;g__

Flagellimonas;s

Da_B9 1510 Flavobacteriaceae 94.0 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
bacterium Flavobacteriales;f__Flavobacteriaceae;g__;s
(MK956921.1)

DN50 1121 Uncultured organism 96.6  d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
clone (DQ395462.1) Flavobacteriales;f__Flavobacteriaceae;g__ GCA-

2746415;s

DN105 1190 Flavobacteriaceae 98.8 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
bacterium Flavobacteriales;f__Flavobacteriaceae;g__
(EU581699.1) Flaviramulus_A;s

DN112 1391 Lacinutrix sp. 98.2 d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__
(KX398615.1) Flavobacteriales;f__Flavobacteriaceae;g_ ;s
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Table S6. Number of BGCs, average gene counts and % of genes in BGCs per group.

Groups Total BGCs Average BGCs Average genes % genes in BGCs
Flavobacteriaceae (n = 56) 197 4 4447 0.1
Marine (n = 41) 151 4 3668 0.1
Capnocytophaga (n = 5) 15 3 3591 0.1
Flavobacterium (n = 5) 20 4 3200 0.1
Tenacibaculum-Polaribacter (n = 5) 11 2 3055 0.1
Cyanobacteria (n = 5) 33 7 3397 0.3
Proteobacteria (n = 5) 20 4 3565 0.1
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Abstract

Marine sponges harbour diverse microbial communities that represent a significant
source of natural products. In the present study, extracts of 21 sponge-associated bacteria
were screened for their antimicrobial and anticancer activity, and their genomes were
mined for secondary metabolite biosynthetic gene clusters (BGCs). Phylogenetic analysis
assigned the strains to four major phyla in the sponge microbiome, namely Proteobacteria,
Actinobacteria, Bacteroidetes and Firmicutes. Bioassays identified one extract with anti-
methicillin resistant Staphylococcus aureus (MRSA) activity, and more than 70% of the
total extracts had a moderate to high cytotoxicity. The most active extracts were derived
from the Proteobacteria and Actinobacteria, prominent for the production of bioactive
substances. The strong bioactivity potential of the aforementioned strains was also
evident in the abundance of BGCs, which encoded mainly beta-lactones, bacteriocins, non-
ribosomal peptide synthetases (NRPS), terpenes and siderophores. Gene-trait matching was
performed for the most active strains, aiming at linking their biosynthetic potential with the
experimental results. Genetic associations were established for the anti-MRSA and cytotoxic
phenotypes based on the similarity of the detected BGCs with BGCs encoding natural
products with known bioactivity. Overall, our study highlights the significance of combining
in vitro and in silico approaches in the search of novel natural products of pharmaceutical
interest.
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Introduction

The fight against cancer and infectious diseases are two of the main challenges the scientific
and medical community have been facing during the past decades. A large proportion
of compounds for the treatment of human ailments throughout history, from traditional
remedies to current-day pharmaceuticals, belonged to natural products (Romano et
al., 2017). However, the decline in the discovery rates of new bioactive molecules led to
scepticism on the potential of drug development from natural products (Dyshlovoy and
Honecker, 2019). Nowadays, in the light of the urgent need for new drugs, particularly those
with anticancer and anti-infective properties, increasing attention is returning towards
natural products and more specifically, from marine sources (Paterson and Anderson,
2005; Desbois, 2014). The field of marine drug discovery has been growing over the past 20
years, with currently almost 35,000 research articles on natural products of marine origin
(Marinlit; https://marinlit.rsc.org/, accessed on 20 November 2020). This is also highlighted
by the number of novel secondary metabolites being elucidated per year (1554 in 2018)
and a significant number of marine-derived drug candidates under clinical trials or pending
approval (Mayer et al., 2010; Hu et al., 2015; Jaspars et al., 2016).

Despite the intensive research effort, the marine environment can be considered rather
underexplored for prospecting bioactive molecules in comparison with terrestrial
ecosystems (Hughes and Fenical, 2010; Santos et al., 2020a). It encompasses an enormous
biodiversity and chemical richness covering approximately 70% of the Earth’s surface
(Pomponi, 1999). From the marine biosphere, sponges are standing out, often termed as
‘chemical factories’ or ‘gold mines’ owing to the production of metabolites with various
pharmaceutically interesting biological activities (Sipkema et al., 2005; Perdicaris et al.,
2013; Lackner et al., 2017). The ecological role of these molecules is linked to the adaptation
to the marine ecosystem where chemical defence is a survival mode for sponges against
predators, competitors, fouling organisms and infectious microbes (Paul et al., 2006; Paul
etal., 2011).

An integral part of marine sponges is their symbiotic microorganisms which comprise up
to 40% of their total volume, forming close associations with the host (Hentschel et al.,
2002; Webster and Taylor, 2012), a concept recently defined as ‘sponge holobiont’ (Pita
et al.,, 2018). Microbial associates have been found to contribute significantly to many
functions of the host, including nutrition, health and defence (Taylor et al., 2007a; Webster
and Taylor, 2012; Thomas et al., 2016; Pita et al., 2018). In fact, there is a growing amount
of experimental evidence that many bioactive substances produced by sponges are of
bacterial origin, suggesting sponge-associated bacteria as the real producers rather than
the host itself (Piel, 2009; Wilson et al., 2014; Lackner et al., 2017; Morita and Schmidt,
2018; Tianero et al., 2019). Two main findings support this theory, the structural similarity
of molecules derived from taxonomically distant taxa and the case of bioactive compounds
found in sponges but known to be synthesised by bacteria, such as polyketides and non-
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ribosomal peptides (Piel et al., 2004; Moore, 2006; Taylor et al., 2007a; Santos-Gandelman
et al., 2014; Waters et al., 2014; Gomes et al., 2016).

More than 60 microbial phyla inhabit marine sponges (Moitinho-Silva et al., 2017b), from
which the most predominant ones are the Proteobacteria, Chloroflexi, Thaumarchaeota,
Cyanobacteria, Candidatus Poribacteria, Acidobacteria and Actinobacteria (Thomas et
al., 2016; Moitinho-Silva et al., 2017b). Symbiont-derived compounds have displayed a
wide spectrum of biological activities including antimicrobial, anticancer/cytotoxic, anti-
inflammatory, antifouling. The majority of sponge-associated microorganisms have been
found to synthesise compounds with antimicrobial, antitumor and cytotoxic properties
(Thomas et al., 2010b; Mehbub et al., 2014). In the sponge holobiont, the most prominent
bacterial producers of antimicrobials are members of the Actinobacteria phylum, followed
by Proteobacteria, Firmicutes and Cyanobacteria (Thomas et al., 2010b; Santos-Gandelman
et al., 2014; Indraningrat et al., 2016; Brinkmann et al., 2017b). The most prolific sources
of antimicrobial compounds among bacteria isolated from sponges are the following
genera: Streptomyces, Pseudovibrio and Bacillus (Indraningrat et al., 2016). Recently, the
study of a novel symbiotic bacterium Bacillus tequilensis of the marine sponge Callyspongia
diffusa led to the discovery of an antibiotic agent active against multidrug-resistant
Staphylococcus aureus (Kiran et al., 2018). Another recent example was the elucidation
of three new flavonoids from sponge-derived Streptomyces sp. with antimicrobial activity
(Cao et al., 2019). Likewise, most anticancer (i.e., cancer-preventive, antitumor, cytotoxic)
molecules produced by sponge-bacteria associations are derived from Proteobacteria
(y-Proteobacteria), Actinobacteria and Firmicutes (Thomas et al., 2010b). Some recent
examples of natural products isolated from sponge-dwelling bacteria with antitumor and/
or cytotoxic potential are nocardiotide A produced by Nocardiopsis sp. associated with
Callyspongia sp. (Ibrahim et al., 2018) and the dipeptide cyclo(-Pro-Tyr) produced by Bacillus
pumilus associated with Callyspongia fistularis (Karanam et al., 2019).

Gaining full access to the actual producers via cultivation and discovering new lead structures
are two of the main bottlenecks that exist in the drug discovery pipeline (Lindequist, 2016;
Romano et al.,, 2017). The biosynthetic capacity of even the most well-characterised
microbes has been underexplored since a vast number of biosynthetic gene clusters
(BGCs) remain cryptic (Reen et al., 2015; Lindequist, 2016; Zhang et al., 2016). A promising
strategy to expand our understanding of the true metabolic potential of microorganisms
and increase the probability of finding new molecules involves in silico genome mining of
cultivable isolates (Bachmann et al., 2014; Liu et al., 2021). In the current study, our aim
was to (1) in vitro assess the activity of sponge-associated bacteria against various human
pathogens and cancer cells, (2) examine their secondary metabolite biosynthesis potential
via genome mining and (3) identify the BGCs potentially involved in the observed bioactivity
by gene-trait matching.
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Methods

Isolation of Strains and Growth Conditions

Twenty-one bacterial isolates were obtained from six different sponge species (Aplysina
aerophoba, Petrosia ficiformis, Corticium candelabrum, Ircinia sp., Chondrilla nucula
and Acanthella acuta), in previous studies (Versluis et al., 2017b; Versluis et al., 2018).
Cryopreserved glycerol stocks of the strains were initially used as inoculum for regrowth
on the original solid isolation media (Table S5) at 20 °C. Single colonies were picked and
cultured in 250 mL Erlenmeyer flasks containing 20 mL of the respective liquid media in
duplicates. The flasks were incubated at 20 °C and shaken at 150 rpm in the dark for seven
days. OD,_, measurements were taken every 24 h in order to monitor the cell growth. After
seven days of incubation and all cultures reaching the stationary phase, the content of the
flask was stored at -20 °C until chemical extraction.

Strain Identification and Sanger Sequencing

The identity of the strains was confirmed by 16S ribosomal RNA (rRNA) gene Sanger
sequencing. Single colonies were picked, stored in 100 plL nuclease-free water at -20 °C
and served as template. 16S rRNA gene amplicons were generated by PCR using primers
27F (5-AGAGTTTGGATCMTGGCTCAG-3’) and 1492R (5'-CGGTTACCTTGTTACGACTT-3') (Lane,
1991). PCR reaction mixture and conditions were the same as described earlier (Gavriilidou
et al., 2020). PCR products were purified using the CleanPCR kit (CleanNA, The Netherlands)
and quantified using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, USA).
The purified PCR products were sequenced at Eurofins Genomics (Cologne, Germany) with
primers 27F and 1492R. Quality control of the raw sequences was done with BioEdit (Hall,
2011) by inspecting the chromatograms. In addition, consensus sequences of the near full-
length 16S rRNA gene were obtained by aligning the forward and reverse read with default
settings. Taxonomic classification based on the near full-length 16S rRNA gene sequences
was performed using the blastn suite (Altschul et al., 1990) against the NCBI nr/nt database
(accessed on November 2020), considering as best hits the ones belonging to cultured
representatives (Tables 1 and S2).

Chemical Extraction

The culture broths from the Erlenmeyer flasks were extracted with the use of Sepabeads®
SP207SS resin (Sorbent Technologies, Inc., Norcross, GA, USA). In particular, 20 mL of acetone
was added to 10 mL of culture broth in EPA vials (Dispolab, Someren, The Netherlands).
After 2 h of shaking at 220 rpm and room temperature (Kuhner ISF4-X Climo-Shaker,
Kuhner Shaker S.A., Barcelona, Spain), the solvent was evaporated under a nitrogen stream
overnight. Distilled water until final volume of 10 mL and 3 mL of a suspension of SP207ss
resin dissolved in water were added to each sample. The vials were then placed in the
incubator shaker at 220 rpm and room temperature for 2 h. A centrifugation step followed
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to settle the resin at 3,500 x g for 15 min (Speed Vac Plus SC210A, Savant Instruments, Inc.,
Holdbrook, NY, USA) and supernatants were discarded. Resin was washed by adding 16 mL
of distilled water into each vial, followed by shaking at 220 rpm and room temperature for 2
h. Samples were again centrifuged at 3,500 x g for 15 min and supernatants were discarded.
To extract the adsorbed molecules from the resin, 10 mL of acetone was added to the resin
for overnight mixing (Kuhner ISF4-X Climo-Shaker) at 20 °C. A last step of centrifugation
(at 3,500 x g for 15 min) was performed and the acetone extracts (organic phase) were
transferred to glass tubes where 100% DMSO was added and evaporated overnight under
a nitrogen stream to 20% DMSO and a concentration of 2xWBE (Whole Broth Equivalent).
500 pl aliquots were prepared for each sample and stored at 4 °C overnight until bioactivity
screening.

Bioactivity Screening Assays

Antimicrobial Activity Test

The antimicrobial activity of the crude extracts was assessed against a panel of five different
pathogenic microorganisms available from the Culture Collection of Fundacion MEDINA
(Granada, Spain). Antibacterial activity assays were performed against the Gram-negative
Escherichia coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 and the Gram-
positive methicillin-resistant Staphylococcus aureus MRSA MB5393. Standard drugs for the
antibacterial bioactivity assays were aztreonam for E. coli ATCCC 25922, gentamicin sulfate
for K. pneumoniae ATCC 700603 and vancomycin for S. aureus MRSA MB5393. To assess the
antifungal activity, the fungi Candida albicans ATCC 64124 and Aspergillus fumigatus ATCC
46645 were used. Amphotericin B was used as positive control for the antifungal bioactivity
assays. All bioassays were conducted according to previously described methodologies
(Monteiro et al., 2012; Audoin et al., 2013; Martin et al., 2013; Santos et al., 2020b). The
final volume in the assay was 100 pL. No serial dilutions were used as the testing material
was crude extract and not a pure compound. Incubation time was 18 h and temperature 37
°C. The assay was done in duplicate on different days. Absorbance (at 600 nm for bacterial
strains and 612 nm for C. albicans) or fluorescence (excitation 570 nm, emission 615 nm for
resazurin for A. fumigatus) were measured using an EnVision 2104 multilabel plate reader
(PerkinElmer Inc., Waltham, MA, USA). Data analysis was conducted using the GeneData
Screener® software (Genedata, Inc., Basel, Switzerland). Percentage of growth inhibition
was calculated as reported by Martin et al. (2013).

Cell Viability Assay

The cytotoxic activity of the extracts was tested by MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assays against the following human cancer cell lines:
lung carcinoma A549 (ATCC® CCL-185™), melanoma A2058 (ATCC® CRL-11147™), liver
hepatocellular carcinoma HepG2 (ATCC® HB-8065™), breast adenocarcinoma MCF7 (ATCC®
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HTB-22™) and pancreas carcinoma MiaPaca-2 (ATCC® CRL-1420™). All cell lines were
sourced from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells
were cultured in 96-well plates at a cell density of 10.000 cells/well and maintained at
37 °C, 90% humidity and 5% CO,. A total of 5 L of each extract dispensed in 195 ulL of
medium were used as inoculum for the anticancer assay. The plates were then incubated
for 72 h at 37 °C, 90% humidity and 5% CO,. Methyl methanesulfonate (MMS) 8 mM was
used as positive control and 20% DMSO as negative control. A dose-response curve using
doxorubicin (chemotherapeutic agent of natural origin) was also included as control,
starting at 5 mM with an 8-point serial dilution (1/3). After 72 h treatment, the plates were
washed with 100 uL of 1x PBS per well using a Multidrop Combi Reagent Dispenser (Thermo
Scientific, Waltham, MA, United States). The MTT solution (tetrazolium dye, 0.5 mg/mL, final
concentration 100 pL/well) was then added and the plates were incubated for approximately
3 h at 37 °C. Supernatants were discarded and 100 pL of 100% DMSO was added to each
well to dissolve the formazan precipitates. Absorbance levels were measured at 570 nm
using a Wallac 1420 Victor2™ Microplate Reader (WALLAC Oy PerkinElmer, Turku, Finland).
The resulting data was analysed using the Genedata Screener® software 7.0 (Genedata, Inc.,
Basel, Switzerland). The test was performed in triplicate.

Genomic DNA Extraction and Whole Genome Sequencing

Overnight liquid bacterial cultures were generated by picking up the same colony used as
template for Sanger sequencing and to inoculate the respective media in 50 mL tubes at
20 °C (Table S5). Genomic DNA was extracted from 1 mL of overnight cultures using the
MasterPure Gram-Positive DNA Purification Kit (Lucigen, Epicentre). Concentration and
purity of the extracted DNA were measured using a Nanodrop 2000c spectrophotometer
(Thermo Fisher Scientific, USA) and a Qubit dsDNA BR Assay kit (Molecular Probes, Life
Technologies) used with a DS-11 FX Fluorometer (DeNovix, Inc., Wilmington, DE, USA).
Whole genome sequencing of eight strains (Aa3_DN64_1D3, Aa3_Str.68_7G12, Acac_Ps_
AB113, Cn_Ps_AB111, Irc_Ps_AB108, Pf1_DN206_4B7, Pf1_Ps_8H04_1, Pf1_Ps_8HO06) was
performed previously using the Illumina MiSeq platform (paired end, 2 x 300 bp) at GATC
Biotech (Konstanz, Germany; now part of Eurofins Genomics Germany GmbH) in a previous
study (Versluis et al., 2018). The remaining 13 strains were sequenced in the framework
of this study with Illumina HiSeq (paired end, 2 x 150 bp reads) at Novogene Europe
(Cambridge, UK).
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Bioinformatic Analysis

Quality Control and Genome Assembly

The quality of the lllumina HiSeq reads was investigated with FASTQC 0.11.9 (Andrews,
2010). Adapter removal and read quality filtering was performed with Trimmomatic 0.39
(Bolger et al., 2014) with the following settings: ILLUMINACLIP:/Adapters.fa:2:30:10,
HEADCROP:10, MINLEN:40, SLIDINGWINDOW:4:15. lllumina HiSeq reads were de novo
assembled with SPAdes 3.14.0 (Bankevich et al., 2012), and contigs less than 1000 bp long
were filtered out using reformat.sh from BBTools Suite 38.84 (Bushnell et al., 2017). All
draft assemblies were checked for the presence of contigs assigned to sequencing artefacts
which were subsequently discarded. Mapping of the quality-filtered reads to the assembled
contigs with Bowtie 2.4.1 (Langmead and Salzberg, 2012) using default setting followed.
The resulting sequence alignment map (SAM) file was converted into a binary alignment
map (BAM) file, which was sorted and then indexed with SAMtools 1.10 (Li et al., 2009). Per
base coverage of the draft assemblies was calculated with the ‘genomecov’ command of
BEDTools 2.29.1 (Quinlan, 2014) using the sorted, indexed BAM file as input. Quality of all
draft assemblies was assessed with QUAST 5.0.2 (Gurevich et al., 2013) and completeness
and contamination were evaluated with CheckM 1.1.2 (Parks et al., 2015) with the default
set of marker genes. All relevant information regarding the lllumina MiSeq reads processing
and genome assembly are described in Versluis et al. (2018). Raw read sequences and draft
genome assemblies generated in this study have been deposited in the European Nucleotide
Archine (ENA) under the study accession number PRJEB41620.

Phylogenetic Analysis and Genome Mining

The GTDB-Tool Kit 1.1.0 (GTDB-Tk) (Chaumeil et al., 2019) was used to taxonomically classify
all strains based on the presence of single-copy marker genes in their draft assemblies and
the placement of their genomes in the Genome Taxonomy Database (GTDB) reference
tree (Parks et al., 2018; Parks et al., 2020). The resulting concatenated alignment of the
translated amino acid sequences of 120 bacterial marker genes identified in the draft
assemblies was used to generate a maximum likelihood tree using FastTree 2.1.11 (Price et
al., 2010) with default parameters. Tree visualisation was done with Interactive Tree of Life
(iTOL) 3.0 (Letunic and Bork, 2021). For annotation of secondary metabolite Biosynthetic
Gene Clusters (BGCs) in the draft assemblies, the online server antiSMASH 5.0 (Blin et al.,
2019) was employed with “relaxed” detection strictness and all extra features activated.

Data Visualisation and Availability

Plots were created in R Studio with R 3.5.0 (R Core Team, 2020) using the R package
ggplot2 3.3.2 (Wickham, 2016). All codes and data used for the genomic analysis and data
visualisation can be found in https://github.com/mibwurrepo/Gavriilidou_et_al 2021
Bioactivity_Screening.
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Results

Genome Characteristics

The genomes of 21 strains isolated from six different sponge species (Aplysina aerophoba,
Acanthella acuta, Corticium candelabrum, Chondrilla nucula, Ircinia sp. and Petrosia
ficiformis) in previous studies (Versluis et al., 2017b; Versluis et al., 2018), were analysed
here. Eight genomes (Aa3_DN64_1D3, Aa3_Str.68_7G12, Acac_Ps_AB113, Cn_Ps_AB111,
Irc_Ps_AB108, Pf1_DN206_4B7, Pf1_Ps 8H04 1, Pf1_Ps_8HO06) were generated by Versluis
et al. (2018) and the rest were produced in this study (Table 1). The average number of
contigs was 46 and the average coverage per base of the draft assemblies was 219x. The
genome size ranged from 2.6 to 7.2 Mbp with a GC content between 32.9 and 72.9% and the
average number of genes being 4,654. Genome completeness was 98.7% on average and
contamination was less than 1.5% in all cases. More detailed information on the genome
assembly metrics can be found in Table S1.
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Strain Identification and Phylogeny

All strains analysed in this study were identified based on both 16S rRNA gene sequences
and single-copy marker gene analysis. 16S rRNA gene-based taxonomic assignment of the
sponge-associated strains according to the NCBI database was confirmed by the Genome
Taxonomy Database (GTDB) (Table 1 and S2) (Parks et al., 2020). Four main clades were
formed representing the following phyla: Proteobacteria, Actinobacteria, Bacteroidetes and
Firmicutes (Figure 1).

- - Aa3_DN55_6A7

r- - Bradyrhizobium sp. SK17
- - - -Pfl_Ps_8H04_1
- - - - Pf1_DN206_4B7

- - - Pseudovibrio sp. FO-BEG1

- - - Irc_Ps_AB108

- - - Pf1_DN64_8G1

- - - Aa3_DN64_1D3
- - - Pf1_Ps_8H06

- - - Cn_Ps_AB111

- - - Aa3_Str.68_7G12
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4&7 - - Aa3_DN166_3E9_2
- - - Pf1_DN81_6F7_2
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Proteobacteria
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7777777777 Rhodococcus erythropolis PR4
— [ 7777777777 Aa3_DN216_4B10_1
- - - - Brevibacterium aurantiacum SMQ-1419
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7777777 Janibacter melonis M714
7777777 Aa3_DN216_4B10_2
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7777777777777777 Dehalococcoides mccartyi KBDCA2
7777777777777777777 Anaerolinea thermophila UNI-1

Tree scale: 0.1 +———

Figure 1. Maximum likelihood tree inferred from a concatenated alignment of 120 conserved amino-
acid sequences of bacterial marker genes. Circles on the branches display bootstrap values (>70%).
Strains included in the present study are indicated in bold. Dehalococcoides mccartyi KBDCA2 and
Anaerolinea thermophila UNI-1, both members of the Chloroflexi, were used as outgroup. The scale
bar represents the number of estimated substitutions per site.

Out of the 21 strains, 16 strains belonged to Proteobacteria, three strains were classified as
Actinobacteria and one strain each represented Bacteroidetes and Firmicutes, respectively.
Within the Proteobacteria, there were strains most closely related to Pseudovibrio,
Bradyrhizobium, Ruegeria, Microbulbifer, Acinetobacter and Psychrobacter strains. In the
case of Actinobacteria, members of the genera Rhodococcus, Brevibacterium and Janibacter
were identified. Moreover, two strains were affiliated with Aquimarina and Bacillus genera,
respectively (Figure 1).
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Antimicrobial and Anticancer Activity Screening

Crude extracts of axenic bacterial cultures were tested for their antibacterial activity against
a panel of Gram-positive and Gram-negative bacteria (E. coli, K. pneumoniae and S. aureus
MRSA). Only one strain (Aa3_DN216_4B10_1) showed significant growth inhibition (61%)
of S. aureus MRSA. According to both 16S rRNA gene- and whole genome-based taxonomy,
the strain Aa3_DN216_4B10_1 was closely related to Rhodococcus erythropolis, member of
the Actinobacteria (Figure 1). The antifungal activity of the extracts was assessed against C.
albicans and A. fumigatus. Growth inhibition of the fungi was not observed for any of the
extracts under the tested conditions (data not shown).

The cytotoxicity of the bacterial crude extracts was determined on human skin (A2058), lung
(A549), liver (HepG2), breast (MCF7) and pancreas (MiaPaca2) cancer cells. In general, the
majority of extracts (76.2%) were mostly effective against HepG2 cells exhibiting moderate
to high cytotoxicity (Figure 2). In addition, almost 20% of the extracts resulted in cell death
of more than 50% of the A2058, A549 and MiaPaca2 cancer cells, while very weak activity
was observed against the MCF7 cell line. Four extracts (Pf1_DN64_8G1, Aa3_DN64_1D3,
Aa3_DN73_5E10_2 and Aa3_DN213_3F7) had the highest activity, causing more than 50%
of cell death of at least two of the cancer cell lines (Figure 2). These were obtained from
isolates belonging to Proteobacteria and Actinobacteria and more specifically, to the genera
Pseudovibrio, Psychrobacter and Brevibacterium (Figure 1). No correlation was observed
between phylogenetic proximity of tested strains and their levels of cytotoxicity, except for
Aa3_DN64_1D3 and Pf1_DN64_8G1, which both belonged to Pseudovibrio and were highly
active (Figures 1 and 2).
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Figure 2. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay results. Percentage
of activity or cell death of five human cancer cell lines (A2058: melanoma, A549: lung carcinoma,
HepG2: hepatocyte carcinoma, MCF7: breast adenocarcinoma and MiaPaca2: pancreas carcinoma)
after 72 h of incubation with crude extracts of the tested strains in triplicate. Error bars represent
standard errors. Strains are ordered from top to bottom in accordance with the phylogenetic tree in
Figure 1 and in bold are the ones selected for gene-trait matching.

Biosynthetic Gene Cluster Profiling

Genomes of the isolates were mined for BGCs, and a total of 153 BGCs belonging to 28
different BGC types as classified by antiSMASH (antibiotics & Secondary Metabolite Analysis
Shell) (Blin et al., 2019), were identified. In terms of absolute abundance, the majority
of identified BGCs was predicted to encode bacteriocins (n=24), non-ribosomal peptide
synthetases (NRPS) (n=19), beta-lactones (n=18), terpenes (n=18) and siderophores (n=10).
Similarly, the same categories displayed the highest frequency being detected in almost 50%
of the genomes (Figure 3).
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Figure 3. Absolute abundance of secondary metabolite biosynthetic gene clusters (BGCs) predicted
in the genomes of the strains screened for their bioactivity in the present study. Strains selected for
gene-trait matching are marked in bold.

Considering both the genome size and the abundance of BGCs (Table S3), the strains
with the highest secondary metabolite biosynthesis potential were the following: Aa3_
DN216_4B10_1, Aa3_DN213_3F7, Aa3_DN64_1D3, Pf1_DN64_8G1 and, Aa3_DN30_1H2,
all from the Actinobacteria, Proteobacteria or Firmicutes.

Gene-Trait Matching

In silico prediction of the secondary metabolite BGCs was combined with the experimental
data obtained from the bioactivity screening assays for Gene-Trait Matching (GTM) aiming
at the correlation of genetic features with specific phenotypes. Strains that showed both
high secondary metabolite biosynthetic potential and in vitro bioactivity were selected for
further analysis.

The antimicrobial activity bioassays showed that from all tested strains, Aa3_DN216_4B10_1
was the only one with antibacterial activity, namely against MRSA. In fact, this strain was
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found to harbour the highest number of BGCs and ten-fold more NRPS/NRPS-like BGCs
compared to the rest of the isolates (Figure 3 and Table S3). Given the relatively large number
of contigs and NRPS/NRPS-like BGCs, further inspection of the BGC regions showed that four
out of ten were located at a contig edge. Even though this might indicate the presence of
fragmented BGCs across multiple contigs (Blin et al., 2021a), strain Aa3_DN216_4B10_1
showed the highest abundance of NRPS/NRPS-like BGCs among all tested ones. Additionally,
the KnownClusterBlast tool of antiSMASH identified three BGCs (BGC 16, BGC 4 and BGC 3)
with 100% similarity to known clusters in the Minimum Information about a Biosynthetic
Gene (MIBiG) database related to the production of heterobactin A/heterobactin S2
(MIBiG:BGC0000371), rhizomide A (MIBiG:BGC0001758) and branched-chain fatty acids
(BCFAs) (MIBiG:BGC0001534) (Table S4). The structure of the aforementioned BGCs are
displayed in Figure S1. Based on the antiSMASH analysis, the NRPS cluster predicted to
code for heterobactin A/heterobactin S2 consisted of 11 genes responsible for core and
additional biosynthesis and transport. It had a well-defined modular structure consisting of
all key NRPS components such as adenylation, condensation, thiolation and certain tailoring
domains. The NRPS-like BGC potentially encoding the lipopeptide rhizomide A was located
at the edge of the contig and contained an adenylation and a thiolation domain. In the case
of BGC 3, antiSMASH classified it as bacteriocin type with a predicted core structure for the
production of bacteriocins next to the machinery for synthesising BCFAs. Specifically, genes
belonging to BGC 3 were 100% similar to the known bkd BGC in Streptomyces filamentosus
(MIBiG:BGC0001534). Other BGCs homologous to those coding for known antimicrobials,
such as chloramphenicol (MIBiG:BGC0000893), kirromycin (MIBiG:BGC0001070) and
bacillomycin D (MIBiG:BGC0001090), were also detected in its genome but with lower
similarity (<20%) (Table S4).

Comparative analysis of the 21 marine bacterial genomes in terms of their BGCs showed that
three strains of the top five with the largest number of BGCs, also had the highest activity
against the tested cancer cell lines. According to the experimental results, Pf1_DN64_8G1,
Aa3_DN213_3F7 and Aa3_DN64_1D3 induced cell death to all five cancer cell lines with
average cytotoxicity of 67.8%, 48.7% and 43.3%, respectively. Pf1_DN64_8G1 and Aa3_
DN64_1D3 harboured ten BGCs each, from which only three BGCs had homologs encoding
known natural products (Table S4). Two of these clusters were identified as beta-lactone
BGCs and showed low similarity to those coding for pseudaminic acid (MIBiG:BGC0001747)
(22%) and fengycin (MIBiG:BGC0001095) (13%), compounds known for their cytotoxic
activity (Ma et al., 2012; Yin et al., 2013; Kokoulin et al., 2020). On the other hand, seven
out of nine BGCs of Aa3_DN213_3F7 gave hits to the MIBiG repository (Table S4). Similarly,
four BGCs were related to clusters involved in the production of substances with reported
anticancer activity: carotenoids (MIBiG:BGC0000636) (85% similarity) (Chuyen and Eun,
2017; Galasso et al., 2017), ectoines (MIBiG:BGC0000853) (75% similarity) (Sheikhpour
et al., 2019) and the siderophore desferrioxamine E (MIBiG:BGC0001478) (50% similarity)
(Kalinovskaya et al., 2011) (Table S4).
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Discussion

Sponge-associated microbes have already been acknowledged as important members of the
‘Natural Products Hall of Fame’ for the production of substances with various bioactivities
(Brinkmann et al.,, 2017b). Nevertheless, the majority remains recalcitrant to in vitro
cultivation hindering the flow in the marine drug biodiscovery pipeline (Gutleben et al.,
2017). Intensive research has focused on screening methods and subsequent elucidation
of the chemical molecules. To shed more light on the bioactive potential of microbes,
integration of genome mining with activity-driven screenings could uncover the true
metabolite arsenal of the microbes of interest (Reen et al., 2015).

In the present study, we initially obtained crude extracts from 21 bacterial strains isolated
from marine sponges and determined their antibacterial and cytotoxic activity via high-
throughput screening. 16S rRNA gene- and whole genome-based phylogenetic analysis
revealed that the tested strains belong mainly to four phyla, Proteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes (Figure 1). Several of these taxa have been highlighted before
for their antimicrobial activity. Actinobacteria and Proteobacteria are considered the most
prolific sources of bioactive secondary metabolites with a wide spectrum of bioactivities
among marine microorganisms (Desriac et al.,, 2013; Graca et al., 2013; Brinkmann et
al., 2017a; Khalifa et al., 2019; Lee et al., 2020). However, only one strain, identified as
Rhodococcus erythropolis, possessed anti-MRSA potential. To the best of our knowledge,
no anti-MRSA activity has been previously detected in Rhodococci derived from marine
sponges. Chelossi et al. (2004) and Abdelmohsen et al. (2014) retrieved Rhodococcus strains
from Petrosia ficiformis and an unidentified marine sponge, respectively, with the ability to
inhibit growth of S. aureus but not the methicillin-resistant strain. A possible explanation
for the general absence of antimicrobial activity of the strains tested here may be the use
of crude extracts as testing material and thus, the active principles being present in low
concentrations. Moreover, eight of the Pseudovibrio strains screened here were selected
because they were previously found to be resistant against several antibiotics, such as
ampicillin, vancomycin and tetracycline (Versluis et al., 2018). Yet, these antibiotic resistance
phenotypes did not match with the antimicrobial activity screening results which could
be due to a lack of induction of gene expression under the tested conditions. Diverse
fermentation conditions using various nutrients and treatments (e.g. co-culturing) may be
of great value in activating silent genes in the search for bioactive secondary metabolites
(Reen et al., 2015; Brinkmann et al., 2017a).

The high potential of marine sponge derivatives to inhibit tumour proliferation has led to
increasing research efforts toward the discovery of new anticancer compounds (Calcabrini
et al., 2017; Zhang et al., 2017; Cetkovic et al., 2018). To date, more than 10% of the
screened marine sponges display cytotoxicity against human cancer cell lines (Zhang et al.,
2017). Here, the effect of the crude extracts was more evident on HepG2 cells compared
to other cancer cell lines (Figure 2). Among the tested strains, we could distinguish four
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extracts obtained from strains belonging to the genera Pseudovibrio, Psychrobacter and
Brevibacterium that showed the highest activity mainly against A2058, A549 and MiaPaca2
cancer cells. The inhibitory effect on A549 cells by Pseudovibrio has previously been reported,
and the responsible bioactive natural products were indole alkaloids identified in cultures of
Pseudovibrio denitrificans (Rodrigues et al., 2017; Romano, 2018). On the other hand, Choi
et al. Choi et al. (2009) reported Brevibacterium-derived compounds causing no induction of
cell death on A549, AGC, MCF-7 and HepG2 carcinomas but only weak cytotoxicity against
HL-60 cells.

To establish a link between the secondary metabolite BGC repertoire and the growth
inhibiting effect against pathogenic bacteria and cancer cell lines, laboratory-based screening
methods combined with genome mining were performed followed by GTM analysis. The top
five strains in terms of BGC frequency and abundance consisted of three Proteobacteria and
two Actinobacteria strains, confirming their strong bioactivity potential observed before
(Naughton et al., 2017; Versluis et al., 2018; Xu et al., 2019; Guerrero-Garzon et al., 2020).
Nevertheless, the abundance and diversity of BGCs were not reflected in the phenotype
of the strains as only one displayed antibacterial activity under the tested conditions. Anti-
MRSA activity shown by the Rhodococcus strain (Aa3_DN216_4B10_1) could be explained
by the distinctively higher number of NPRS-encoding BGCs in its genome indicating a large
specialised secondary metabolite arsenal (Doroghazi and Metcalf, 2013; Ceniceros et al.,
2017; Thompson et al., 2020). Two NRPS BGCs had 100% homology with those coding for the
siderophore heterobactin A/heterobactin S2 and the lipopeptide rhizomide A, respectively.
Siderophores are small molecules that beyond iron acquisition were recently suggested to
act as virulence factors and regulators of pathogenicity (Behnsen and Raffatellu, 2016). In
addition, Schneider et al. (2020) isolated a siderophore from the co-culture of two marine
Proteobacteria which displayed species-specific toxicity towards S. aureus without affecting
MRSA. Likewise, in the case of rhizomide A, antibacterial activity has been observed against
several clinically relevant strains, including S. aureus but not MRSA (Wang et al., 2018).
Another potential candidate responsible for the anti-MRSA activity of the Rhodococcus
strain might be a putative peptide that contains branched-chain fatty acyl groups encoded
by BGC 3 (Figure S1). Part of this BGC is 100% homologous to the bkd BGC in Streptomyces
filamentosus which encodes the branched-chain a-keto acid dehydrogenase (BKDH), a
multi-subunit enzyme complex critical in the synthesis of BCFAs. These fatty acids could
serve as precursors in the biosynthesis of antibiotics, such as daptomycin (Luo et al., 2018)
which is currently one of the main treatment options for MRSA infections (Kanafani and
Corey, 2007; Roch et al., 2017).

Interestingly, the experiments with human cancer cells showed that three out of the five
strains with the highest cytotoxicity harboured the largest number of BGCs, suggesting
a genotype-phenotype causality. Specifically, the most bioactive extracts belonged to
Pseudovibrio strains (Pf1_DN64_8G1 and Aa3_DN64_1D3) which carried in their genomes
two beta-lactone BGCs similar to those coding for natural products with known anticancer
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effect, namely pseudaminic acid and fengycin. Kokoulin et al. (2020) were the first to report
a capsular polysaccharide containing pseudaminic acid from another proteobacterium
(Psychrobacter marincola), which significantly inhibited the growth of HL-60 cells. Fengycins
are biosurfactants that have been studied in detail for their bioactivities and considered to
be important inhibitors in cancer research (Cheng et al., 2016). Yet, the only marine-derived
fengycin with anticancer potential is a fengycin isoform isolated from Bacillus circulans
with a high efficacy against human colon carcinoma cells (Sivapathasekaran et al., 2010).
However, the similarity of the BGCs with those of known activity was relatively low, 22% and
13% for the pseudaminic acid and the fengycin BGC, respectively. This could be explained by
the fact that the majority of BGCs detected in the two Pseudovibrio genomes did not share
any similarity with characterised BGCs highlighting their unknown function in accordance
with previous studies (Naughton et al., 2017; Versluis et al., 2018). On the other hand, most
BGCs of Aa3_DN213_3F7 had homologs with known bioactivity that confirms the extensive
research focus on Actinobacteria in terms of their natural products (Graca et al., 2013). The
BGCs in the genome of strain Aa3_DN213_3F7 with the highest similarity were related to
BGCs coding for carotenoids, ectoines and the siderophore desferrioxamine E. Based on
our experimental results, the highest cytotoxicity of Aa3_DN213_3F7 was observed against
skin, lung and hepatic carcinomas. Several studies have described the antiproliferative effect
of marine carotenoids on different cancer cell lines, such as breast, intestinal, hepatic and
leukemic (Chuyen and Eun, 2017). The carotenoid BGC was 85% similar to a BGC identified in
Brevibacterium linens that encodes a novel lycopene cyclase that catalyses the biosynthesis
of B-carotene from lycopene (Krubasik and Sandmann, 2000). B-carotene is a successful
carotenoid in the global market with many industrial applications, including prevention of
cancer (Galasso et al., 2017). In the case of ectoines, Sheikhpour et al. (2019) showed that
ectoine and hydroxyectoine isolated from Streptomyces induced apoptosis in lung cancer
cells. Another compound involved in the cytotoxicity of Aa3_DN213_3F7 could be related
to desferrioxamine E, a synonym for nocardamine. It is a cyclic hydroxamic acid siderophore
commercially available as antibiotic, anti-mycobacterial, iron-chelating, antioxidant and
anticancer compound. According to previous studies, nocardamine isolated from a novel
marine actinobacterium exhibited only antitumor effect but no cytotoxicity against human
breast cancer and malignant melanoma cell lines (Kalinovskaya et al., 2011). Nevertheless,
cancer cell toxicity high-throughput screening against the Canvass library of natural products
revealed the antiproliferative effect of nocardamine on various cancer cell lines, including
pancreatic and ovarian (Kearney et al., 2018).
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Conclusions

The bioactivity screening and subsequent phylogenetic analysis of the sponge-associated
bacteria revealed that the most active extracts both in terms of antibacterial and anticancer
activity were affiliated with the phyla Actinobacteria and Proteobacteria, supporting
these two taxonomic groups as prominent sources of bioactive substances. Yet, the
antiproliferative impact on human pathogens was less pronounced than that on cancer
cells. This is in contrast with the abundance of BGCs detected in the genomes and points
out the need of implementing diverse cultivation regimes to trigger the expression of the
appropriate genes linked to the production of bioactive molecules. On the other hand, the
most cytotoxic strains were among the ones with the highest number of BGCs. GTM analysis
revealed several BGCs related to compounds potentially responsible for the induction of cell
death of the respective cancer cell lines, facilitating the distinction of favourable candidates.
Altogether, these findings highlight the importance of integrating phenotypic assays
with genome mining in order to provide insights on the most promising leads for further
investigation, such as isolation and identification of the active principles.
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Supplementary Information

a)BGC 3:Bacteriocin

Query sequence

[ ) ) I XX (O D D

BGC0001534: branched-chain fatty acids (100% of genes show similarity), Other
— O

b)BGC 4:NRPS-like

Query sequence

—
BGC0001758: rhizomide A / rhizomide B / rhizomide C (100% of genes show similarity), NRP

c)BGC 16:NRPS

Query sequence

DDA DEDD) S B DE 3

BGCO0000371: heterobactin A / heterobactin S2 (100% of genes show similarity), NRP

Figure S1. KnownClusterBlast output of biosynthetic gene clusters (BGCs) predicted in strain Aa3_
DN216_4B10_1 showing 100% homology to reference BGCs in the Minimum Information about a
Biosynthetic Gene cluster (MIBiG) database (Medema et al., 2015). Colours indicate BLAST matches of
individual genes between query and reference sequences.
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Table S5. Growth media and isolation source of the studied bacterial strains. Details on the media
preparation can be found in the References mentioned below. MA; Marine Agar, MA/10; Marine Agar
(10x diluted), MHA; Mueller-Hinton Agar, MHA/10; Mueller-Hinton Agar (10x diluted).

Strain ID Isolation source Medium Reference
Aa3_DN55_6A7 Aplysina aerophoba MA/10 (Versluis et al., 2017a)
Pf1_Ps_8H04_1 Petrosia ficiformis MA (Versluis et al., 2018)
Pf1_DN206_4B7 Petrosia ficiformis MA (Versluis et al., 2017a)
Irc_Ps_AB108 Ircinia sp. MA (Versluis et al., 2018)
Pf1_DN64_8G1 Petrosia ficiformis MA (Versluis et al., 2017a)
Aa3_DN64_1D3 Aplysina aerophoba MA (Versluis et al., 2017a)
Pf1_Ps_8H06 Petrosia ficiformis MA (Versluis et al., 2018)
Cn_Ps_AB111 Chondrilla nucula MA (Versluis et al., 2018)
Aa3_Str.68_7G12 Aplysina aerophoba MA (Versluis et al., 2018)
Acac_Ps_AB113 Acanthella acuta MA (Versluis et al., 2018)
Aa3_DN166_3E9_2 Aplysina aerophoba MA (Versluis et al., 2017a)
Pf1_DN81_6F7_2 Petrosia ficiformis MHA (Versluis et al., 2017a)
Ccl_DN217_4H2 Corticium candelabrum MA (Versluis et al., 2017a)
Aa3_DN138_5C8 Aplysina aerophoba MA (Versluis et al., 2017a)
Pf1_DN14_7A9_1 Petrosia ficiformis MHA/10 (Versluis et al., 2017a)
Aa3_DN73_5E10_2 Aplysina aerophoba MHA (Versluis et al., 2017a)
Aa3_DN30_1H2 Aplysina aerophoba MHA (Versluis et al., 2017a)
Aa3_DN216_4B10_1 Aplysina aerophoba MHA (Versluis et al., 2017a)
Aa3_DN213_3F7 Aplysina aerophoba MA (Versluis et al., 2017a)
Aa3_DN216_4B10_2 Aplysina aerophoba MHA (Versluis et al., 2017a)
Aa3_DN71_7G3_2 Aplysina aerophoba MHA (Versluis et al., 2017a)
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Distribution and diversity of
Candidatus Tectomicrobia,
a deep-branching uncultivated bacterial
lineage harbouring rich producers of
bioactive metabolites
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Abstract

Genomicand functional analyses of bacteria belonging to the candidate genus ‘Entotheonella’
have revealed them as the producers of diverse bioactive compounds previously identified
from their sponge hosts. Based on genetic distance to other taxa, ‘Candidatus Entotheonella’
has been proposed as the first member of a new candidate phylum, ‘Tectomicrobia’. Here,
we analysed environmental samples and publicly available 16S ribosomal RNA (rRNA) gene
sequences to assess the phylogenetic structure and environmental distribution of this as-
yet sparsely populated lineage. The data showed that ‘Ca. Entotheonella’” and other ‘Ca.
Tectomicrobia’ were not restricted to marine habitats but also widely distributed among
terrestrial locations. Environmental factors, such as water depth and host association
were identified to correlate with the phylogenetic patterns of marine phylotypes. The
previously described ‘Ca. Entotheonella’ lineage could be more accurately divided into
at least three different candidate genera with the terrestrial ‘Candidatus Prasianella’, the
marine ‘Candidatus Thalassonella’” and the more widely distributed ‘Ca. Entotheonella’ of
mixed origin. This first metagenomic and microscopic characterization of ‘Ca. Thalassonella’
from a range of sponge hosts did not suggest a role for its members as providers of natural
products, despite clear similarities in genome-based predictions of primary metabolism and
implied lifestyle with ‘Ca. Entotheonella’. In contrast, within the revised ‘Ca. Entotheonella’,
the analysis revealed a correlation between the 16S rRNA gene phylogeny and a specific
association with sponges and their chemistry, suggesting that this feature might serve as a
discovery method to accelerate the identification of new ‘Ca. Entotheonella’ producers of
bioactive compounds. Application of this strategy led to the identification of the first ‘Ca.
Entotheonella’ symbiont in a non-lithistid sponge, Psammocinia sp., thus indicating a wider
host distribution of ‘Ca. Entotheonella’-based chemical symbiosis.




Distribution and diversity of Candidatus Tectomicrobia

Introduction

The bacterial tree of life contains numerous deep-branching lineages that lack cultivated
representatives (Konstantinidis et al., 2017; Parks et al., 2018; Parks et al., 2020; Hugenholtz
et al., 2021). Data from 16S rRNA genes and putative environmental genomes, obtained
by metagenomic binning or single-cell sequencing, support the existence of dozens of
uncultivated phylum-like divisions that are distributed ubiquitously or in more specialized
habitats. Among a large and growing list of examples are the Candidate Phyla Radiation
(Brown et al., 2015; Hug et al., 2016b) [CPR, previously known as ‘Patescibacteria’ (Rinke et
al., 2013; Parks et al., 2018)], the SAR324 group detected in hydrothermal plumes (Cao et
al., 2016; Parks et al., 2020), or ‘Candidatus Poribacteria’ present in sponge microbiomes
(Kamke et al., 2014). Omics data suggest diverse and intriguing functions for such elusive
taxa (Keren et al., 2017; Crits-Christoph et al., 2018), but as experimental validation is usually
challenging verified functions remain limited.

In collaborative studies, we recently reported members of the candidate genus
‘Entotheonelld’, first described by researchers at the Scripps Institution of Oceanography
(Bewley et al., 1996; Schmidt et al., 2000), as an uncultivated taxon with a remarkably rich
specialized metabolism (Wilson et al., 2014; Ueoka et al., 2015; Lackner et al., 2017; Mori
et al., 2018). Genome data suggested ‘Ca. Entotheonella’ as members of a new candidate
phylum, termed ‘Tectomicrobia’ (Wilson et al., 2014), which was corroborated by a recent
reanalysis of the bacterial tree of life based on standardized classification criteria (Parks
et al., 2018). All sequenced ‘Ca. Entotheonella’ phylotypes with known morphology form
multicellular filaments, have large genomes around 10 Mbp, and colonize sponges with
which they appear to form mutualistic associations that involve chemical defense (Wakimoto
et al., 2014; Wilson et al., 2014; Ueoka et al., 2015; Lackner et al., 2017; Mori et al., 2018)
and arsenic and heavy metal detoxification (Keren et al., 2017). Marine sponges are prolific
sources of bioactive natural products that may contribute to protecting the sessile animals
against predators and epibionts (Pawlik, 2011). In the demosponge Theonella swinhoei
(order Tetractinellida, suborder Astrophorina, family Theonellidae), containing a particularly
rich chemistry, bioinformatic and biochemical data attributed most of the known substances
to the two symbiont phylotypes ‘Ca. Entotheonella factor’ and ‘Candidatus Entotheonella
serta’ (Wilson et al., 2014; Mori et al., 2018) (Table 1). These producers generate distinct
sets of natural products and, in a mutually exclusive fashion, colonize two different host
chemotypes, T. swinhoei Y and W, as members of microbiomes comprising numerous other
bacteria. In T. swinhoei Y, ‘Ca. E. factor’ is accompanied by another variant, ‘Ca. E. gemina’
(Wilson et al., 2014), while another phylotype is present in a T. swinhoei W sampled from
the Red Sea. One or more additional ‘Ca. Entotheonella’ phylotypes were detected in the
theonellid sponge Discodermia calyx and collectively linked to the production of three
biosynthetically distinct compound families (Table 1) (Kimura et al., 2012; Wakimoto et al.,
2014; Nakashima et al., 2016).
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Table 1. Sponges and their known or suspected ‘Ca. Entotheonella’ symbionts, updated from (Reiter
et al., 2020).

Sponge Source  ‘Ca. Entotheonella’ phylotype Known natural products

T. swinhoei Y Japan ‘Ca. E. factor’, ‘Ca. E. gemina' Polytheonamides, onnamides,
theopederins, orbiculamides,
cyclotheonamides, pseudotheonamides,
nazumamide A

T. swinhoei WA  Japan ‘Ca. E. serta' TSWA1 Misakinolides, theonellamides

T. swinhoei WB Israel «Ca. E. serta> TSWB1, Swinholides, theonellamides
‘Ca. Entotheonella’ TSWB2

D. calyx Japan ‘Ca. Entotheonella’ (one or more Calyculin, calyxamides, kasumigamide
phylotypes)

Besides biosynthetic gene clusters (BGCs) assigned to known sponge natural products,
all ‘Ca. Entotheonella’ genomes sequenced to date (‘Ca. E. serta’, ‘Ca. E. factor’, and ‘Ca.
E. gemina’) contain multiple biosynthetic loci for as-yet unknown compounds. Enzymatic
studies on one of the uncharacterised BGCs suggested that the orphan clusters are likely
functional and encode the biosynthesis of previously unknown metabolites (Wilson et al.,
2014; Helf et al., 2017; Reiter et al., 2020). Their remarkable metabolic capabilities classify
‘Ca. Entotheonella’ as the first uncultivated producer taxon with a chemical richness and
variability comparable to important cultivable drug discovery sources, such as filamentous
Actinomycetes, Cyanobacteria, or Mpyxobacteria (Jaspars and Challis, 2014). Their
pharmacological potential, intriguing biology, and isolated phylogenetic position warrant
further investigations into the distribution and functions of ‘Ca. Tectomicrobia’, which
currently contain only four members in the Genome Taxonomy Database (GTDB) (Parks et
al., 2018).

In this study, we aimed to obtain insights into the phylogenetic structure and environmental
distribution of ‘Ca. Tectomicrobia’, seeking to address the following three questions: Do
further tectomicrobial taxa exist besides ‘Ca. Entotheonella’? If so, what is their chemical
potential? Is the association with sponges a general feature of this lineage or can free-living
representatives be identified? Our data showed that ‘Ca. Tectomicrobia’ contained a wider
range of lineages that occur in diverse marine and terrestrial habitats. For one of these, the
new sponge-associated candidate genus ‘Thalassonella’, we presented eight metagenome-
assembled genomes (MAGs). Within ‘Ca. Entotheonella’, we identified two distinct
phylogenetic signatures that suggest the existence of generalist sponge colonizers as well
as host-specific members, the latter including all known natural product-rich phylotypes.
Based on these data, we tested whether a 16S rRNA gene-based prioritization strategy can
pinpoint new ‘Ca. Entotheonella’ producers. This strategy resulted in the discovery of a new
‘Ca. Entotheonella’ variant in the dictyoceratid sponge Psammocinia sp., showing that small
molecule-based symbiosis within ‘Ca. Entotheonella’ is not restricted to the demosponge
order Tetractinellida.
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Materials and Methods

Sponge collection and sequencing

Specimens of Psammocinia sp. (class Demospongiae, order Dictyoceratida, family Irciniidae)
were collected by SCUBA diving at Milne Bay, Papua New Guinea (Zoological Museum of
Amsterdam collection number ZMAPOR 19842 = UCSC coll. no. 03526), 12-18 m depth,
in December 2003 at 9°37.214‘ S 150°57.332° E, 9°14.008‘ S 150°46.782' E, 9°14.147° S
150°47.173° E, and 9°19.868‘ S 150°43.906° E as described in Robinson et al. (2007) and
preserved in 95% EtOH. Shallow Geodia barretti (class Demospongiae, order Tetractinellida,
family Geodiidae) were collected by SCUBA diving in 2012 in the Bjgrnsund Islands and
Lysefjord, western Norway (Cardenas and Rapp, 2013). Other North Atlantic deep-sea Geodia
species (G. atlantica, G. barretti, G. hentscheli, G. macandrewii, G. parva, G. pachydermata,
G. phlegraei) (Cardenas et al., 2013) were collected between 2004 and 2016 using remotely
operating vehicles (ROVs) and trawls/dredges during various cruises in western Norwegian
fijords, Kosterfjord (Sweden), Rockall Bank, the Greenland Sea, the Davis Strait, the Flemish
Cap, Svalbard and the Galicia Bank. All specimens were preserved in 95% EtOH shortly after
collection (Table S1).

Specimens of G. barretti (Gb1, Gb2 and Gb4-Gb10) and G. atlantica (Ga3) for metagenomic
sequencing were collected by dredging onboard R/V Hans Brattstrom of the University of
Bergen from Korsfjord, south of Bergen, Norway (60°8.13’ N, 5°6.7’ E) in September and
October 2017. They were chopped and flash frozen with liquid nitrogen upon collection
and stored at -80 °C. Specimens (Gb126, Gb278 and Gb305) of G. barretti were collected
during benthic trawls by the crews of the R/V Pamiut of the Greenland Institute of Natural
Resources during cruises conducted by Fisheries and Oceans Canada in the Davis Strait
taken during the same season (Sept-Oct) from 2011-2015 and were stored at -20 °C (Steffen
et al.). The Geodia samples (Gb1, Gb2, Gb4-Gb10 and Ga3) were crushed in liquid nitrogen
to a fine power with pestle and mortar. Two hundred mg of sponge tissue material were
disrupted by bead beating using milling balls (5 x 2 mm + 2 x 5 mm) and 2 steps of shaking
for 20 s at 4,000 rpm as described in Roume et al. (2013). Tissue lysate was further used
for DNA extraction with the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) and sequenced by
Novogene (Hong Kong) using the lllumina HiSeq PE150 platform.

Four sponges (DOM10, DOM14B, DOM33, DOM40) were collected by submersible near
Portsmouth, Dominica. Sponges were stored in RNALater (Thermo Fisher, USA) at -20 °C
until further processing (Table S1). Sponge pieces were defrosted, rinsed with sterile
artificial seawater, chopped into small pieces, added to a PowerBead Tube and subjected to
shaking three times for 60 s at 6,000 x g using the Precellys 24 Homogenizer (Bertin GmbH,
Germany). DNA was subsequently extracted following the standard protocol of the DNeasy
PowerSoil Pro Kit (Qiagen). Metagenomic DNA samples were sent to Novogene Europe
(United Kingdom) for sequencing using the lllumina Novaseq6000 platform with the PE150
library and sequencing kits.
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Soil sampling and sequencing

Soil samples were collected from 19 locations in Germany and Norway (Table S2). To isolate
the metagenomic DNA of the samples, the PowerSoil DNA Isolation Kit (MO BIO Laboratories,
Carlsbad, CA, USA) was used. Partial 16S rRNA genes were amplified by a nested PCR
approach using the bacterial primers 27F (5’-AGA GTT TGA TCM TGG CTC AG-3’) and 1492R
(5’-TAC GGY TAC CTT GTT ACG ACT T-3’) in a first round of PCR and the ‘Ca. Entotheonella’-
specific primers Ento238F (5’-CCG GTC TGA GAT GAG CTT GC-3’) (Schmidt et al., 2000) and
Ento1442R (5’-TCA CCC CAA TCA CCC CGC-3’) (Wilson et al., 2014) in the second round of
PCR. The resulting DNA fragments were either sequenced directly or subcloned into pJet1.2
using the Clonelet PCR Cloning Kit (Thermo Scientific, USA) prior to sequencing.

Enrichment of soil bacteria

The collected soil was resuspended in 0.9% (w/v) aqueous NaCl solution using a hand
blender. The suspension was stirred with a magnetic stirrer for 20 min then left undisturbed
for additional 10 min to allow for settling of particles. The supernatant was decanted
through a 32 um Nytex mesh and centrifuged at 100 x g, 1,000 x g and 4,500 x g to separate
the bacteria by their different sedimentation characteristics. Each bacterial fraction was
resuspended in 0.9% (w/v) aqueous NaCl. For further separation and to remove remaining
soil particles, density gradient centrifugation was employed. A Nycodenz cushion (60%
(w/v) SERVA, Heidelberg) was placed beneath the bacterial suspension and centrifuged at
10,000 x g for 20 min at 4 °C. The cell interlayer was transferred to a new tube, washed with
phosphate-buffered saline (PBS) and resuspended in 0.9% NaCl. For subsequent CARD-FISH
studies, the enriched cells were either fixed in 4% paraformaldehyde (PFA, in PBS) or 100%
ethanol at 4 °C overnight and subsequently stored at -20 °C until use.

Isolation of filamentous bacteria from the sponge Psammocinia sp.

Filament-enriched bacterial cell fractions from Psammocinia sp. were prepared by a
modified protocol previously described for Theonella sponges (Wilson et al., 2014). Briefly,
the sponge tissue was cut into small pieces, immersed in buffered calcium- and magnesium-
free artificial sea water (CMF-ASW: 10 mM Tris-Cl, 449 mM NaCl, 9 mM KCl, 33 mM Na,sO,, 2
mM NaHCO,) and further processed using a mortar and pestle. The homogenized suspension
was subsequently transferred to a Falcon tube and incubated with a mixture of collagenase
I and IV (end concentration: 240 pg/ml) for 30 min at 37 °C. After 10-fold dilution with
CMF-ASW and addition of 2.5 mM ethylene glycol tetra-acetic acid (EGTA), the solution was
incubated on a rotating wheel at 4 °C overnight. Next day, the solution was passed through
a 32 um Nytex mesh and centrifuged at 100 x g for 10 min to pellet filaments. The pellet was
washed 3 times with 500 pl CMF-ASW and stored at 4 °C until use.
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Phylogenetic analysis

Previously deposited tectomicrobial 16S rRNA gene sequences were retrieved from the
GenBank sequence database by BLASTing the full-length 16S rRNA gene sequence of ‘Ca.
Entotheonella factor’ (KF926817). Hits above a threshold of 75% identity (>1000 sequences)
were aligned using MUSCLE (Edgar, 2004), followed by manual alignment correction. A total
of 811 sequences were selected to create an alignment with maximal sequence length and
without gaps in the region corresponding to positions 337 to 1078 in the E. coli homolog.
To the dataset were added 187 sequences belonging to known species of Nitrospirae,
Deltaproteobacteria, Alphaproteobacteria, Rokubacteria, Acidobacteria and Nitrospinae as
outgroups. After a first round of phylogenetic analysis using the Neighbour-Joining method
(Nei and Kumar, 2000), the putative tectomicrobial dataset was reduced from 811 to 456
sequences that fulfilled the monophyly criterion. The initial phylogram was generated by the
Neighbour-Joining method with 500 bootstrap resamplings using the Jukes-Cantor model to
compute evolutionary distances. To further test for a placement within ‘Ca. Tectomicrobia’,
the phylogeny was also reconstructed with the Maximum Likelihood algorithm with 500
bootstrap resamplings using the Generalized Time Reversible model (Felsenstein, 1985; Nei
and Kumar, 2000). A discrete gamma distribution of 0.47 was used to model evolutionary
rate differences among sites. The percentage of replicate trees in which the associated taxa
clustered together in a bootstrap test of both algorithms are indicated in the final tree when
either value was above 50%. All evolutionary analyses were conducted in MEGA6 (Tamura et
al., 2013) and visualized using the online tool Interactive Tree Of Life (iTOL) 5.0 (Letunic and
Bork, 2016). A global identity matrix was used to calculate the median sequence identities
(Hodges-Lehmann median) of all taxa, and a normal approximation was the basis for the
upper and lower bounds for the 95% confidence interval.

Metagenome assembly, binning, and bin classification

Adapter removal, quality filtering and normalization was done using the BBtools suite v37.64
(Bushnell et al., 2017) with the following parameters: ktrim=r k=23 mink=7 hdist=1 tpe tbo
gtrim=rl trimq=20 ftm=5 maqg=20 minlen=50. The reads were normalized for coverage with
parameters, target=200 min=3. Filtered reads were assembled with SPAdes v3.12 (Nurk
et al., 2017) using the --meta and --only-assembler flags. Contigs were binned and refined
using metaWRAP v1.2 (Uritskiy et al., 2018) with minimum completeness of 50%, maximum
contamination of 10% (G. barretti and G. atlantica samples were binned with MaxBin2 2.2.4
and metaBAT2 2.9.1 and DOM samples with MaxBin2 2.2.4, metaBAT2 2.9.1, and CONCOCT
0.4.0). Reassembly was performed using metaWRAP’s reassembly module (SPAdes 3.10.1).
The obtained bins were taxonomically classified using the GTDB-Tool Kit 1.1.0 (GTDB-Tk)
classify workflow (Chaumeil et al., 2019).

A BLASTN search using the 16S rRNA gene sequences from ‘Ca. E. factor’ and ‘Ca. E. serta’ as
queries was used to detect 16S rRNA gene sequences within the putative ‘Ca. Tectomicrobia’
bins. Of the 24 putative ‘Ca. Tectomicrobia’ bins, 22 had at least a fragmentary 16S rRNA
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gene sequence, and 15 of those had at least 400 bp of overlap with the amplicon generated
from our ‘Ca. Entotheonella’-specific primers (Wilson et al., 2014; Mori et al., 2018). These
sequences were aligned to the 811 used previously using MUSCLE, followed by trimming of
the alignment and manual realignment. The phylogenetic tree was regenerated for analysis
using the Maximum Likelihood method as described above.

Phylogenomic and genomic analysis

Phylogenomic trees were constructed in Anvi‘o (Eren et al., 2015) using the standard
phylogenomics workflow laid out in the tutorial. Briefly, the putative ‘Ca. Tectomicrobia’
MAGs were imported into Anvi'o, genes were called with Prodigal (Hyatt et al., 2010),
and an HMM profile was created. The protein sequences corresponding to 71 bacterial
single-copy genes (Lee, 2019) were extracted, filtered to remove those present in less than
75% of MAGs, and concatenated; these concatenated sequences were then aligned with
MUSCLE (Edgar, 2004) and this alignment was used to generate a phylogenomic tree using
FastTree v2.1.11 (Price et al., 2010). BGCs were predicted using bacterial AntiSMASH 5.0
with ‘relaxed’ detection strictness (Blin et al., 2019). The quality of the ‘Ca. Thalassonella’
MAGs was estimated with CheckM v1.1.2 (Parks et al., 2015). Only medium-high-quality
MAGs (>75% completeness, <5% contamination) were considered for downstream analysis.
Genome annotation was performed with Prokka v1.14.6 (Seemann, 2014). Assignment of
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthologs (KO) and metabolic pathway
reconstruction were conducted using the KofamKOALA (Aramaki et al., 2020) and BlastKOALA
(Kanehisa et al., 2016) online tools with default settings. For annotation with BlastKOALA,
the ‘species_prokaryotes’ KEGG GENES database was used.

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH)

CARD-FISH experiments were performed as described previously (Ueoka et al., 2015).
Briefly, Psammocinia sp. was flash-frozen in liquid nitrogen and subsequently cut into 30 um
slices using a microtome (Microm, Thermo Fisher, USA). Representative sponge tissue slices
were then transferred onto microscopy slides, air-dried for 3 h at room temperature and
subsequently fixed in PBS-buffered 4% PFA (4 °C, overnight). After washing with PBS, slices
were permeabilized with 10 mg/ml lysozyme (20 mM Tris HCl pH 8.0, 2 mM EDTA, 0.1% Triton
X-100) for 30 min at room temperature, washed once with PBS and incubated for 10 min at
4 °C with 1 mg/ml proteinase K (100 mM Tris HCI pH 8.0, 100 mM EDTA, 0.1% Triton X-100).
Endogenous peroxidases were subsequently quenched by incubation with 0.01 M HCl for 20
min at room temperature, afterwards washed with PBS, dehydrated in pure EtOH for 3 min
at room temperature, and air-dried. The hybridization reaction took place in hybridization
buffer [0.9 M NaCl, 20 mM Tris HCI pH 7.6, 10% (wt/vol) dextran sulfate, 0.05% SDS, 1%
nucleic acid blocking reagent (Roche, Switzerland), 0.5 mg/mL herring sperm DNA (Sigma)]
containing 55% (vol/vol) formamide and 0.5 ng/uL ‘Ca. Entotheonella’-specific horseradish
peroxidase (HRP)-coupled probe ESP219 (5'-CCG CAA GCY CAT CTC AGA CC-3’; BioMers) for
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4 h at 35 °C. Subsequently, tissue slices were washed once in prewarmed washing buffer (3
mM NaCl, 5 mM EDTA pH 8.0, 20 mM Tris HCI pH 7.6, 0.05% SDS) and once in PBS-T (0.01%
Triton X-100) for each 30 min at 37 °C. After equilibration of the probe-delivered HRP in PBS
for 20 min, tissue slices were incubated in amplification solution [1x PBS pH 7.6, 2 M NaCl,
20% (wt/vol) dextran sulfate, 0.1% nucleic acid blocking reagent (Roche), 0.0015% H,O,]
containing Alexa Fluor 647-labeled tyramide (Life Science) for 1 h at 37 °C in the dark. Next,
tissue slices were washed 3 times in PBS for 10 min at room temperature, once washed
in distilled ice-cold H,O, dehydrated in pure EtOH, and air-dried. For microscopic analysis,
tissue slices were covered with mounting agent (Citifluor Limited, UK) and observed under
a Zeiss Axioskop 2 epifluorescence microscope equipped with a 75-W xenon arc lamp (XBO
75) and a 20x Plan Neofluar objective.

Results and Discussion

Analysis of environmental samples for the presence of ‘Ca. Tectomicrobia’

Although our previous analyses had focused on ‘Ca. Tectomicrobia’ living in symbiosis
with astrophorin sponges, preliminary phylogenetic analyses also suggested the existence
of this candidate phylum in other sponges and habitats. In an attempt to uncover further
tectomicrobial diversity, we engaged in a targeted sequence prospecting campaign. For
this purpose, we collected soil from 19 locations in Germany and Norway (Table S2) and
isolated the DNA of enriched bacterial fractions prepared from these samples. To analyse
phylogenetic divergence in these samples, we generated 16S rRNA gene sequences by a
nested PCR approach previously established for the identification of ‘Ca. Entotheonella’ in
metagenomic DNA samples (Wilson et al., 2014) or by the use of the more general 16S rRNA
gene PCR primers, 27F and 1492R, on enriched bacterial cell pellets. In both cases, target
amplicons were obtained and subcloned for sequencing that resulted in a combined 51 new
near full-length tectomicrobial 16S rRNA gene sequences. A similar procedure was carried
out on Geodia sponges collected from the North Atlantic as well as previously collected
astrophorin sponges from Japan, generating an additional 34 new tectomicrobial 16S rRNA
sequences derived from Geodia and 8 from the rest, for a total of 93 (Table S3).

Phylogenetic analyses suggest various marine and terrestrial genus-like lineages in ‘Ca.
Tectomicrobia’

For the phylogenetic analyses, public databases were searched for additional potential
tectomicrobial 16S rRNA gene sequences to further enrich the dataset. In total, 456
sequences remained that were used in this study, consisting of 363 sequences derived from
GenBank and our 93 newly acquired sequences. None of these originated from cultivated
bacteria. A previous preliminary phylogenetic analysis of ‘Ca. Tectomicrobia’ had suggested
the presence of three distinct clades, with the ‘Ca. Entotheonella’ lineage harbouring most
of the sequences (Wilson et al., 2014). Using our new, expanded dataset, phylograms
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inferred by maximum likelihood and neighbour-joining methods instead showed two deep-
branching clades with high bootstrap support (Figures 1A and $1-S3). Clade 1 comprised 119
sequences with low sequence divergence (95.4% median sequence identity, MSI), suggesting
a single candidate genus, for which we propose the name ‘Candidatus Allonella’ (from
Greek GAAog, other). Clade 2 could be further divided into at least three major subgroups
that were well-supported by bootstrap replicates. All sequences previously designated ‘Ca.
Entotheonella’ (Wilson et al., 2014) fell into one of these three subgroups, along with 11 of
the sequences generated in our sequencing campaign. This group, which retains the name
‘Ca. Entotheonella’, had an MSI of 96.1%, suggesting a taxonomic ranking of a candidate
genus according to the taxonomic thresholds proposed by (Yarza et al., 2014). Subgroup
2 contained 66 marine sponge-derived sequences, 52 of which were obtained from our
sampling of deep-sea Geodia spp., for which we propose the name ‘Ca. Thalassonella’
(Greek: Balaooa, sea; MSI = 96.6%) . The third genus-like subgroup in Clade 2 emerged
with the addition of the new soil-derived 16S rRNA sequences generated in this study,
and contained 112 sequences of exclusively terrestrial origin. Because the first soil sample
that was positively tested for ‘Ca. Tectomicrobia’ originated from a vegetable garden, we
propose the name ‘Ca. Prasianella’ (ancient Greek, npaotd, garden bed; MSI = 96.3%). In
addition to their distinctive phylogeny, ‘Ca. Prasianella’ and ‘Ca. Thalassonella’ 16S rRNA
gene sequences contained as a diagnostic feature a 25-29 bp insertion in the V3 region,
which ‘Ca. Entotheonella’ sequences lacked (Figure S4). Two additional smaller subgroups,
t1’ and ‘t2’, which contained 10 and 11 sequences of mainly terrestrial origin, respectively,
were also present in Clade 2 (Figure S2). However, further sequences are necessary to
resolve the phylogenetic relationship between ‘t1’, t2’ and members of ‘Ca. Thalassonella’
and ‘Ca. Prasianella’.

Comparison of the groups within Clade 2 shows 85.9-90.1% MSI (Figure 1C), suggesting that
Clade 2 represents a candidate order, ‘Ca. Entotheonellales’, whereas Clades 1 and 2 had an
MSI of 81.1%, suggesting membership in a shared class or phylum according to the thresholds
proposed by Yarza et al. (2014). Although our previous efforts to identify reservoirs of ‘Ca.
Tectomicrobia’ had focused on marine sponges, the current analysis showed that members
are widespread in soil. In total, 54.1% of the tectomicrobial sequences derived from soil
habitats, 5.0% from freshwater, 1.4% from saltwater and 39.5% from marine sponges (Figure
1B), although this distribution is likely heavily affected by sampling bias.
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Figure 1. Phylogeny and environmental distribution of the candidate phylum ‘Tectomicrobia’ based
on 16S rRNA gene sequences. A) Phylogenetic tree inferred from 456 tectomicrobial sequences under
the neighbour-joining criterion. Support of individual branches by bootstrap values is indicated at
the respective nodes for both methods used when either value is above 50% (neighbour-joining/
maximum-likelihood). Scale bar, 0.01 changes per nucleotide position. The number of sequences
comprising a specific group is shown inside or next to the corresponding clade. The phylum Nitrospinae
was used here as an outgroup. The environmental distribution of sequences assigned to specific
groups is shown as a pie chart next to the corresponding group. B) Pie chart diagram illustrating the
environmental distribution of ‘Ca. Tectomicrobia’ based on 456 16S rRNA gene sequences. A list of
sequences generated in this study can be found in Table S3. C) Median sequence identities within
(main diagonal) and between (off-diagonal) the genus-level clades described in this study. A more
detailed version of this figure, showing higher and lower level divisions, is provided in Figure S5.
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Correlation between phylogeny and environmental distribution within ‘Ca.
Tectomicrobia’ lineages

All 112 sequences within the genus ‘Ca. Prasianella’ originated from terrestrial sources,
but no clear further differentiating relationship could be identified between phylogeny
and habitat or geographic origin (Figure S3). Similarly, the geographic distribution of ‘Ca.
Thalassonella’ covered various marine regions including the Pacific, Atlantic, Arctic and
Indian Oceans (Figure 2). Among the 66 ‘Ca. Thalassonella’ sequences, most originated from
various Geodia spp. sponges (37 sequences), followed by the 16 sequences from the two
Xestospongia species, Xestospongia testudinaria (Manado, Indonesia) and Xestospongia
muta (Key Largo, Florida, USA) (Montalvo and Hill, 2011). The large majority of sponges
with ‘Ca. Thalassonella’ were high-microbial abundance (HMA) sponges (Geodia spp.,
Xestospongia spp., Aplysina spp., Ecionemia alata, Ircinia strobilina, Vaceletia crypta,
Plakortis halichondrioides), with one low-microbial abundance (LMA) sponge (Tedania
ignis) and two species of more uncertain status (Astrosclera willeyana, Haliclona tubifera)
(Simister et al., 2013; Gloeckner et al., 2014; Lavy et al., 2018). ‘Ca. Thalassonella’ phylotype
clades were strongly based on their host sponge (phylosymbiosis), particularly for Geodia
and Xestospongia sponges for which several ‘Ca. Thalassonella’ sequences were available in
this study (Figure 2). The ‘Ca. Thalassonella’ group also contained a single sequence from
a diseased coral (Montastraea faveolata) as the only non-sponge-derived representative.
However, since a corresponding sequence was not reported from a nearby, healthy coral,
it might originated from a contamination rather than the coral microbiome (Kimes et al.,
2013).

Although no geographic patterns were observed, sequences from similar water depths
clustered together, as apparent from the existence of individual ‘Ca. Thalassonella’ Geodia
subclades comprising sublittoral/fjord (36-200 m), sublittoral/fjord to upper bathyal (36-
787 m) and lower bathyal members (688-1462 m) (Figure 2). Thus, water depth, or more
likely water masses, along with the sponge host species, appeared to be major determinants
influencing the differentiation of ‘Ca. Thalassonella’. The sharing of specific ASVs by
different Geodia species over large geographical distances could reflect Geodia population
connectivity (Roberts et al., 2021). For example, G. macandrewii and G. barretti sharing
one ASV between the upper bathyal Svalbard and Davis Strait (~3700 km) may reflect
host-microbe connections via the deep-sea East Greenland current, followed by the West
Greenland current. Depth has been reported in several studies as a factor that stratifies
marine bacterial communities at the species [e.g., Bacillus cereus (Liu et al., 2013)), phylum
(e.g., SAR11 (Field et al., 1997)], and global level (Sunagawa et al., 2015a). However, more
thorough sampling will be required to rule out potential confounding factors.
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r /AJ347048, uncultured bacterium clone TK67 5-10m, Aplysina aerophoba, France
. uncultured bacterium clone C374/GW1046 24m, Astrosclera willeyana, Egypt
Im‘— FJ900569, uncultured bacterium clone AncD39 10m, Ancorina alata, New Zealand
HE817864, uncultured bacterium clone B75/GW847 8m, Vaceletia crypta, Australia
m:mzawna uncultured bacterium clone B1/GW947 8m, Vaceletia crypta, Australia
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Figure 2. Phylogeny of ‘Ca. Thalassonella’. Detailed view of ‘Ca. Thalassonella subgroup for the tree
shown in Figure 1. Bootstrap values for both methods used are given when either value is above
50% (neighbour-joining/maximum-likelihood). Sequences generated in this study are indicated with a
black circle. Scale bar, 0.005 changes per nucleotide position.
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‘Ca. Entotheonella’ members exhibit two contrasting phylogenetic patterns

Phylogenetic insights were of particular interest for members of ‘Ca. Entotheonella’ as rich
producers of bioactive natural products in sponges (Kimura et al., 2012; Wakimoto et al.,
2014; Wilson et al., 2014; Ueoka et al., 2015; Nakashima et al., 2016; Mori et al., 2018).
In contrast to ‘Ca. Thalassonella’, only limited correlation was initially apparent between
bacterial phylogeny and host affiliation (Figure 3). Also, host sponges here were a mix of
HMA (Theonella, Discodermia, Aplysina, Ircinia, Agelas, Pseudoceratina purpurea) and LMA
(Cliona, Stylissa, Hexadella, Dysidea, Callyspongia) sponges (Blanquer et al., 2013; Gloeckner
et al., 2014). However, closer analysis revealed two distinct distribution patterns among
‘Ca. Entotheonella’ phylotypes. All sequences corresponding to the previously described
metabolically talented ‘Ca. Entotheonella’ phylotypes fell into one clade (group | in Figure
3, MSI = 96.8%) with relatively high sequence divergence and a branching topology that
suggested some degree of specificity with sponge hosts. A contrasting pattern was found
in groups lla (MSI = 98.7%) and Ilb (MSI = 99.6%) (Figure 3 and S5), which harboured ‘Ca.
Entotheonella’ sequences with highly similar 16S rRNA genes that were detected exclusively
by PCR in a wide range of sponges. These closely related ‘Ca. Entotheonella’ phylotypes
are clearly not tied to the phylogeny of their hosts; they might either be host-promiscuous
symbionts or non-symbiotic contaminants from seawater. In some sponge species, e.g.
T. swinhoei or Discodermia dissoluta, the same sponge specimen was found to contain
sequences from groups | and Ila/llb. The final ‘Ca. Entotheonella’ clade (group lic) showed
slightly higher sequence divergence (MSI = 98.2%) than groups lla and llb (Figure 3 and S5).
Given the large number of BGCs in each ‘Ca. Entotheonella’ genome studied to date and
the uniqueness of each BGC inventory (Mori et al., 2018; Reiter et al., 2020), this might
suggest a wealth of biosynthetic novelty yet to be discovered. Since group | included
all biosynthetically talented ‘Ca. Entotheonella’ previously characterized by genomic,
microscopic, and spectroscopic methods, we were intrigued by the presence of additional
group | members from terrestrial habitats, including soil samples collected at two distant
locations in Germany and samples derived from dump layers of the leafcutter ant Atta
colombica. However, our attempts to mechanically enrich and visualize terrestrial ‘Ca.
Entotheonella’ were unsuccessful.
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Figure 3. Phylogeny of ‘Ca. Entotheonella’. Detailed view of ‘Ca. Entotheonella’ for the tree shown
in Figure 1. Bootstrap values are given for both methods used, when either value is above 50%
(neighbour-joining/maximume-likelihood). Sequences generated in this study are indicated with a
black circle and ‘Ca. Entotheonella’ bacteria previously linked to the production of bioactive natural
products are highlighted with a black asterisk. Sequences derived from soil samples are highlighted in
red. Scale bar, 0.01 changes per nucleotide position.
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A potential ‘Ca. Entotheonella’ source of the anticancer polyketide psymberin in the
sponge Psammocinia sp.

The data on group | containing the known symbiotic ‘Ca. Entotheonella’ variants raised
the question of whether additional sponge-associated producers can be identified in this
clade. A promising candidate was a sequence amplified from metagenomic DNA of the
sponge Psammocinia sp. (order Dictyoceratida, family Irciniidae) with 96.1% identity to the
16S rRNA gene of ‘Ca. Entotheonella factor’. This sponge was previously shown to contain
psymberin (Cichewicz et al., 2004; Pettit et al., 2004), a cytotoxin with nanomolar activity
against a variety of tumour cell lines (Bielitza and Pietruszka, 2013). Psymberin belongs
to the pederin-type family of polyketides that are mostly produced by symbionts from
diverse bacterial phyla (Helfrich and Piel, 2016), including onnamides and theopederins in
T. swinhoei by ‘Ca. E. factor’ (Wilson et al., 2014) and mycalamides in the sponge Mycale
hentscheli by a bacterium of the UBA10353 group (Rust et al., 2020). From a metagenomic
DNA library of Psammocinia sp. DNA, we had previously isolated the BGC for psymberin, but
the producer could not be identified at the time (Fisch et al., 2009). However, re-analysis
of the genes surrounding the isolated gene cluster showed high amino acid sequence
identity (81-99%) to ‘Ca. Entotheonella’ proteins for three gene products (Figure S6B, Table
S4), suggesting an ‘Ca. Entotheonella’ symbiont as the possible source of psymberin. Initial
attempts to detect filamentous bacteria in Psammocinia sp. by the established mechanical
enrichment technique were unsuccessful, but a modified protocol involving the addition of
collagenases and EGTA released copious amounts of multicellular filaments from the sponge
extracellular matrix. To further characterize these filaments we performed CARD-FISH
experiments using the previously reported ‘Ca. Entotheonella’-specific probe ESP-219 on
30 um sponge tissue slices (Ueoka et al., 2015). This method resulted in selective labelling
of the filamentous bacteria (Figure 4 and S6C), which we subsequently named ‘Candidatus
Entotheonella consociata’ for its tight association with the sponge matrix (Latin, consociata;
associated). The localization of these filaments to the inner pore surfaces of the sponge
resembled previous findings in Theonella sponges (Ueoka et al., 2015; Lackner et al., 2017).
Efforts to directly sequence DNA isolated from the enriched cell pellet were unsuccessful,
a phenomenon that we have also encountered for other ‘Ca. Entotheonella’-containing
samples (Ueoka et al., 2015; Mori et al., 2018).
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Figure 4. CARD-FISH localization of ‘Ca. E. consociata’ in Psammocinia sp.. Overlay of a bright-field
image of a representative thin slice of Psammocinia sp. (A) with a fluorescent image obtained from
CARD-FISH labelling of ‘Ca. Entotheonella’ (B). Scale bar: 20 um.

Metagenome-assembled genomes of ‘Ca. Thalassonella’ from diverse sponges lack
biosynthetic richness

The lack of genomic information about ‘Ca. Tectomicrobia’ other than ‘Ca. Entotheonella’ is
a self-reinforcing problem. Due to the lack of reference genomes against which to compare
draft metagenome-assembled genomes (MAGs), these newly-sequenced MAGs could not
be unambiguously assigned to the candidate phylum, or to the subordinate taxonomic
groups introduced in this study but defined based on 16S rRNA gene relatedness. This can
be a challenge for phylogenomic inference tools such as the GTDB (Parks et al., 2018), which
assigns taxonomy based on genome similarity to this limited reference set. Several recent
metagenomics papers have mentioned the presence of ‘Ca. Tectomicrobia’ in metagenomes
without addressing how these sequences relate to the available ‘Ca. Entotheonella’ data
(Miller et al., 2016; Feng et al., 2018; Bezuidt et al., 2020; Robbins et al., 2021; Tong et
al., 2021). Because of their conservation, 16S rRNA gene sequences are rarely assembled
successfully from metagenomes, preventing a direct comparison of these ‘Ca. Tectomicrobia’
MAGs with the 16S rRNA gene-based phylogeny presented here.

Among the metagenomes of 17 sponges recently sequenced by our groups, the GTDB-Tk
assigned 24 MAGs with completeness greater than 50% and no more than 10% contamination
as belonging to ‘Ca. Tectomicrobia’ (Table S1). Crucially, BLAST searches found that 15 of
these MAGs contained 16S rRNA gene sequences with length ranging from 399 to 749 bp.
These sequences were aligned to those used for phylogenetic analysis in this study. Five of
these 15 MAGs clustered with outgroups of ‘Ca. Tectomicrobia’, highlighting the challenge
of phylogenomic assignment in a sparsely covered region of sequence space, while one
diverged early from ‘Candidatus Entotheonellales’ but could not be placed into a candidate
genus. The remaining nine MAGs fell clearly into the candidate genus ‘Thalassonella’
(Table S1) (Figure 5A). In conclusion, these nine represent the first genomes from ‘Ca.
Tectomicrobia’ outside ‘Ca. Entotheonella’.
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Finally, a phylogenomic tree was constructed in Anvi'o using these 15 MAGs for which
16S rRNA gene sequences were available, together with three ‘Ca. Entotheonella’ MAGs,
and three MAGs from phylum Nitrospinae as outgroups (Figure 5B). This tree, based on
a concatenated alignment of 71 bacterial marker genes, showed remarkable concordance
with the 16S rRNA gene-based tree, supporting all assignments at subgenus level within the
phylum ‘Ca. Tectomicrobia’ . The only exception was Gb4_35, which had an inconclusive
‘Ca. Entotheonellales’ designation based on its 16S rRNA gene, but for which phylogenomics
revealed that it belongs to the ‘sublittoral to upper bathyal’ Geodia group within ‘Ca.
Thalassonella’. Incorporation of putative ‘Ca. Tectomicrobia’” MAGs lacking 16S rRNA gene
sequences identified an additional seven MAGs as ‘Ca. Thalassonella’, and rejected two
additional MAGs as being incorrectly assigned to ‘Ca. Tectomicrobia’ (Figure S7), but did not
uncover any genomes belonging to any of the other candidate ‘Ca. Tectomicrobia’ genera,
including ‘Ca. Entotheonella’ and the yet-elusive ‘Ca. Allonella’ and ‘Ca. Prasianella’.
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To assess the biosynthetic potential of ‘Ca. Thalassonella’, all candidate ‘Ca. Tectomicrobia’
genomes were analysed using antiSMASH. In contrast to the numerous and largely unique
BGCs of ‘Ca. Entotheonella’ (Wilson et al., 2014; Mori et al., 2018; Reiter et al., 2020), the
‘Ca. Thalassonella’ MAGs possessed just 2-5 BGCs each, nearly all of which were conserved
within the genus (Figure 6). Of particular note were two putative terpene BGCs that were also
found in the three published ‘Ca. Entotheonella’ draft genomes (Wilson et al., 2014; Lackner
et al., 2017; Mori et al., 2018). One of these two conserved terpene BGCs was present in all
‘Ca.Thalassonella’ MAGs, whereas the other was presentin 11 of the 17 (Figure 6). A putative
BGC for a modified lipid was present in 15 of 17 ‘Ca. Thalassonella MAGs’, and a unimodular
type | polyketide synthase (T1PKS) was found exclusively but universally in the ‘Mesopelagic
Geodia’ subgenus grouping. Neither the lipid-modifying cluster nor the T1PKS were found
in ‘Ca. Entotheonella’ genomes, and none of the four conserved ‘Ca. Thalassonella’ BGCs
were found in the outgroup MAGs. Although the functions of these clusters are unknown,
their hypothetical products could be useful molecular biomarkers for the presence of ‘Ca.
Tectomicrobia’ generally, in the case of the terpenes, or ‘Ca. Thalassonella’ specifically, in
the case of the other BGCs.

~ v
e g
o 9
Bin ID Phylogenomic Identification
DOM14B_50 ‘Ca. Thalassonella’ -- Xestospongia
DOM10_77 ‘Ca. Thalassonella’-- sublittoral Xestospongia
DOM33_25 ‘Ca. Thalassonella’-- sublittoral Xestospongia
DOM40_22 ‘Ca. Thalassonella’-- sublittoral Xestospongia
Gb278_5 ‘Ca. Thalassonella’-- sublittoral Xestospongia
Gb305_49 ‘Ca. Thalassonella’-- lower bathyal Geodia
DOM14B_37 ‘Ca. Thalassonella’-- Geodia
Gb1_17 ‘Ca. Thalassonella’-- upper bathyal Geodia
Gb10_1 ‘Ca. Thalassonella’-- upper bathyal Geodia
Gb2 28 ‘Ca. Thalassonella’-- upper bathyal Geodia
Ga3_28 ‘Ca. Thalassonella’-- upper bathyal Geodia

Gb4_35
Gb5_34
Gb6_37

Gb7_17
Gbs_16

Gb9 24

‘Ca. Thalassonella’-- upper bathyal Geodia
‘Ca. Thalassonella’-- upper bathyal Geodia
‘Ca. Thalassonella’-- upper bathyal Geodia
‘Ca. Thalassonella’-- upper bathyal Geodia
‘Ca. Thalassonella’-- upper bathyal Geodia
‘Ca. Thalassonella’-- upper bathyal Geodia

Figure 6. BGC analysis of ‘Ca. Thalassonella” MAGs. Table of conserved BGCs in 17 ‘Ca. Thalassonella’-
assigned MAGs, including MAGs assigned on the basis of the phylogenomic tree in Figure S7. MAGs
containing an ortholog of a cluster are indicated with a ‘+’, and other, non-conserved clusters are
shown in the final column. T1PKS, type | polyketide synthase.
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‘Ca. Thalassonella’ members lead a similar lifestyle to ‘Ca. Entotheonella’

Functional characterization and metabolic pathway reconstruction of eight medium-high-
quality ‘Ca. Thalassonella’ MAGs revealed important clues about their primary metabolism.
On average, the analysed MAGs were 87% complete and 2% contaminated with a genome
size of 3.6 Mbp and 63% GC content (Table S5). Comparative genomic analysis suggested
that ‘Ca. Thalassonella’ has a facultative anaerobic, heterotrophic metabolism highly similar
to that previously reported for ‘Ca. Entotheonella’ (Lackner et al., 2017). The presence of
genes coding for respiratory chain and oxygen-tolerant enzymes indicated the capacity
of ‘Ca. Thalassonella’” to use oxygen as the terminal electron acceptor. Various types of
cytochrome c oxidases (low and high O, affinity) identified in the genomes support previous
findings on the ability of sponge symbionts to survive under different oxygen concentrations
prevailing in actively pumping sponges (Moitinho-Silva et al., 2017b; Taylor et al., 2021).
Similarly to ‘Ca. Entotheonella’, multiple genes encoding CoA-transferases of family Il
(e.g. formyl-CoA transferase, benzylsuccinate CoA-transferase) and putative pathways
for pyruvate fermentation to acetoin and 2,3 butanediol hinted at a facultative anaerobic
metabolism (Lackner et al., 2017).

‘Ca. Thalassonella’ MAGs harboured an almost complete set of genes for glycolysis (Embden-
Meyerhof-Parnas pathway), the tricarboxylic acid (TCA) cycle and the pentose phosphate
pathway (non-oxidative phase) (Table S6). It should be noted that the incompleteness
of certain metabolic pathways must be interpreted cautiously as it could be attributed
to sequencing or binning artifacts. However, in some cases key enzymes involved in core
metabolic pathways might have alternatives performing the same function. For example,
‘Ca. Thalassonella’ MAGs were missing one of the key enzymes of the TCA cycle, namely
the NADP-dependent isocitrate dehydrogenase [EC: 1.1.1.42], which is found in most
prokaryotes, including ‘Ca. Entotheonella’ (Lackner et al., 2017). Instead, they contained the
eukaryotic-type NAD-dependent isocitrate dehydrogenase [EC:1.1.1.41]. No autotrophic
carbon fixation pathways were identified in any of the genomes. A heterotrophic lifestyle
was also reflected in the presence of various ATP-binding cassette (ABC) transporters for
amino acids, oligosaccharides, lipopolysaccharides and lipoproteins (Table S6).

Gene-based evidence suggested that ‘Ca. Thalassonella’ has the capacity of using both
methanol and oxalate as energy sources following the same energy acquisition strategy
as ‘Ca. Entotheonella’. Methanol is considered a key fuel for marine microorganisms
sourced from atmospheric deposition (Yang et al., 2013) and phytoplankton production
(Mincer and Aicher, 2016). In the case of oxalate, it has been often observed in marine
aerosols (Turekian et al., 2003) and in the form of calcium oxalate in sponges (Cerrano et
al., 1999). ‘Ca. Thalassonella’ was also predicted to produce several amino acids, cofactors
and vitamins (Table S6). This biosynthetic potential has been previously reported for
several sponge symbiotic lineages (Lackner et al., 2017; Engelberts et al., 2020; Robbins
et al., 2021). Since sponges are not capable of synthesizing several of these compounds
(e.g., arginine, histidine, vitamin B12) (Munroe et al., 2019), they are thought to obtain

109




Chapter 4

them either via filter-feeding or from their associated microorganisms (Pita et al., 2018).
Our findings suggest that members of the candidate genus ‘Thalassonella’ carry many traits
typically found in sponge symbionts. Further, ‘Ca. Thalassonella’” members appeared to
follow a similar lifestyle to ‘Ca. Entotheonella’ with the exception of the large difference in
their BGC potential described above.

Conclusion

In the present study, the phylogenetic analysis of 456 16S rRNA gene sequences, including
those retrieved from marine and terrestrial samples obtained by targeted sequence
prospecting, demonstrated that the candidate phylum ‘Ca. Tectomicrobia’ is composed of a
diverse range of phylotypes globally distributed among various habitats. The phylum could
be divided into several clades, some of which appeared to correlate with environmental
factors such as water depth, or association with marine sponges. The analysis of the ‘Ca.
Entotheonella’ genus suggested the existence of a small subgroup of ‘Ca. Entotheonella’
bacteria in close phylosymbiosis with sponge hosts and a larger group of bacterial phylotypes
that were highly similar and showed no co-speciation with the host but rather an apparent
biogeographic correlation. All of the known bioactive natural product producers in ‘Ca.
Tectomicrobia’ fellinto the former group. This interconnection offers an interesting possibility
for the prioritization of sponges harbouring group | ‘Ca. Entotheonella’, and has already
led to the discovery of the first potential chemically productive ‘Ca. Entotheonella’ species
in a non-astrophorin sponge. This symbiont, from Psammocinia sp., is the likely producer
of the antitumor compound psymberin. Surprisingly, our studies also pointed towards the
existence of bacteria within the ‘Ca. Entotheonella’ superproducer group | that were not
associated with marine sponges, but no identification was possible beyond the 16S rRNA
gene amplicon. Further studies will be needed to evaluate whether they are as chemically
productive as their sponge-associated counterparts and can be cultivated more easily. In
contrast, the first draft genomes from the candidate genus ‘Thalassonella’ did not reveal a
biosynthetic potential resembling that in ‘Ca. Entotheonella’, while the primary metabolism
of these genera was predicted to be highly similar. However, it remains unknown whether
‘Ca. Entotheonella’ represents the only talented genus within ‘Ca. Tectomicrobia’ due to the
lack of additional tectomicrobial genomes spanning the remaining clades.
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056/0.504  LN567860, uncutured bacterium clone SIFA776 N12D4 165 B, Panama
LN567855, uncultured bacterium clone SIFA793_N12D4_16S_B, Panama
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HQ190412, \Imllured bacterium clone BR49, China
KF712824, uncultured bacterium clone HZ79, China
[EUA440658, uncuitured bacterium clone Plot17-2F12, Mexico
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EU276550, uncuifured bacterium clone Piot03-C09, Mexico
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JF776952, uncultured bacterium done QZ-J80, China
HW445452,

678404, Portugal

KV200760, uncuitured bacterium clone: NP39, Russia
GQ339116, uncultured bacterium clone IS-01, Denmark

Figure S1. Phylogeny of ‘Ca. Allonella’. Detailed view of ‘Ca. Allonella’ genus of the tree shown in Figure
1A. Bootstrap values for both methods used are given when either value was above 50% (neighbour-
joining/maximume-likelihood). Scale bar, 0.004 changes per nucleotide position.
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‘Ca. Prasianella’

‘Ca. Thalassonella’

—< ‘Ca. Enthotheonella’

Figure S2. Phylogeny of tectol (t1) and tecto2 (t2) subgroups. Detailed view of t1 and t2 subgroup of
the tree shown in Figure 1A. Bootstrap values for both methods used are given when either value was
above 50% (neighbour-joining/maximume-likelihood). Scale bar, 0.02 changes per nucleotide position.
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Figure S3. Phylogeny of ‘Ca. Prasianella’. Detailed view of ‘Ca. Prasianella’ genus of the tree shown
in Figure 1A. Bootstrap values for both methods used are given when either value was above 50%
(neighbour-joining/maximum-likelihood). Sequences generated in this study are indicated with a
black circle. Scale bar, 0.01 changes per nucleotide position.
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F1889270
HM447906
CGCAGCGAGGCTGACAAGGCCTGGTC - - -TGCAGAC EU134411
CGGGGAAAGGGTGACAAATCCTTTCC - - -TCCAGAC LN572975
AGGGCTTGAGGCTAGAATATATCTTCGAGTTCTGAC JQ612361
KM389589
KF926788
IN178224

‘Allonella’

‘Prasianella’

‘Thalassonella’

‘Entotheonella’

Figure S4. 16S rRNA insertion in variable region 3 (V3). Schematic of the 16S rRNA gene as sequenced
by the 27F and 1492R primers, highlighting a 25-29 bp insertion in V3. Variable regions are shown
in gold and conserved regions in blue, with two representative sequences shown for each named
candidate genus in ‘Ca. Tectomicrobia’.
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Figure S5. Detailed MSI heatmap. Median sequence identities within (main diagonal) and between
(off-diagonal) the clades described in this study.
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10kb
—

ORF1 ORF3 psyA psyB ;RH psyE pspr;yl psyK psyM ORF6
ORFZ psyC ORF5 psyF psyH psyJ psyL psyN

B PKS EINRPS [Otailoring enzymes [Joxygenase M precursor synthesis
|} P W hydrol = porter @

Figure S6. ‘Ca. E. consociata’ in Psammocinia aff. bulbosa. Phase contrast image of cells enriched
for filamentous cells and dissociated, prepared from Psammocina aff. bulbosa mainly showing ‘Ca.
E. consociata’. Scale bar 5 um. (B) Genomic organization of the psy biosynthetic gene cluster. (C)
Overlay of a bright-field image of a representative thin slice of Psammocinia aff. bulbosa (right) with
a fluorescent image obtained from CARD-FISH labelling of ‘Ca. Entotheonella’ (left). Scale bar: 20 um
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Figure S7. Expanded phylogenomic tree of ‘Ca. Tectomicrobia’. Unrooted Jukes-Cantor phylogenomic
tree of putative ‘Ca. Tectomicrobia’ MAGs, including those without recovered 16S rRNA gene
sequences, plus for reference three ‘Ca. Entotheonella’ draft genomes (‘Ca. E. factor’, NCBI ID AZHWO01;
‘Ca. E. gemina’, AZHX01; ‘Ca. E. serta’, PPXO01) and three draft genomes from the adjacent bacterial
phylum Nitrospinae (MHDLO1, PCWG01, DCWKO01).
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Abstract

Members of the candidate phylum Dadabacteria, recently reassigned to the phylum
Candidatus Desulfobacterota, are cosmopolitan in the marine environment, and are
found both free-living and associated with hosts that are mainly marine sponges. Yet,
these microorganisms are poorly characterised, showing an ambiguous phylogeny and
having no cultured representatives. Here, we performed genome-centric metagenomics to
elucidate the phylogeny and predict the metabolism of the sponge-associated members of
this lineage. Rank-based phylogenomics revealed several new species and a novel family
(Candidatus Spongomicrobiaceae) within a sponge-specific order, named here Candidatus
Nemesobacterales (GTDB order RKRQO1). Metabolic reconstruction suggests that Ca.
Nemesobacterales are aerobic heterotrophs, capable of synthesizing most amino acids,
vitamins and cofactors and degrading complex carbohydrates. We also predict functional
divergence between sponge- and seawater-associated metagenome-assembled genomes
(MAGS). Niche-specific adaptations to the sponge holobiont were evident from significantly
enriched genes involved in defense mechanisms against foreign DNA and environmental
stressors, host-symbiont interactions and secondary metabolite production. Fluorescent in
situ hybridization (FISH) gave a first glimpse of the morphology and lifestyle of a member of
Ca. Desulfobacterota. The Candidatus Nemesobacter rappii was found inside bacteriocytes
in the tissue of the sponge Geodia barretti. Altogether, this is the first study that sheds light
on the enigmatic group Ca. Nemesobacterales and their functional characteristics which
reflect a symbiotic lifestyle.




Candidatus Nemesobacterales, a sponge-specific clade of the candidate phylum Desulfobacterota

Introduction

The candidate phylum Dadabacteria, formerly known as SBR1093, was initially detected in
16S ribosomal RNA (rRNA) gene cloning experiments from activated sludge in sequential
batch reactors (Bond et al., 1995). In 2014, the first draft genome was reconstructed from
industrial-activated sludge samples using metagenome binning methods (Wang et al., 2014).
Hug et al. (2016) later established SBR1093 as a novel phylum under the name ‘Dadabacteria’
(Hug et al., 2016a). To date, this lineage remains uncultured and understudied displaying an
unresolved phylogeny. Waite etal. (2020) recently proposed the assignment of members of the
Candidatus Dadabacteria to the candidate phylum Desulfobacterota. However, phylogenetic
analyses based on concatenated ribosomal proteins did not recover Ca. Dadabacteria as
monophyletic group with members of the Ca. Desulfobacterota phylum (Hug et al., 2016a;
Waite et al., 2020) highlighting the lack of confidence in assigning a taxonomic rank to this
lineage. Currently, both NCBI (NCBI Taxonomy Browser, June 2021) and SILVA databases
(r138.1) contain sequences of this group classified as Ca. Dadabacteria. Due to the explosion
of novel taxa stemming from genome-centric metagenomics, taxonomic assignment of
MAGs has shifted towards whole-genome based approaches to improve the classification of
microorganisms recalcitrant to laboratory culture (Konstantinidis et al., 2017; Hugenholtz et
al., 2021). In congruence with databases such as the Genome Taxonomy Database (GTDB),
the candidate phylum Dadabacteria was united with the phylum Ca. Desulfobacterota and
remains without designated nomenclature type referred to as ‘Desulfobacterota__D’ (GTDB
releases 95 and 202) (Parks et al., 2020). For the purpose of the comparative genomics
study described in this chapter, we decided to follow the classification as proposed by GTDB
(Parks et al., 2020). According to the latest version of GTDB (r202), the candidate phylum
Dadabacteria is placed within Ca. Desulfobacterota as a class-level linage (UBA1144) with
three order- (UBA1144, UBA2774 and RKRQO1) and six family-level lineages (UBA1144,
UBA2774, CSP1-2, NO74bin48, RKRQO1 and GCA-014075295).

Members of this lineage are, currently, all uncultured bacteria, and their MAGs have been
recovered from various habitats (free-living and host-associated), such as hydrothermal,
terrestrial, human-made ecosystems, seawater and marine sponges (Graham and Tully,
2021). Most marine sponges harbour dense and phylogenetically diverse microbial
consortia, which span all domains of life and have tight associations with their hosts (Thomas
et al., 2016). These microbe-host associations have been coined as the ‘sponge holobiont’
(Webster and Taylor, 2012; Pita et al., 2018). Several genome-centric studies have shed light
on the functional role of the sponge microbiome highlighting significant attributes of their
metabolism, including elemental cycling, nutrient supply and host defense (Diez-Vives et
al., 2017; Lackner et al., 2017; Slaby et al., 2017; Astudillo-Garcia et al., 2018; Podell et al.,
2019; Engelberts et al., 2020; Sizikov et al., 2020; Robbins et al., 2021; Taylor et al., 2021).
However, most of these studies have focused primarily on characterizing highly abundant
sponge-associated lineages or the interactions within the holobiont of specific sponge
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species. Therefore, less abundant members of sponge microbiomes and their ecological
functions have been largely overlooked. Members of Ca. Dadabacteria are a perfect
example of that. Microbial community profiling of 81 sponge species using 16S rRNA gene
amplicon sequencing data showed that Ca. Dadabacteria sequences were detected in 78
out of those species, albeit at a low relative abundance (<1%) (Thomas et al., 2016). Despite
their ubiquity, no studies have investigated their role in the sponge microbiome.

To address this gap, we resolved the phylogeny of this lineage following a rank-normalised
taxonomy by expanding their genomic representation with newly generated genomes
recovered from different sponge species. To better understand the ecological importance
of this group, the relative abundance of the MAGs was estimated and a meta-analysis was
conducted using 16S rRNA gene sequences to assess their environmental distribution.
Metabolic reconstruction aimed at elucidating the functional repertoire and symbiotic
features of the sponge-derived MAGs. Comparative genomic analysis was further performed
among members of this lineage isolated from sponges and seawater to examine potential
mechanisms underlying habitat adaptation. Finally, we employed FISH to visualize Ca.
Nemesobacterales inhabiting sponges for the first time.

Materials and Methods

Sample collection and processing

For metagenomic sequencing, Geodia barretti (GB1, GB2 and GB4-10) and Geodia atlantica
(Ga3) specimens were collected from Korsfjord, Norway (60°8.13’ N, 5°6.7’ E) in September
and October 2017 by dredging onboard R/V Hans Brattstrém of the University of Bergen.
In addition, Petrosia ficiformis samples (PF4, PF5, PF7, PF9, PF11, PF12) were collected by
SCUBA-diving from a semi-submerged cave in Sfakia, Greece (35°12.0123’ N, 24°7.1633’
E). All of the aforementioned samples were dipped into liquid nitrogen and stored at -80
°C. Collection of specimens (GB126, GB278 and GB305) of G. barretti was performed by
trawling from Davis Strait, Canada (62° 52’ 15.096" N, 58° 37’ 34.32"” W, 62° 31’ 6.24”
N, 59° 58’ 13.872” W, 61° 53’ 36.132” N, 60° 7' 57.612” W, respectively) in September
and October from 2011 to 2015. The sampling cruises were conducted by Fisheries and
Oceans Canada onboard R/V Pamiut of the Greenland Institute of Natural Resources. These
sponge samples were stored at -20 °C until further processing. The DOM sponges (DOM10,
DOM14B, DOM33, DOM40 and DOM43) were collected from Dominica, 100-200 m depth
near the shore, by a submersible and stored at -20 °C in RNAlater (Thermo Fisher, USA).
Samples of Aplysina aerophoba were collected and processed as described in (Chaib De
Mares et al., 2018). Additional information can be found in Table S1.

For FISH, G. barretti sponges were dissected in cubes of ~1 cm? and fixed in 4% formaldehyde
in Dulbecco’s Phosphate Buffer Saline (DPBS) overnight at 4 °C. Washing steps with DPBS,
glycine (50 mM) in DPBS, and MilliQ H,O followed. All buffers were pre-treated with Diethyl
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pyrocarbonate (DEPC) (0.1%) for RNase inhibition. Sponge samples were dehydrated in a
30% and 50% ethanol series and stored in 50% ethanol at -20 °C.

DNA extraction and sequencing

All G. barretti, G. atlantica, A. aerophoba and P. ficiformis samples were pulverized in liquid
nitrogen using mortar and pestle. For the bead-beating step, 200 mg of sponge tissue were
disrupted by 5 stainless steel beads of 2 mm diameter and 2 beads of 5 mm diameter.
Shaking followed (2 x 20 s at 4,000 rpm) using a Precellys 24 tissue homogenizer (Bertin
GmbH, Germany) according to the protocol of Roume et al. (2013). DNA was then extracted
from the tissue lysate using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Germany).
DNA samples of G. barretti and P. ficiformis were sent for sequencing at Novogene (Hong
Kong) with the Illumina HiSeq PE150 platform. For the A. aerophoba samples, sequencing
was performed by the Research Group Genome Analytics (GMAK) at DSMZ (Braunschweig,
Germany) using the lllumina HiSeq PE100 platform. In addition, DNA from A. aerophoba
sponges was processed for Pacific Biosciences (PacBio, Menlo Park, CA, USA) long-read
sequencing according to Goethe et al. (2020) at DSMZ. For the pre-processing, DOM samples
were thawed and rinsed with artificial seawater. The tissue was then added in a PowerBead
Tube and shaking followed (3 x 60 s at 6,000 x g) using a Precellys 24 Homogenizer (Bertin
GmbH). DNA extraction was performed with the DNeasy PowerSoil Pro Kit (Qiagen,
Germany). Sequencing was conducted by Novogene Europe (United Kingdom) using the
Illumina Novaseq6000 platform.

Metagenome assembly, binning and classification

Quality control of raw reads was performed with FASTQC 0.11.4 (Andrews, 2010). The
BBTools suite 37.64 (Bushnell et al., 2017) was employed for adapter removal and quality
filtering (parameters: ktrim=r k=23 mink=7 hdist=1 tpe tbo qtrim=rl trimq=20 ftm=5
maq=20 target=200). Reads were further normalized with BBNorm (target=100 min=5 for P,
ficiformis and target=200 min=3 for the rest of the samples. Sequencing artifacts and phiX
contamination were removed using BBDuk (Bushnell et al., 2017). Filtered reads (G. barretti,
P. ficiformis and DOM sponge samples) were assembled with SPAdes 3.12 (Nurk et al., 2017)
with the --meta and --only-assembler modes. For A. aerophoba, Illumina HiSeq and PacBio
filtered reads were used to make a hybrid assembly with SPAdes 3.12 (--meta and --only-
assembler) (Nurk et al., 2017).

Contigs were binned using the metaWRAP 1.2 (Uritskiy et al., 2018) binning module with
metaBAT2 2.9.1 (Kang et al., 2019) and MaxBin2 2.2.4 (Wu et al., 2014) for Geodiareads and
metaBAT2 2.9.1 (Kang et al., 2019), MaxBin2 2.2.4 (Wu et al., 2014) and CONCOCT 0.4.0
(Alneberg et al., 2014) for the rest of the sponge samples. The best version of each bin based
on completeness and contamination metrics was selected using metaWRAP’s bin refinement
module (70% minimum completeness, 5% maximum contamination) in accordance with
the Minimum Information about a Metagenome-Assembled Genome (MIMAG) standards
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(Bowers et al., 2017). The refined bin set was subjected to individual reassembly (metaWRAP-
Reassemble_bins module) with SPAdes 3.10.1 (Bankevich et al., 2012).

Classification of the obtained MAGs was done with the Genome Taxonomy Database-Tool Kit
1.5.0 (GTDB-Tk) classify workflow (with reference to GTDB R06-RS202). Only MAGs classified
as ‘Desulfobacterota__ D’ were used for downstream analysis. To confirm the genome-based
classification, 16S rRNA gene sequences were retrieved from the sponge-associated MAGs
with RNAmmer 1.2 (Lagesen et al., 2007). SINA web aligner 1.2.11 (Pruesse et al., 2012) was
used to align the MAG-derived 16S rRNA gene sequences which were later imported into
ARB 6.0.2 (Westram et al., 2011) containing the SILVA 138 SSU Ref Nr99 database (Quast et
al., 2013). The alignment was manually refined in ARB and added by parsimony into the SILVA
guide tree, allowing the classification of the sequences of interest and the identification of
related sequences that were selected for subsequent phylogenetic analysis.

MAG collection and phylogenetic analysis

To ensure the robust representation of the studied lineage, all genomes publicly available at
NCBI (February 2021) under the name Ca. Dadabacteria were included in the initial dataset
together with MAGs generated here and in previous studies (Table S2 and S3). An additional
quality control step was performed with CheckM 1.1.2 (Parks et al., 2015) and thus, the final
dataset consisted of MAGs with >80% estimated completeness and <5% contamination.
Phylogenetic inference was performed based on a set of 120 single-copy marker protein
sequences identified in the MAGs and aligned using the GTDB-Tk 1.5.0 (Chaumeil et al.,
2019) with other members of the Desulfobacterota phylum as the outgroup. The resulting
concatenated alignment was trimmed with trimAl 1.4.1 (Capella-Gutierrez et al., 2009)
using default settings. A maximum-likelihood tree was generated from the trimmed
alignment with IQ-TREE 2.0.6 (Minh et al., 2020) using extended model selection (-m MFP)
(Kalyaanamoorthy et al., 2017) with 1000 bootstrap replicates. To confirm the phylogenetic
position of the novel genomes, a 16S rRNA gene-based approach was also employed.
MAG-derived and closely related 16S rRNA gene sequences identified as described above
were aligned using MAFFT 7.453 (Katoh and Standley, 2013). Representative sequences of
the Chloroflexota phylum were used as outgroup. The alignment was manually trimmed
in BioEdit 7.2.5 (Hall, 1999) and resulted in a maximum-likelihood tree built with FastTree
2.1.11 (Price et al., 2010) using default settings. Both trees were annotated and visualised in
iTOL 6.3 (Letunic and Bork, 2021) and Inkscape 0.92.3.

In order to assign taxonomic ranks to the newly generated MAGs, we employed a rank
normalization approach based on relative evolutionary divergence (RED) which is the
metric used for the manual curation of GTDB (Parks et al., 2020; Rinke et al., 2021). First, a
phylogenetic tree was inferred from a concatenated alignment of 120 bacterial single-copy
marker genes identified in all GTDB genomes spanning the bacterial domain and the ones
generated in this study. This was performed with GTDB-Tk 1.5.0 (Chaumeil et al., 2019)
classify workflow and the tree was built with FastTree 2.1.11 (Price et al., 2010) under the
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WAG + GAMMA model with 100 bootstrap replicates. The inferred tree and the taxonomic
information obtained from the classify command were used as input for PhyloRank
0.1.10 (https://github.com/dparks1134/PhyloRank) in order to calculate the RED of the
taxa of interest. Type material was selected according to the quality criteria proposed by
(Chuvochina et al., 2019). Presence of 23S, 5S and tRNAs was detected using Barrnap 0.9
(https://github.com/tseemann/barrnap).

Global distribution

The distribution of representatives of the studied lineage across different environments was
estimated as described in Zhou et al. (2020). Briefly, the longest 16S rRNA gene sequences
acquired from MAGs generated in this study were employed for homology-based search
against the 16S rRNA Public Assembled Metagenomes database (01-01-2021) of the
Integrated Microbial Genomes and Microbiomes (IMG/M 5.4) system (Chen et al., 2019),
using the IMG BLAST Tool (February 2021). BLAST hits with sequence identity greater
than 75% (phylum threshold) (Yarza et al., 2014) and the respective metadata (longitude,
latitude, habitat type) were downloaded from IMG for further analysis. Map visualization
was performed in RStudio 1.4.1106 (RStudio Team, 2020) using R 4.0.3 (R Core Team, 2020)
and the R package ggplot2 3.3.3 (Wickham, 2016).

Metabolic reconstruction and comparative genomics

The MAGs were first dereplicated at 95% average nucleotide identity (ANI) with dRep 2.6.2
(Olm et al., 2017) and then their relative abundance in the sponge metagenomes was
estimated with CoverM 0.6.1 (https://github.com/wwood/CoverM). Dereplicated MAGs
were annotated with EnrichM 0.5.0 (https://github.com/geronimp/enrichM) (annotate
function) using the following databases: Kyoto Encyclopaedia of Genes and Genomes (KEGG)
Orthologies (KOs) for metabolic reconstruction, Pfam and TIGRFAM for detecting proteins
of interest. KEGG module completeness was estimated with EnrichM’s classify function,
and only modules of completeness greater than 70% were taken for further consideration.
Pfams enriched within and between MAGs from different environments (sponges vs.
seawater) were identified with EnrichM’s enrichment function. Only significantly enriched
Pfams (p<0.05, after Benjamini-Hochberg correction) were considered for later comparison.
Annotation of carbohydrate-active enzymes (CAZymes) was done by HMMER 3.0 (Eddy,
2018) against the dbCAN2 database (r9.0) (Zhang et al., 2018). Secondary metabolite
biosynthetic gene clusters were identified in the MAGs with the online tool ‘Antibiotics and
secondary metabolite analysis shell’ (antiSMASH 6.0) (Blin et al., 2021b) applying ‘relaxed’
detection strictness.
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Statistical analysis and data visualization

Data were analysed and visualised with R 4.0.3 (R Core Team, 2020) in RStudio 1.4.1106
(RStudio Team, 2020) using the R packages vegan 2.5.7 (Oksanen et al., 2018) and ggplot2
3.3.3 (Wickham, 2016). To assess the functional variation between sponge and seawater
MAGs, Bray-Curtis dissimilarity matrices were generated based on the frequency of KOs,
Pfams and TIGRFAMs with the ‘vegdist’ function of the vegan R package. Differences in the
functional profiles between the two groups were evaluated by Permutational Multivariate
Analysis of Variance (PERMANOVA) and Non-metric Multidimensional Scaling (NMDS) using
the ‘adonis2’ and the ‘metaMDS’ function of the vegan R package, respectively. Ordination
plots and heatmaps were generated with ggplot2 3.3.3 (Wickham, 2016).

Oligonucleotide probe design

16S rRNA gene sequences recovered from the Geodia MAGs and classified as Ca.
Nemesobacterales (Candidatus Nemesobacter rappii) were aligned in SILVA Incremental
Aligner (Pruesse et al., 2012) and manually curated in ARB 6.0.6 according to rRNA secondary
structure (Ludwig et al., 2004). A phylogenetic tree including all sequences in SILVA SSURef
NR 99 138 (Quast et al., 2013) classified as Ca. Dadabacteria was reconstructed with the
RAXML 7 (Stamatakis, 2006) maximum likelihood method (GTR-GAMMA rate distribution
model, rapid bootstrap algorithm, 100 repetitions) using a 50% positional conservation filter
for all sequences (Figure S5A). Oligonucleotide probe design was performed in the probe
design tool of ARB 6.0.6 using the SILVA database 138 (Figure S5B). Optimum formamide
concentration for the probe was determined in silico using the formamide curve generator
tool implemented in mathFISH (Yilmaz et al., 2011).

Tissue processing, FISH and microscopy

Processing of sponge tissue was performed following the methods of Radax et al. (2012).
Sponge cubes of G. barretti were washed briefly with sterile MilliQ H,O and embedded in
cryomedium (KP-CryoCompound, Immunologic, VWR International B.V., The Netherlands)
overnight at 4 °C for infiltration. They were then embedded in fresh cryomedium in base
moulds to solidify overnight at -80 °C. Longitudinal sections of 5-8 um were made using a
cryostat (Leica CM 3050 S, Leica Biosystems GmbH, Nussloch, Germany) with both chamber
and object temperature set at -35 °C. Tissue sections were mounted on polylysine coated
glass slides (Thermo Fisher Scientific, Gerhard Menzel B.V. & Co. KG, Germany) and stored
at-20 °C.

FISH was performed as described previously (Schimak et al., 2016) with minor modifications.
Briefly, the slides were dehydrated in decreasing ethanol series of 95, 80 and 70% (v/v) for
10 min each. They were then washed in 200 mM HCI for 10 min and 20 mM Tris-HCl for 10
min. For permeabilization, the sections were incubated in 1 pug/ml proteinase K (Sigma—
Aldrich) solution for 5 min at 37 °C and washed into 20 mM Tris-HCl for 10 min. Hybridization
was done using 4-times-Atto594-labelled DADA393 probe (5’-TCA TCC CTC ACG CGA CAT
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CGC-3’ T) (10 pmol/ul, Biomers) together with unlabelled helper and competitor probes
(10 pmol/ul, Biomers) at 46 °C for 3 h. After washing at 48 °C for 10 min, the slides were
incubated in 1X phosphate-buffered saline (PBS) for 15 min and shortly dipped into MilliQ
water. Sponge tissues were then stained with 4',6-diamidino-2-phenylindole (DAPI, 1 ug/ml)
(Thermo Fisher, USA) and mounted in Citifluor (Electron Microscopy Sciences): Vecta Shield
(Vector Laboratories) media at a 4:1 v/v. Four-times-Atto488-labelled EUB338 and NON338
probes were used as positive and negative controls, respectively.

Imaging was performed in a Nikon Eclipse Ti2-E inverted microscope equipped with Nikon
DS-Qi2 camera and SOLA white light engine. DAPI and FISH signals were illuminated using
different fluorescence filter cubes with corresponding excitation and emission spectra.
Images were taken with two objectives: a plan-Apochromat 100 x 1.45 oil immersion and
a plan-Fluor 10 x 0.3. Maximum intensity projection of multiple images acquired in z-stack
were constructed in NIS-Element AR software 5.21.03.

Results

MAGs collection and phylogenomic placement

In total, 29 MAGs obtained from the sponge metagenomes (Table S1) were classified by the
GTDB-Tk as ‘Desulfobacterota__D’. Accordingly, insertion of the 16S rRNA gene sequences
obtained from the respective MAGs by parsimony into the SILVA guide tree (r138) placed
them all within Ca. Dadabacteria (Quast et al., 2013; Yilmaz et al., 2014). Twenty-eight
MAGs passed the quality control with average estimated completeness at 92.2 + 4.5%
and contamination at 1.2 + 0.6% and were used for subsequent analysis (Table S3). Their
predicted genome sizes varied from 1.2 to 1.9 Mbp (average 1.5 £ 0.2 Mbp) with an average
GCcontentof49.9 £2.5%. An additional 92 MAGs were obtained from NCBI and other studies
(Table S2). After quality screening, we excluded 47 genomes due to either low completeness
(<80%) and/or high contamination (>5%). The final dataset included 73 medium-high quality
MAGs according to the MIMAG standards (Bowers et al., 2017) (average completeness 91.0
+4.9% and contamination 1.5 + 1.0%) representing the ‘Desulfobacterota__D’ (Table S3).
To reconstruct their phylogeny, we first employed a phylogenomic approach using publicly
available genomes in addition to MAGs generated in this study (Table S3). Inference of
a maximume-likelihood tree on the basis of a concatenated alignment of 120 single-copy
bacterial marker proteins supported the GTDB taxonomy of the class UBA1144 into three
order-level lineages (UBA1144, UBA2774 and RKRQO1) with high bootstrap values (>98%).
MAGs mainly derived from seawater (only one from hydrothermal vents) were assigned to the
GTDB order UBA1144, while MAGs from diverse environmental sources, except for seawater
and marine sponges comprised the GTDB order UBA2774 (Figure 1). All 49 sponge-associated
MAGs (including 28 sequenced here) were placed within the GTDB order RKRQO1 and further
clustered into three well supported (bootstrap values >81%) subclades |, Il and Il (Figure 1),
revealing an order-level lineage exclusively comprised of sponge-derived sequences. The 16S
rRNA gene tree reflected a similar phylogenetic placement as the genome tree clustering
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the gene sequences retrieved from MAGs in three clades within the GTDB order RKRQ01
represented only by MAGs recovered from marine sponges (Figure S1).

Taxonomic rank assignment and proposal of type material

Based on the inferred phylogeny and RED values, the RKRQO1 was best described as an
order-level group (median RED = 0.636, median RED for orders = 0.634) falling within the
+0.1 RED interval for all taxa belonging at the same rank (Parks et al., 2018) (Table S4).
A putative family (subclade 1) was identified that fell within the GTDB order RKRQO1
represented by a single MAG (DOM43_bin18). After bin dereplication at 95% ANI, three
novel MAGs were added to GTDB family GCA-014075295, which comprised of a single
genus (subclade 1l) and were resolved into two novel species represented by the MAGs
SCOP_bin1 and CLI1_bin1 (Figure 1). In addition, 34 MAGs were placed into GTDB family
RKRQO1 (subclade Ill) representing 14 novel species-level taxa of the GTDB genus RKRQ0O1
(Table S5). Following the recommendations for defining species and higher ranks of yet-
uncultured bacteria using MAGs as type material (Whitman, 2015; Konstantinidis et al.,
2017; Chuvochina et al., 2019; Hugenholtz et al., 2021), we propose the following names;
Ca. Spongomicrobium dominicola sp. nov. (DOM43_bin18), Ca. Mycalebacterium zealandia
sp. nov. (MH-Pat-all_metabat2_32), Ca. Nemesobacter australis sp. nov. (SB0662_bin19)
as type species representing subclade I, Il and lll, respectively. Furthermore, we propose
the families Ca. Spongomicrobiaceae fam. nov. (subclade 1), Ca. Mycalebacteriaceae
fam. nov. (subclade 11), Ca. Nemesobacteraceae fam. nov. (subclade Ill) and the order Ca.
Nemesobacterales ord. nov. (Figure 1). More details on the proposed taxonomic outline and
etymological description can be found in the Supplementary Information (Table S5).
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Figure 1. Phylogenomic tree of Ca. Dadabacteria (GTDB-Desulfobacterota_ D) based on the
concatenated alignment of 120 bacterial single-copy marker protein sequences. Outer coloured
arcs indicate the environmental source of the MAGs. Different colours on the clades represent
assigned taxonomic groups according to GTDB taxonomy. Red numbers show subclades | (Ca.
Spongomicrobiaceae), Il (Ca. Mycalebacteriaceae) and Ill (Ca. Nemesobacteraceae). Names in bold
represent MAGs generated in this study. Bootstrap values over 80% are shown by grey circles. The
collapsed clade indicates the outgroup and includes MAGs representing other members of the Ca.
Desulfobacterota phylum. The scale bar represents 1 substitution per site.

MAGs relative abundance and global distribution

Read mapping of 27 sponge metagenomes generated here against the Ca. Nemesobacterales
genomes showed that the dereplicated set (19 MAGs) represented a small fraction of
the respective microbial communities accounting for a relative abundance of 0.22%
(£0.07%) on average and ranging from 0.002 to 1.29% of the holobiont reads (Table S6).
The environmental distribution of Ca. Nemesobacterales was investigated by screening all

available metagenomes from IMG/M database for the presence of homologous 16S rRNA

genes. This search showed 283 unique occurrences according to the sampling location

of the metagenomic samples. Members of this lineage were distributed across a wide

geographical range and were observed in 29 different types of environments, including
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aquatic, terrestrial, hydrothermal, host-associated and engineered systems (Figure 2). The
majority of the homologous sequences belonged to metagenomes from marine sponges
(23.2%), followed by seawater (13.7%) and marine sediments (5.7%).

Environment

Deep subsurface
Engineered

Hot spring
Hydrothermal vents
Marine sediment
Marine sponge
Other aquatic
Other host-associated
Other sediment
Other terrestrial
Seawater

Soil

@ Wetland

Figure 2. Schematic map representing the global distribution of Ca. Nemesobacterales. Members of
this lineage are found in diverse environments worldwide, highlighted by different colours.

Niche speciation and functional traits

Comparative genomic analysis was conducted to delineate the functional repertoire of Ca.
Nemesobacterales using both in-house and publicly available MAGs. Core pathways for
carbon metabolism such as glycolysis, tricarboxylic acid cycle (TCA), pentose phosphate
pathway (non-oxidative phase) and phosphoribosyl diphosphate (PRPP) biosynthesis
pathway were mostly complete, whereas no autotrophic carbon fixation pathways were
detected (Table S7). Aerobic respiration is probable and hence, oxygen is likely to be the
preferred terminal electron acceptor as no genes for alternatives (e.g., nitrate, nitric oxide,
sulfoxides, etc.) were found in the genomes. The majority of MAGs included in our study
contained all the essential genes for the biosynthesis of several amino acids, cofactors and
vitamins, including proline, lysine, biotin, riboflavin, coenzyme A and heme (Figure 3).
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Figure 3. Schematic overview of the inferred metabolism of Ca. Nemesobacterales. Pathways affiliated
with nitrogen and carbohydrate metabolism are highlighted in different colours. Dashed arrows
indicate pathways and transporters for which not all responsible genes were annotated. (Created with
https://biorender.com/).

Their putative capacity to degrade carbohydrates was assessed by screening the MAGs
for carbohydrate-active enzymes (CAZymes) belonging to the following families: glycoside
hydrolases (GHs), carbohydrate esterases (CEs), polysaccharide lyases, carbohydrate binding
modules (CBMs) and auxiliary activities . On average, Ca. Nemesobacterales possessed
15.8 + 2.9 CAZymes/Mbp. Overall, 40 different CAZY families were identified. The highest
frequency CAZymes normalized for MAG length (average CAZymes/Mbp > 1.0) belonged to
GH23, GT2, GT4 and CBM50 (Table S8).

To obtain a better overview of the functions of the host-associated bacteria a set of 19
highly-complete MAGs (>80%) derived from sponges (Ca. Nemesobacterales) was compared
to 16 seawater-derived MAGs (GTDB order UBA1144). The completeness of the KEGG
modules related to carbon and energy metabolism was highly similar between the sponge
and seawater MAGs (Figure S2, Table S7). Accordingly, MAGs derived from both habitats
seemed to have the potential of synthesizing a similar range of amino acids, cofactors and
vitamins. Distinct for some sponge-derived MAGs was the ability to produce cobalamin
(vitamin B12) that was absent from the seawater MAGs. Despite their highly similar carbon
and amino acid metabolism, annotation of ATP-binding cassette (ABC) transporters showed
that only sponge MAGs encoded genes for the transport of amino acids, lipoproteins and
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oligopeptides. They shared the same phosphate starvation and nitrogen regulation system,
possibly used under nutrient-limiting conditions. In the case of iron, the host-associated
MAGs encoded different transport systems, as well as the potential of using the glyoxylate
shunt, recently proposed as an acclimation strategy to iron limitation (Koedooder et al.,
2018) (Figure S2). CAZyme analysis showed that MAGs from the two different habitats
harboured almost the same average number of CAZymes/Mbp (16.2 £ 2.3). Similarly, the
most frequent CAZY families (average CAZymes/Mbp > 1) in the seawater MAGs were the
same as the ones in the sponge MAGs (Figure 4A). However, the CAZymes repertoire was
less diverse for the seawater MAGs. Almost 60% of the total identified CAZY families were
detected only in MAGs from sponges whereas only 6 CAZY families were exclusively found
in seawater MAGs (Table S8).

Functional profiles based on annotated Pfams, KEGG orthologs (KOs) and TIGRFAMs were
used in order to assess correlation between taxonomy (different clades) and niche (sponge
vs. seawater) with the predicted traits (Figure S3). MAGs belonging to the different order-
level lineages (Ca. Nemesobacterales vs. UBA1144) varied significantly at the functional
level based on relative abundance analysis of all three annotations (PERMANOVA, p < 0.001;
Figure 4C and S3). Similarly, highly divergent functional profiles (PERMANOVA, p < 0.001;
Figure 4C and S3) were observed between bacterial genomes from sponges and seawater.
Enrichment analysis showed that sponge-derived MAGs were enriched in Pfams associated
with defense mechanisms and symbiosis-related factors (Figure 4B and Table S9).
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Figure 4. Functional comparison of Ca. Dadabacteria (GTDB-Desulfobacterota__D) MAGs associated
with marine sponges and seawater. A) Heatmap illustrating the abundance of carbohydrate-active
enzymes (CAZymes) families in sponge- and seawater-associated MAGs. PLs, polysaccharide lyases;
GTs, glycosyl transferases; GHs, glycoside hydrolases; CEs, carbohydrate esterases; CBMs, carbohydrate-
binding modules; AAs, auxiliary activities. B) Mean number of Pfams related to symbiosis factors and
defense mechanisms identified in MAGs from each habitat. C) Non-metric multidimensional scaling
plot (NMDS) based on Bray-Curtis dissimilarity scores calculated from annotated Pfams. Functional
variability is displayed between sponge and seawater MAGs (different shapes) and different taxonomic
groups (different colours).

To further investigate the distribution of these functions in the MAGs, screening was done for
230 Pfams encoding restriction-modification systems (RMs), clustered regularly interspaced
short palindromic repeat systems (CRISPRs), secretion systems (SSs), toxin-antitoxin systems
(TAs), transposases, eukaryotic-like proteins (ELPs) and others (Table S9). In total, 166 Pfams
of the aforementioned types were identified either in sponge or seawater MAGs from which
94% were significantly enriched in the Ca. Nemesobacterales. Only 26 Pfams were shared
between MAGs from both habitats, while 137 Pfams were specific to the sponge symbionts
(Table S9). Most Pfams enriched in Ca. Nemesobacterales were related to RMs (45 Pfams),
ELPs (42 Pfams), TAs (32 Pfams) and SSs (12 Pfams). More specifically, Pfams associated
with methyltransferases, helicases, the putative ABI (abortive infection) toxin, type I
restriction enzymes, Fic/DOC (filamentation induced by cAMP/death on curing) proteins and
tetratricopeptide repeats were among the most abundant ones in Ca. Nemesobacterales
(average abundance > 5.0). Interestingly, certain Pfams, such as type | restriction enzyme,
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leucine rich and tetratricopeptide repeats were overrepresented, even more than 10-fold in
sponges compared to seawater (Table S9).

The potential for production of secondary metabolites was also investigated by screening the
investigated MAGs for secondary metabolite biosynthetic gene clusters (BGCs). In general,
four different BGC types were identified in the genomes from both habitats coding for type |
polyketide synthases (T1PKS), type Il polyketide synthases (T3PKS) and for enzymes involved
in the production of beta-lactones and terpenes (Table S10). Genome mining showed that
both BGC abundance and diversity were higher for the sponge-associated MAGs, which
harboured on average almost twice as many BGCs (1.11 £ 0.19 BGCs/MAG) compared to the
free-living MAGs (0.63 + 0.15 BGCs/MAG). The distribution of these BGC types was uneven as
terpene BGCs were encoded exclusively by seawater MAGs while the rest were mainly found
in the sponge-derived MAGs (Figure S4). BGCs coding for beta-lactones and T1PKS showed the
highest abundance in Ca. Nemesobacterales MAGs (Table S10).

Visualisation of Ca. Nemesobacterales

Novel oligonucleotide FISH probes were designed and facilitated for the first time the
detection of Ca. Nemesobacterales. Selective labelling led to the visualization of Ca. N.
rappii cells in the tissue of G. barretti samples (Table S5). The bacterial cells featured a rod
shape with a length of 1.04 + 0.21 um, and were located both in the sponge mesohyl (Figure
5A) and within sponge cells (Figure 5B-C). Ca. Nemesobacter rappii cells often surrounded
sponge nuclei resembling bacteriocyte formation (Figure 5B-C).
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Figure 5. Imaging of Ca. N. rappii in sponge tissue. DNA is stained with DAPI (blue) and Ca. N. rappii cells
are visualized with the 4-times-Alexa594 labelled oligonucleotide probe DADA392 (red). Maximum
intensity projection of z-stack fluorescence images that were acquired in (A) 150x, (B) 1000x, and (C)
1500x magnification are shown. (B) Some Ca. N. rappii cells cluster around sponge nuclei (arrows),
which resemble bacteriocyte formation. The signals shown in dashed rectangle are magnified in (C).
Representative images of 47 images taken in three individual experiments using two different sponge
specimens are depicted.

Discussion

Members of the ‘Desulfobacterota__D’ (or ‘Dadabacteria’) lineage are lacking cultured
representatives while their phylogeny and metabolic traits have remained elusive despite
the fact that they are ubiquitous. Since the first published MAG in 2014 (Wang et al,,
2014), several MAGs have been recovered from a plethora of environmental samples, both
free-living and host-associated (Graham and Tully, 2021), especially from marine sponges
(Slaby et al., 2017; Engelberts et al., 2020; Robbins et al., 2021). However, to date no
information exists on the precise phylogenetic placement and functional characteristics of
the sponge-dwelling representatives. To this end, our study incorporated a large number of
MAGs, including published and newly determined ones which were assigned to the three
existing GTDB orders of ‘Desulfobacterota__D’ (UBA1144, UBA2774 and RKRQO1). Previous
phylogenetic analyses showed three clades representing marine pelagic, hydrothermal and
organic carbon-associated systems (incl. two sponge-derived MAGs) (Graham and Tully,
2021). Here, the addition of 49 MAGs affiliated with marine sponges altered the previously
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described architecture of the lineage revealing a sponge-specific clade (GTDB order
RKRQO1). The remaining MAGs originated mainly from seawater (GTDB order UBA1144)
and other marine and non-marine environments (GTDB order UBA2774). Our phylogenomic
investigation identified one novel lineage within the sponge-specific order, which based
on RED values corresponds to a previously undescribed family, Ca. Spongomicrobiaceae.
It should be mentioned that Ca. Spongomicrobiaceae comprised only one MAG (DOM43_
bin18) obtained from a Scleritoderma sp. At the species level, several novel species were
resolved and affiliated to the other two families, denoted here as Ca. Mycalebacteriaceae and
Ca. Nemesobacteraceae. Thus, our findings considerably expand the ‘Desulfobacterota__D’
species tree and highlight the current underrepresentation of this lineage.

The relative abundance of Ca. Nemesobacterales in metagenomes of different sponge
species based on read recruitment analysis ranged between 0.002 to 1.3% with an average
of 0.22%. These findings are in line with the relative abundance of ‘SBR1093’ OTUs (former
name of Ca. Dadabacteria phylum) in the global sponge microbiome (Thomas et al., 2016).
Based on the above numbers and compared to genomic studies on other groups of sponge-
associated bacteria (Astudillo-Garcia et al., 2018; Bayer et al., 2018; Sizikov et al., 2020;
Taylor et al., 2021), Ca. Nemesobacterales are ubiquitous but low in abundance members
of the sponge microbiome. Specifically, MAGs of members of Ca. Nemesobacterales
were recovered here from 27 sponge metagenomes belonging to eight different sponge
species collected from different geographical locations while in many cases, the same
Ca. Nemesobacterales MAG was present in more than one host species (Table S6). This
reflects a wide distribution in taxonomically diverse sponge species which might suggest
a generalistic role within the sponge microbiome (Thomas et al., 2016). Besides marine
sponges, metagenomes from various environments around the world contained homologous
sequences of Ca. Nemesobacterales, including hydrothermal systems, sediment, seawater,
soil and wetlands, further highlighting their broad occurrence at a global scale (Figure 2).
Moreover, its members were also detected in tunicates and marine worms, yet the majority
of the homologous sequences were sponge-associated indicating their close association and
importance of Ca. Nemesobacterales within marine sponges.

The sponge holobiont has been substantially studied and thus, sponge-microbe interactions are
considered a prime example of symbiosis in the animal realm (Taylor et al., 2007b; Taylor et al.,
2007a; Thomas et al., 2010a; Fan et al., 2012; Webster and Taylor, 2012; Webster and Thomas,
2016; Pita et al., 2018). Yet, many bacteria remain undescribed, and their contribution to the
host success has not been determined. A wide range of core functions which shape the sponge
microbiome have been previously reported concerning nutrient and vitamin metabolism as
well as defense features that protect microbial populations from viruses, pathogens and/or
the host allowing sustained colonization of the host by the symbionts (Thomas et al., 2010a;
Pita et al., 2018). Here, we provide the first insights into the functional potential of the sponge-
dwelling Ca. Nemesobacterales using genome-centric metagenomics. The metabolism
reconstruction showed that carbon acquisition is likely performed via heterotrophy as all major
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pathways for carbon metabolism were present. This is consistent with previous analyses of the
marine pelagic clade (Graham and Tully, 2021). Even though carbon fixation has been reported
before (Wang et al., 2014), no evidence for autotrophy was found in Ca. Nemesobacterales.
An almost complete electron transport chain for aerobic respiration reflects an aerobic,
heterotrophic lifestyle (Figure 3). In contrast to other members of this lineage (Graham and
Tully, 2021), Ca. Nemesobacterales lack complete pathways for inorganic nitrogen and sulfur
metabolism. Therefore, the presence of ABC transporters for amino acids, oligopeptides
and lipoproteins might indicate a preference for organic nitrogen and sulfur compounds
derived from the host or other members of the microbial community. Ca. Nemesobacterales
also showed the potential to degrade and transform complex carbohydrates. For example,
genes encoding certain glycosylases (GH23) and other related proteins (CBM50) which act on
bacterial peptidoglycans or animal chitin were widely present in Ca. Nemesobacterales. Genes
encoding these enzymes have been previously reported as highly abundant in other sponge
symbionts belonging to Chloroflexota, Bacteroidetota, Candidatus Poribacteria (Kamke et al.,
2013; Bennke et al., 2016; Bayer et al., 2018; Gavriilidou et al., 2020) and these enzymes are
thought to play a role in cell adhesion, aggregation and allorecognition (Kamke et al., 2013).
To investigate any adaptations related to host association, we compared the genomic
features of the sponge-derived MAGs to MAGs isolated from seawater samples. Ca.
Nemesobacterales shared equivalent pathways for carbon and energy metabolism as well
as amino acid and cofactor biosynthesis with their seawater counterparts. This supports
recent findings on the possible nutrient provisioning of symbionts to the host without being
key processes in the holobiont since sponges could also obtain these nutrients through
feeding on seawater microbes (Robbins et al., 2021). On the other hand, only sponge-
associated MAGs had the ability of synthesizing cobalamin (vitamin B12) which highlights a
potential interplay between microbes and host that might concern specific molecules that
sponges are not able to synthesize, such as vitamins and amino acids (Thomas et al., 2010a;
Kamke et al., 2013; Bayer et al., 2018; Munroe et al., 2019; Engelberts et al., 2020; Haber
et al., 2020). MAGs from both habitats showed a similar CAZyme repertoire in terms of
abundance. However, Ca. Nemesobacterales were predicted to be capable of degrading a
greater diversity of complex carbohydrates than their free-living counterparts, probably due
to exposure to a larger variety of carbohydrates sourced from the host, other symbionts
and/or the incoming seawater (Thomas et al., 2010a).

Further exploration of their functional profiles provided additional support that Ca.
Nemesobacterales are metabolically divergent from seawater-derived members of the
same class (Figure 4C) (Fan et al., 2012; Horn et al., 2016). In fact, genomic signatures
significantly enriched among members of Ca. Nemesobacterales were related to host-
symbiont interactions and prokaryotic defense. Sponge symbionts have been long
demonstrated to own a pronounced molecular toolbox of mechanisms in order to maintain
a stable relationship with the host by evading phagocytosis, viral infections and coping with
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temporal variations of environmental conditions in the sponge niche (Horn et al., 2016;
Slaby et al., 2017). It has been proposed that sponge-associated bacteria either evolved
these mechanisms in the longstanding process of adaptation to the host environment or
acquired them via horizontal gene transfer from the host or other symbionts (Fan et al.,
2012; Horn et al., 2016; Reynolds and Thomas, 2016). Here, the majority of enriched Pfams
were specific to Ca. Nemesobacterales and were affiliated with RMs, TAs and ELPs often
prevalent in sponge-associated bacteria (Thomas et al., 2010a; Fan et al., 2012; Horn et
al., 2016; Slaby et al., 2017; Astudillo-Garcia et al., 2018; Bayer et al., 2018; Podell et al.,
2019; Engelberts et al., 2020; Moreno-Pino et al., 2020; Sizikov et al., 2020; Robbins et al.,
2021; Taylor et al., 2021). RMs are mechanisms that contribute to the bacterial defense by
recognizing and targeting foreign DNA while TAs are causing cell dormancy or apoptosis in
response to environmental stressors and eventually protect the cell population (Makarova
etal., 2013; Harms et al., 2018a). For example, a domain belonging to an ATPase associated
with the ABI toxin (PF13304), which inhibits viral replication by programming cell death, was
the most abundant TA in Ca. Nemesobacterales (Haber et al., 2020). Furthermore, ELPs are
proteins containing domains of eukaryotic origin in prokaryotes that have been previously
proposed to modulate host behaviour by mediating protein-protein interactions and thus,
facilitate the establishment of a successful symbiosis (Reynolds and Thomas, 2016). A large
number of sponge-associated MAGs carry genes encoding ELPs (Engelberts et al., 2020;
Robbins et al., 2021; Taylor et al., 2021) that likely aid them in escaping digestion by sponge
cells (Nguyen et al., 2014; Reynolds and Thomas, 2016). Similarly, in this study we show
that Ca. Nemesobacterales inhabiting phylogenetically diverse sponge species had genes
encoding several types of ELPs in their genomes with TPRs showing the highest abundance
(Thomas et al., 2010a; Fiore et al., 2015; Diez-Vives et al., 2017). TPR-containing proteins
are thought to participate in various cellular processes including virulence of bacterial
pathogens (Cerveny et al., 2013). However, the mechanism of interaction between bacterial
ELPs and host cells remains unknown. Evidence on co-expression of ELPs with transport
systems suggest that they are delivered into the extracellular environment via transporters
or secretion systems (Diez-Vives et al., 2017). Recent genomic findings indicate that only
a few lineages in the sponge microbiome (e.g., Gammaproteobacteria, Acidobacteriota,
Gemmatimonadota) encode genes related to secretion systems (Engelberts et al., 2020;
Robbins et al., 2021). Interestingly, Ca. Nemesobacterales might be one of these taxa that
interact with the sponge host via secretion systems since they were enriched in several
Pfams affiliated with type Il, lll and IV secretion systems.

Another line of prokaryotic defense is the biosynthesis of secondary metabolites. Marine
sponges are well known chemical factories and their symbionts are thought to contribute to
the production of bioactive molecules in the face of predation, competition and microbial
infections (Taylor et al., 2007a; Piel, 2009; Pita et al., 2018). Several representatives of the
sponge microbial community have exhibited in vitro bioactivity and possess a wide range
of secondary metabolites (Indraningrat et al., 2016; Brinkmann et al., 2017b; Karimi et al.,
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2017; Lackner et al., 2017; Bayer et al., 2018; Gavriilidou et al., 2020; Konstantinou et al.,
2020; Gavriilidou et al., 2021). Ca. Nemesobacterales MAGs carried a greater diversity and
abundance of BGCs compared to the seawater-derived MAGs confirming the prominent
secondary metabolite biosynthesis potential of sponge-dwelling bacteria. Beta-lactone and
T1PKS BGCs were the most predominant in the genomic repertoire of Ca. Nemesobacterales.
Compounds resulting from these BGCs have shown different properties such as antimicrobial
and anticancer activity (Piel et al., 2004; Robinson et al., 2019). Even though their exact
ecological function remains rather elusive, it seems that Ca. Nemesobacterales are
participating in the chemical defense or communication within the sponge holobiont.
Localization of the Ca. N. rappii in the tissue of G. barretti revealed that the bacterial
cells were scattered in the sponge mesohyl and often clustered in vacuole-like structures,
probably bacteriocytes which are specialized host cells that accommodate intracellular
bacteria such as those previously described in several marine sponge species (Vacelet
and Donadey, 1977; llan and Abelson, 1995; Maldonado, 2007; Taylor et al., 2021).
Bacteriocyte association in eukaryotes has been presumed an event of mutualistic infection
between bacterial symbionts and eukaryotic hosts with a yet-unknown physiological role
for either of the partners (Moran and Wernegreen, 2000). It has been hypothesized that
bacteriocytes are used by the sponge as mechanism to control microbial populations or
facilitate certain metabolic exchanges between the symbionts and the host (Maldonado,
2007). These findings further support the aforementioned functional predictions that Ca.
Nemesobacterales exist in close symbiosis with marine sponges. Based on the observed
localization patterns, members of this order in G. barretti likely lead an intracellular lifestyle
in sponge bacteriocytes. Nevertheless, Taylor et al. (2021) described diversity in cell
morphology and localization within the sponge-specific order Candidatus Tethybacterales
in various sponge species where some symbionts were intracellular and others extracellular.
It is highly likely that members of Ca. Nemesobacterales might also appear intracellular and
others extracellular throughout the mesohyl in the same or different sponge species. Hence,
further acquisition of Ca. Nemesobacterales genomes in conjunction with experimental
data are needed to be able to expand on this hypothesis.

Conclusion

The current study provides unprecedented insights into the phylogeny and metabolism of
Ca. Nemesobacterales, a sponge-specific order of the newly classified Ca. Desulfobacterota
phylum. We propose the division of the order Ca. Nemesobacterales into three families,
namely Ca. Nemesobacteraceae, Ca. Spongomicrobiaceae (newly described) and Ca.
Mycalebacteriaceae. Despite their low abundance, Ca. Nemesobacterales displayed a wide
distribution in different sponge species. Our analysis showed that they can also be found
worldwide in diverse environments, albeit with the majority occurring in marine sponges.
Metabolism reconstruction revealed that Ca. Nemesobacterales can be predicted to be
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aerobic, heterotrophic microorganisms with the potential of degrading various complex
carbohydrates. Our results highlight that Ca. Nemesobacterales are functionally divergent
from seawater-associated members of the same lineage. This is mainly attributed to the
overrepresentation of several genomic signatures related to nutritional provisioning,
host-microbe interactions, phage defense and biosynthesis of bioactive molecules, which
clearly reflects a host-associated lifestyle. We infer that Ca. Nemesobacterales are in a
close relationship with sponges, also indicated by their intracellular existence in the sponge
G. barretti, which led to a quite distinct gene repertoire and niche-specific adaptations.
Future investigations involving additional genomes and metatranscriptomic data as well
as localization of other Ca. Nemesobacterales in sponges could potentially enhance our
understanding of the ecological function of Ca. Nemesobacterales in the sponge holobiont.
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Probe

Dada_MAG_Ga3 26
Dada_MAG_Gb7_8
Dada_MAG_Gb5 25
Dada_MAG_Gb10_33
Dada_MAG_Gb1_16
HF912736, uncultured bacterium
JQ612171, uncultured bacterium
JN596694, uncultured delta proteobacterium
JX280331, uncultured bacterium
MG002206, uncultured bacterium
FJ203559, uncultured bacterium
JF265682, uncultured bacterium
KC569857, uncultured bacterium
JN615701, uncultured bacterium
JF266310, uncultured bacterium
AB858574, uncultured bacterium
JX138686, uncultured delta proteobacterium
FM209135, uncultured bacterium
JQ347383, uncultured bacterium
JF727709, uncultured bacterium
JN126222, uncultured bacterium
KJ817683, uncultured bacterium
E— KX936730, uncultured marine bacterium
Polaribacter (

outgroup)

0.10

Target Probe sequence (5 - 3) Formamide (%)

Reference

B DADA393
h1DADA393
h2DADA933
c15DADA393
c17DADA393

EUB338
NON338

Dadabacteria TCATCC CTC ACG CGACATCGCT 35
Helper for DADA393 GGC TTT CGC CCA TTG CCC AAT AT 35
Helper for DADA393 CAG AGG TTT ACG ACC CGA AGG C 35

Competitor for DADA393 | TCATCC CTC ACG CGG CATCGC T 35
Competitor for DADA393 TCA TCC CTC ACG CGG CGT CGC T 35
Most bacteria GCT GCC TCC CGT AGG AGT 35
Non-sense probe ACT CCT ACG GGA GGC AGC B5)

This study
This study
This study
This study
This study
Daims et al., 1999
Amann et al., 1990

Figure S5. Phylogenetic analysis and probe design for the visualization of Ca. Nemesobacterales in
sponge tissue. (A) Maximum likelihood phylogeny of Ca. Dadabacteria (GTDB-‘Desulfobacterota__D’)
16S rRNA gene sequences and related sequences selected from the SILVA database 138. Probe target
group is depicted in red. Polaribacter spp. were selected as outgroup. Bar: 0.1 substitutions per
nucleotide position. (B) Names, target groups, sequences, and formamide concentrations for newly
designed Ca. Nemesobacterales probes. Atto488 (green) and Atto594 (red) labelled nucleotides are
annotated. Hits between the probe DADA393 and non-target sequences at 0 and 1 mismatch are 3
and 116, respectively.
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The supplementary tables are available online at https://github.com/mibwurrepo/
Gavriilidou_PhD_Thesis.

155



E) _'
el x
SBAL (4T 2




Chapter 6

General Discussion






General Discussion

Zooming in: The sponge microbiome

One of the keys to the evolutionary success of the phylum Porifera is the intimate
associations with their microbial partners or symbionts (Hill and Sacristan-Soriano, 2017).
Throughout this thesis, the term symbiosis has been used in a broader sense, to indicate
persistent relationships between two or more organisms of different species that live
together without considering the exact type of interaction (beneficial, neutral or harmful)
(De Bary, 1879; Hill and Sacristan-Soriano, 2017; Pita et al., 2018). In the past decades, most
research efforts were directed towards the symbiotic relationships between the host and a
single symbiont and hence, knowledge on more complex interactions remain scarce (Apprill,
2020). Marine sponges exemplify such intricate host-associated systems, harboring dense
microbial assemblies that place them among the most microbially diverse habitats on Earth
(Thompson et al., 2017; Lurgi et al., 2019).

The global sponge microbiome holds an extraordinary diversity with more than 40 reported
microbial phyla consisting of both generalist and specialist community members (Thomas et
al., 2016). Besides the environment, one of the factors driving the composition and structure
of these symbiotic assemblies is host phylogeny (Easson and Thacker, 2014; Thomas et al.,
2016; Lurgi et al., 2019). Evidence suggests that phylogenetically related hosts tend to
accommodate similar microbiomes, a phenomenon called phylosymbiosis (Lurgi et al., 2019;
Lim and Bordenstein, 2020). Our findings were consistent with this pattern as we showed
that phylotypes of the newly described genus Candidatus Thalassonella of the Candidatus
Tectomicrobia phylum clustered based on the associated host sponge (Chapter 4, Figure 2).
Interestingly, a degree of host specificity was also observed for a subgroup of Candidatus
Entotheonella bacteria, which included all previously known metabolically versatile Ca.
Tectomicrobia phylotypes (Chapter 4, Figure 3). This is further supported by a recent
network analysis of the global sponge microbiome which suggested that different hosts in
the face of similar environmental threats select for analogous microbiomes equipped with
the necessary secondary metabolic functions for them to survive (i.e., chemical defense)
(Lurgi et al., 2019). Therefore, sponge hosts and their associated microbial communities
are intimately linked in ways that make their study challenging. In this chapter, | discuss
how the research described in this thesis provided clues on host-symbiont synergism and
contributed to the current knowledge of sponge symbiosis.

Charting the unknown

Sponge holobionts (i.e., the host and its microbiota) constitute a significant reservoir of
unique microbial diversity (Thomas et al., 2016; Hill and Sacristan-Soriano, 2017), and
despite the intensive research efforts of the past decades, there are lineages which remain
elusive since they are lacking cultured representatives. So far, most of the focus has been
directed towards the dominant or highly specialized members of the sponge microbiota
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such as Proteobacteria (Karimi et al., 2019; Taylor et al., 2021), Chloroflexota (Bayer et
al., 2018), Cyanobacteria (Burgsdorf et al., 2015; Schorn et al., 2019) and the candidate
phylum Poribacteria (Kamke et al., 2014; Podell et al., 2019). This leaves an enormous
gap of knowledge regarding the dozens of yet-uncultured microbial lineages inhabiting
sponges. Throughout this thesis, we managed to identify several novel sponge-associated
taxa based on data from 16S rRNA genes and metagenome-assembled genomes (MAGs)
(Chapter 4 and 5). More specifically, in chapter 5 binning of sponge metagenomes and
subsequent phylogenomic analysis revealed several draft genomes representing previously
undescribed clades within an order exclusively comprising sponge-associated bacteria,
namely Candidatus Nemesobacterales of the candidate phylum Desulfobacterota. In
addition, further diversity in the uncultivated Ca. Tectomicrobia phylum was uncovered by
combining a targeted amplicon prospecting strategy and phylogenetic analyses of publicly
available sequences (Chapter 4). Among other previously unknown tectomicrobial taxa, a
novel sponge-associated genus (Ca. Thalassonella) was identified for which several MAGs
were obtained and analyzed (Chapter 4). Considering the above, it is apparent that the
application of cultivation-independent methods assists in resolving the phylogeny of
understudied taxonomic groups and sheds light on the hidden microbial diversity of the
sponge holobiont (Chapter 4 and 5).

The tree of life has significantly expanded owing to recent advances in high-throughput
sequencing and computation (Parks et al., 2018). The explosion of genomic data has
raised the need for establishing a standardized classification system for uncultured taxa
(Konstantinidis et al., 2017; Murray et al., 2020). Genome-based methods seem to offer
a better resolution and an improved phylogenetic signal than the 16S rRNA gene for the
construction of a robust taxonomic framework for prokaryotes (Hugenholtz et al., 2021).
Inference of phylogenetic trees based on concatenated alignments of single-copy, highly
conserved proteins have been extensively applied (Chapter 2, 3 and 5) and are considered
as a suitable approach for defining bacterial taxonomy (Chapter 5) (Lang et al., 2013; Rinke
et al., 2013; Tonini et al., 2015; Parks et al., 2018; Parks et al., 2020; Hugenholtz et al.,
2021). Nevertheless, information derived from comparative analyses of 16S rRNA gene
sequences also proved to be efficient in the classification of uncultured bacteria (Chapter 4)
(Yarza et al., 2014). Other classification methods include the use of whole genome similarity
measures (e.g., average amino acid or nucleotide identity) or taxonomic rank normalization
(e.g., relative evolutionary divergence distances) (Chapter 5). Charting the unknown
microbial majority in the light of the torrent of genomic data, prerequires a consensus on
establishing a unified and comprehensive taxonomic system. Concerted efforts have been
made by proposing genomic standards for the description of uncultivated taxa, naming
conventions and the designation of type material, and yet a general agreement between
taxonomists has not been reached (Konstantinidis et al., 2017; Chuvochina et al., 2019;
Murray et al., 2020; Hugenholtz et al., 2021). All of the above have a direct impact on the
progress of microbiome research, including the study of the microbial diversity in marine
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sponges. In this chapter, for consistency purposes | decided to follow the International
Code of Nomenclature of Prokaryotes (ICNP) and the bacterial taxonomy as proposed by
the Genome Taxonomy Database (GTDB).

A glimpse into the lifestyle of sponge symbionts

Microbial diversity has been a popular topic among sponge microbiologists given the wide
application of 16S rRNA gene amplicon sequencing data. However, metagenome-based
methods have granted access to functional aspects of the sponge microbiome. In this thesis,
we elucidated the metabolic capabilities of different members of the sponge holobiont by
metagenome binning, comparative genomic analysis, genome mining and in vitro testing
(Chapter 2, 3, 4 and 5).

Sponge-associated microbes benefit from the generous supply of nutrients derived
indirectly from the pumped seawater or produced directly from the host (Taylor et al.,
2007a; Hentschel et al., 2012; Pita et al., 2018). Nevertheless, the role of heterotrophy in
sponge-dwelling communities remains poorly described even though dissolved organic
matter (DOM) is the primary carbon source for sponges and their associated microbiota
(Rix et al., 2020; Burgsdorf et al., 2021). DOM represents the largest heterotrophic source
of nutrients in the oceans and is comprised of a complex pool of compounds, including
glucose, amino acids and algae-produced substances (Rix et al., 2020). Recent quantitative
data revealed that heterotrophic microbial symbionts participate actively and majorly in
the assimilation of DOM and thus, in the nutrient acquisition of the sponge host (Rix et al.,
2020). Furthermore, genomic evidence of features related to carbon metabolism in sponge
holobionts revealed high potential in the degradation of complex carbohydrates (Pita et al.,
2018). This was highlighted by the prevalence of genes encoding carbohydrate active enzymes
(CAZymes) in sponge-associated genomes (Chapter 2 and 5). Complex carbohydrates (oligo-
and polysaccharides) are ubiquitous and diverse compounds in nature, forming numerous
stereochemical combinations. CAZymes are the group of enzymes responsible for the
assembly, transformation and catabolism of complex carbohydrates (Lombard et al., 2014).
Many members of the sponge microbiota have been reported as highly potent degraders
of complex polymers, including members of the phyla Ca. Poribacteria (Kamke et al., 2013;
Chaib De Mares et al., 2018), Chloroflexota (Bayer et al., 2018), SAUL (“sponge-associated
unclassified lineage”) (Astudillo-Garcia et al., 2018), Verrucomicrobiota (Sizikov et al., 2020),
Ca. Tectomicrobia, Armatimonadota and Firmicutes (Chaib De Mares et al., 2018). Our
analysis revealed two additional sponge-associated bacterial lineages, Flavobacteriaceae
(Chapter 2) and Candidatus Nemesobacterales (Chapter 5), which hold an expanded genomic
repertoire of complex carbohydrate-degrading enzymes. Particularly, the most abundant
families of glycoside hydrolases (GH) and associated carbohydrate-binding modules (CBM)
were targeting N-acetylgalactosamine (GH109), xyloglucans (GH74 and CBM44), cellulose
(CBM44), animal chitin (GH74 and CB50) and bacterial peptidoglycans (GH23 and CBM50)
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(Chapter 2 and 5). Chitin is a major structural biopolymer of the sponge skeleton and
together with spongin (collagen), proteoglycans and glycoproteins form the extracellular
matrix of marine sponges (Ehrlich et al., 2007). In addition, N-acetylgalactosamine residues
decorate glycoproteins and glycolipids possibly present in the sponge mesohyl, cell walls and
organic matter from the filtered seawater (Kamke et al., 2013). Xyloglucans and cellulose are
components of plant cell walls and green algae (Bennke et al., 2016). Therefore, our findings
highlight the extensive potential of sponge symbionts to breakdown a wide array of complex
molecules present in the host matrix, bacterial or sponge cell walls and the seawater in
general (Chapter 2 and 5). Interestingly, the same CAZy families were also the most abundant
in almost all of the polysaccharide-degrading lineages reported before (Kamke et al., 2013;
Astudillo-Garcia et al., 2018; Bayer et al., 2018; Chaib De Mares et al., 2018). On the other
hand, several sponge symbionts displayed a limited carbohydrate metabolism (Bayer et
al., 2020; Knobloch et al., 2020). This metabolic specialization of microbes that represent
certain lineages inhabiting a similar environmental niche and encoding equivalent genes
for carbohydrate utilization indicates the possible presence of functional guilds within the
sponge microbiome (Fan et al., 2012).

The exchange of amino acids, cofactors and vitamins between symbionts and sponge host has
been previously identified as another prominent example of the metabolic interdependencies
in the sponge holobiont (Figure 1) (Thomas et al., 2010a; Fan et al., 2012b; Hentschel et al.,
2012; Webster and Thomas, 2016; Moitinho-Silva et al., 2017a; Pita et al., 2018; Silva et al.,
2019b). By means of genome-resolved metagenomics, we detected complete pathways for
the biosynthesis of several amino acids (e.g., serine, threonine, proline, ornithine), cofactors
(e.g., coenzyme A, heme, molybdenum cofactor) and B vitamins (e.g., riboflavin, pantothenate,
biotin) in the studied sponge-associated bacteria (Chapter 4 and 5). The biosynthetic potential
for similar metabolites has been observed in numerous other sponge symbionts (Lackner et
al., 2017; Astudillo-Garcia et al., 2018; Bayer et al., 2020; Engelberts et al., 2020; Knobloch et
al., 2020; Robbins et al., 2021; Waterworth et al., 2021), supporting the notion that synthesis
of these essential molecules represents a microbially-mediated function common within the
sponge microbiome (Hentschel et al., 2012; Pita et al., 2018). In addition, Fiore et al. (2015)
observed the expression of genes for the biosynthesis of various amino acids and B vitamins
in the symbiont, but not in the sponge metatranscriptome, suggesting a form of synergism
between symbiont and host via these metabolites. Accordingly, Munroe et al. (2019)
reported arginine as a potential essential amino acid for sponges since increasing arginine
concentrations tend to increase the in vitro metabolic activity of sponge cells in the absence
of a complete biosynthesis pathway. This might be another indication that sponges receive
necessary molecules from external sources, such as their symbionts. Another characteristic
example is cobalamin (vitamin B12) which sponges cannot synthesize and likely depend on
their symbionts for its acquirement (Thomas et al., 2010a). Indeed, in chapter 5 a complete
biosynthesis pathway for cobalamin was identified only in MAGs associated with sponges
rather than in the ones derived from seawater. Apparently, hosts benefit from their symbiotic
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relationships since in most cases they are not capable of producing these and other essential
compounds and they have been long thought to obtain at least some of them from their
microbial residents. In turn, symbiotic microbes may also come out as beneficiaries in this
interplay receiving part of their nutrients from the host and ensuring their niche, as hosts
might select for producers of necessary molecules (Fan et al., 2012; Hentschel et al., 2012;
Webster and Thomas, 2016; Pita et al., 2018).
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Figure 1. Schematic representation of microbial interactions within the sponge holobiont as inferred
from the work performed and discussed in this thesis. RMs; restriction-modification systems, TAs;
toxin-antitoxin systems, CRISPRs; clustered regularly interspaced short palindromic repeats, ELPs;
eukaryotic-like proteins, DOM; dissolved organic matter, POM; particulate organic matter, AAs; amino
acids (Adapted from Robbins et al., 2021). (Created with https://biorender.com/).

These metabolic collaborations can be facilitated by the presence of membrane transporters
such as those belonging to the ATP-binding cassette (ABC) transporter superfamily (Pita et
al., 2018). ABC transporters are ubiquitous and actively participate in various biological
processes ranging from nutrient uptake to detoxification by translocating substrates
across cellular membranes (Jones and George, 2004). A diverse array of ABC transporters
for ions, phosphate, general L- and branched-chain amino acids, oligopeptides, heme
and others were detected in the genomes of both Ca. Thalassonella (Chapter 4) and Ca.
Nemesobacterales (Chapter 5) reflecting their heterotrophic lifestyle and the dynamic
exchange of compounds with the sponge host. It is noteworthy that monosaccharide
and/or oligosaccharide ABC transporters were not fully annotated in the analyzed MAGs
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(Chapter 4 and 5). Differences in sugar transporters have been previously reported between
Candidatus Tethybacterales families where multiple sugar transporters found abundant in
Ca. Tethybacteraceae were almost completely absent in Candidatus Polydorabacteraceae
and Candidatus Persebacteraceae (Taylor et al., 2021; Waterworth et al., 2021). This might
indicate that symbionts may use various transporters and hence, have different potential in
transporting carbohydrates.

Another significant trait of the symbionts that mediates the interactions within the sponge
holobiont is the production of biologically active secondary metabolites (Hentschel et
al., 2012; Webster and Thomas, 2016; Pita et al., 2018). Displaying a remarkable chemical
diversity, these compounds range from terpenoids and alkaloids to peptides and polyketides
with diverse bioactivities such as antimicrobial, anticancer and antifouling (Taylor et al.,,
2007a). Most studies have focused on the biotechnologically relevant biological activities
of the metabolites produced by the sponge holobiont, which will be discussed later in this
chapter. Yet, unveiling their ecological context remains challenging. Insights into the nature
and function of symbiont-derived bioactive compounds have been provided by both culture-
dependent and -independent approaches (Florez et al., 2015). For example, isolation of
sponge symbionts producing secondary metabolites and subsequent screening assays
revealed their antifouling properties since they inhibited the settlement of invertebrate larvae
and the biofilm formation of bacteria known to induce this settlement on sponges (Dash et al.,
2009). Moreover, numerous substances originating from sponge symbionts have been shown
to strongly deter fish or other predators in the marine environment (Florez et al., 2015).
Recent advances in sequencing and bioinformatic tools have made computational mining of
genome sequences for biosynthetic gene clusters (BGCs) possible. These BGCs are groups of
genes found adjacently in a genome encoding the pathway for the biosynthesis of specialized
metabolites (Medema and Fischbach, 2015). One of the many advantages of computational
BGC mining in natural product discovery is the ability to tap into the BGC repertoire of
previously uncharted resources. Paoli et al. (2021) explored the biosynthetic potential of the
global ocean microbiome, unveiling almost 40,000 putative BGCs, most of which belonged
to uncharacterized gene cluster families. BGCs with the highest prevalence were ribosomally
synthesized and post-translationally modified peptides (RiPPs), aryl polyenes, carotenoids,
ectoines and siderophores (Paoli et al., 2021). Throughout this thesis, we investigated the
BGC repertoire of various sponge-associated bacteria belonging to diverse phylogenetic
groups (Chapter 2, 3, 4 and 5) since reports on BGCs in sponge microbiomes are scarce.
We showed in chapters 2, 3 and 4 that terpene BGCs were among the most abundant and
prevalent. Interestingly, in chapter 5 terpene BGCs were only present in seawater-derived
MAGs. Even though the exact role of terpenes in the sponge holobiont is unknown, their
strong antioxidant potential might imply a quenching and/or scavenging function for
reactive oxygen species and thus, protecting both microbes and the host under oxidative
stress conditions (Miki et al., 1996; Regoli et al., 2000; Webster, 2007).

164



General Discussion

Besides epibionts, predators and stress, pathogens are also challenges that sponges have to
deal with in their natural environment (Figure 1) (Webster, 2007). One defensive strategy
of the sponge symbionts is the production and secretion of compounds with antimicrobial
activity. BGCs coding for bacteriocins were prevalent in sponge-associated Bacteroidota
(Flavobacteriaceae) (Chapter 2 and 3), Proteobacteria and Actinobacteriota (Chapter 3).
Bacteriocins are ubiquitous RiPPs that act as toxins with a relatively narrow killing spectrum,
often specific to closely related bacteria. Therefore, it is tempting to speculate that
bacteriocin-producing bacteria could have a dual role in the sponge holobiont: 1) reducing
competition for resources or preventing host infections by inhibiting the establishment of
foreign or pathogenic strains and 2) mediating microbial community interactions as anti-
competitors or quorum sensing molecules (Riley and Wertz, 2002; Gillor et al., 2008).
Compounds with cytotoxic effects have often been retrieved from sponge symbionts, as
well. In our case, almost 80% of the tested sponge-associated isolates displayed medium
to high cytotoxicity (Chapter 3). An example of symbiosis-related toxicity in nature is
the sponge Terpios hoshinota and its cyanobacterial symbionts. Production of cytotoxic
secondary metabolites combined with the encrusting growth of the sponge led to massive
coral mortality (Teruya et al., 2004; Shi et al., 2012). Taken together, the sponge microbiome
mediates the interactions of the holobiont in terms of predation, chemical defense and
competition and thus, affects the benthic community structure and dynamics.

Dealing with the host and establishing residency

Genomic signatures of sponge-associated bacteria have provided compelling insights into the
underlying molecular mechanisms for niche adaptation and host association, since sponge-
dwelling bacteria remain largely uncultivable. A common strategy is to compare genomes of
sponge- and seawater-derived microbes and look for differences in the genomic content and
predicted metabolic pathways (Thomas et al., 2010a; Fan et al., 2012; Slaby et al., 2017; Podell
et al., 2019). In chapter 5, we observed metabolic divergence between sponge-associated
members of Candidatus Dadabacteria (now assigned to Candidatus Desulfobacterota) and
their free-living counterparts. These lineages shared many core metabolic traits related
to carbon, energy, amino acid and cofactor metabolism. Yet, sponge-associated MAGs
were enriched in genes involved in host colonization and defense, potentially serving
as adaptive features to the sponge microenvironment. Moreover, functional clustering
showed that phylogeny and environmental source could shape the inferred metabolism
of Ca. Dadabacteria (‘Desulfobacterota__D’) (Chapter 5). On the other hand, metabolic
profiles of Flavobacteriaceae diverged among phylogenetic groups but not according to
host association (Chapter 2). It should be mentioned that flavobacterial genomes studied in
chapter 2 originated from isolates while Ca. Dadabacteria (‘Desulfobacterota__D’) genomes
in chapter 5 were metagenome-assembled. Indeed, isolation of host-associated strains
in the laboratory might not confirm their symbiotic relationship with the host in nature
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while cultivation-independent studies with direct access to the environmental DNA might
give a more realistic view of the interactions. Another assumption is that marine microbes
in the quest for nutrients might follow a generalist-like lifestyle and display metabolic
versatility colonizing both host-associated and free-living systems (Silva et al., 2019b). This
might be true for flavobacteria probably being opportunistic sponge symbionts whereas
Ca. Nemesobacterales are likely stricter symbionts, since all representative MAGs were
exclusively sponge-derived (Chapter 2 and 5).

Successful establishment in a host requires certain adaptation mechanisms that confer to
symbionts the ability to persist within the host. In the case of sponges, feeding is happening
via filtering and subsequent phagocytosis of seawater bacteria and particles and thus,
symbiotic microbes need to be distinguished from food and avoid being digested. This
is achieved by either recognition of symbionts by the sponge or masking mechanisms of
symbionts to evade phagocytic host cells. Several omics surveys have revealed the presence
of certain genomic features of the sponge-associated microbes that mediate host-microbe
interactions implying a symbiotic lifestyle (Engelberts et al., 2020; Robbins et al., 2021;
Taylor et al., 2021). For instance, genes coding for eukaryotic-like proteins (ELPs) could be
considered “symbiosis markers”, since they contain repeats found typically in eukaryotes
and are simultaneously detected in large abundances in genomes of sponge bacteria
(Reynolds and Thomas, 2016). Here, comparison between sponge- and seawater-derived
MAGs showed that symbionts of the order Ca. Nemesobacterales residing in various sponge
species are enriched in ELP-encoding genes (Chapter 5). ELPs contain various classes of
molecules (e.g., ankyrin-repeat proteins (ARPs) and tetratricopeptide repeats (TPRs))
whose exact function in sponge symbiosis has not been determined yet. Gene expression
and phagocytosis assays have indicated that ELPs found in symbionts can interfere with the
processing and development of the phagosome (Nguyen et al., 2014; Reynolds and Thomas,
2016), a significant trait to maintain a stable symbiosis.

In addition, consistent with previous findings (Engelberts et al., 2020; Robbins et al.,
2021) Ca. Nemesobacterales genomes were also enriched in protein domains related with
Type I, lll and IV secretion systems (Chapter 5). Metatranscriptomics has highlighted the
cotranscription of genes encoding ELPs with those coding for a wide array of secretion
systems (Diez-Vives et al., 2017). These specialized macromolecular machineries are likely
responsible for the translocation of ELPs outside of the bacterial cells since their function
is to deliver effector proteins into the extracellular space or inject them into a target cell
(Costa et al., 2015). Within the sponge host, symbiont ELPs likely modulate phagocytosis
thereby mediating host-microbe interactions and promoting colonization (Figure 1).
Another strategy advantageous to a symbiont could be the release of lipoproteins via ABC
transporters into the host environment (Taylor et al., 2021). Bacterial lipoproteins have been
associated with various functions, including virulence and the ability of pathogens to evade
the host defenses, invade and colonize (Kovacs-Simon et al., 2011). All Ca. Nemesobacterales
genomes contained the complete set of genes of the LolCDE complex (Chapter 5) and the ABC
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transporter responsible for the translocation of lipoproteins in the outer membrane. Interestingly,
these genes were completely absent from the respective seawater MAGs, providing additional
support on the relevance of these genomic signatures for a symbiotic lifestyle. Gliding motility
might constitute another symbiosis-related trait previously reported as essential for surface
attachment and host colonization in several human (Williams et al., 2018) and fish pathogens
(Alvarez et al., 2006), as well as plant-root-associated bacteria (Kolton et al., 2014). Even though
no specific correlation between gliding motility, type 9 secretion (T9SS) and host-association was
observed, all sponge-associated flavobacteria studied in Chapter 2 had a complete set of gliding
and T9SS genes (Figure 5, Chapter 2).

Besides host phagocytosis, symbiotic bacteria have to survive the extensive exposure to
viruses, potential pathogens and toxins present in the ambient seawater pumped at high
rates through the sponge. For this reason, sponge-associated bacteria likely need a suite of
immunity mechanisms that will protect them against foreign DNA from other microbes and
viruses and facilitate their adaptation to the host environment. Indeed, enrichment of genes
associated with prokaryotic defense systems [(e.g., restriction-modification systems (RMs),
toxin-antitoxin systems (TAs), clustered regularly interspaced short palindromic repeats
(CRISPRs)] in symbiont genomes over seawater genomes has been repeatedly described
(Chapter 5) (Fan et al., 2012; Horn et al., 2016; Slaby et al., 2017; Astudillo-Garcia et al.,
2018; Podell et al., 2019; Moreno-Pino et al., 2020; Sizikov et al., 2020; Robbins et al., 2021).
Among the most abundant defense systems in Ca. Nemesobacterales were RMs and TAs
(Chapter 5), in accordance with several symbiont lineages such as Ca. Poribacteria (Podell et
al., 2019), SAUL (Astudillo-Garcia et al., 2018) and Verrucomicrobiota (Sizikov et al., 2020).
RMs are ubiquitous in microbes and act by modifying the ‘self’ DNA and destroying any
unmodified foreign DNA (Makarova et al., 2013). Sponge symbionts could use RMs not only
to protect themselves against invading genetic material but also to promote horizontal DNA
exchange within the sponge holobiont (Astudillo-Garcia et al., 2018). TAs induce programmed
cell death or dormancy upon phage infection or as a response to environmental stressors
(e.g., amino acid starvation, antibiotics, oxidation) (Harms et al., 2018a). In such manner,
symbionts are capable of surviving phage attacks and bioactive metabolites produced by
the sponge or other bacteria and eventually form persistent cells. Altogether, the expanded
repertoire of defense systems predicted for sponge symbionts underscores their significance
in mediating host-microbe interactions and achieving a prosperous symbiosis (Figure 1).
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From genotype to phenotype...a long way to go

Advances in sequencing technologies and bioinformatics have facilitated the concept of
associating phenotypes to the presence and absence of genes in bacterial genomes (Dutilh
et al., 2013). Throughout this thesis, we used extensive sequence data and performed
comparative analyses to understand the genotype to an extent that the phenotypic traits
can be predicted and hence, elucidate the metabolism of sponge-associated bacteria. In
chapter 2 and 3, a combination of in vitro testing and whole-genome sequencing of bacterial
strains isolated from sponges allowed for gene-trait matching analysis and provided with
important hints on the genotype-phenotype association. More specifically, most of the
tested isolates showed neither motility on agar (Chapter 2) nor antimicrobial activity in
vitro, even though they had a complete set of gliding genes and a wide variety of secondary
metabolite biosynthetic gene clusters (Chapter 2 and 3). Apparently, cultivated microbes
under standard laboratory conditions might show no or very low expression of genes or
biosynthetic gene clusters (Chiang et al., 2011; Reen et al., 2015). Since an observable
phenotypic trait might be the combined result of a gene or multiple genes, abiotic and
biotic factors (Orgogozo et al., 2015) applying the proper growth conditions to simulate the
natural environment is of vital importance in triggering the expression of these pathways
(Chapter 2). Moreover, biological systems have multiple levels (from DNA to metabolites)
and thus, omics data integration combined with experimental data is needed to identify
true associations and obtain a more comprehensive understanding of genotype-phenotype
interactions (Ritchie et al., 2015; Prosser, 2020) (Figure 2).

In vitro and in silico methods: joined forces

Marine natural products hold great promise as drug candidates in the face of the antimicrobial
resistance crisis and other health care challenges. A considerable research effort has been
dedicated to the natural product chemistry of sponges, since they are considered ‘gold mines’
of bioactive secondary metabolites. Up until recently, many of these natural products were
thought to be of sponge origin but increasing evidence implicate the associated bacteria in
the production of bioactive compounds. This is attributed to their structural resemblance to
bacterial metabolites or because the type of bioactive molecule is commonly found in bacteria
and not in animals (Taylor et al., 2007a; Piel, 2009; Uria and Piel, 2009). The first insights
into the producing microbes were obtained via cultivation-dependent methods leaving an
enormous gap in the real biochemical diversity due to the limited amount of cultivated strains.
Cultivation-independent approaches came later to bridge this gap revealing the hidden
biosynthetic novelty of the uncultivated fraction of microbes and help in identifying the true
producers of the bioactive compounds (Hill and Sacristan-Soriano, 2017).

There are several success stories of describing symbiont-produced chemicals in a cultivation-
free manner (Florez et al., 2015). In chapter 4, we contributed to one of these stories by
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tracing and localizing a putative Ca. Entotheonella producer of the anticancer compound
psymberin in the tissue of Psammocinia sp. This was achieved by means of a 16S rRNA gene-
based prioritization strategy and chemically-aided separation of filamentous bacterial cells
from the sponge matrix, respectively (Chapter 4). Nevertheless, harnessing the biosynthetic
potential of already available bacterial isolates is equally important and can bring light to
undiscovered capacity (Wilson and Piel, 2013). Genome mining for BGCs and bioactivity
screening of sponge-associated strains detected many candidate BGCs potentially involved
in the observed anticancer and anti-MRSA activity (Chapter 3). Even though circumventing
methods that rely on cultivation offers more advantages and fewer limitations, we should
always consider cultivation-based approaches as complementary strategies since they can
provide useful insights in the prioritization and eventual isolation of promising drug leads.

Challenges and Future perspectives

Sponges can be viewed as evolution incubators since they represent the oldest extant animal-
microbe symbiosis encompassing a great microbial biodiversity. Studying sponges and their
associates in the omics era has largely enhanced our understanding of the interactions that
shape and underpin the sponge holobiont functioning. Most of the generated data is derived
from whole genome or lately metagenome sequencing providing important clues about the
sponge microbiome composition and metabolic potential. Yet, the obtained information is
only asnapshot of ‘what is there’ and ‘what they can do’ leaving many fundamental questions
unanswered. Future research attempts on integrating high-throughput omics data such as
metagenomes, metatranscriptomes, metaproteomes and metabolomes will give additional
valuable hints on diverse aspects of complex (micro)biological systems, including sponges.
This data integration could also deepen our knowledge of systems as a whole (Figure 2).
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Figure 2. Overview of omics and other data analysis approaches that allow direct access to the
environmental sample, bypassing cultivation. Data integration could address significant biological
questions about the composition, metabolic potential and actual functions of the studied microbiome.
(Created with https://biorender.com/).

Adopting a holistic perspective that accounts for the sponge and its symbiotic microbes
is of paramount importance in evaluating the holobiont function. This is also highlighted
by global initiatives that focus on investigating symbiosis in aquatic systems and dedicate
a significant part of their research on eukaryotic hosts, such as those supported by
the Gordon and Betty Moore Foundation (https://www.moore.org/initiative-strategy-
detail?initiativeld=symbiosis-in-aquatic-systems-initiative) and the Aquatic Symbiosis
Genomics Project (McKenna et al., 2021). Furthermore, the study of sponges as model
animals may help in acquiring a more concrete and complete picture of the unique set of
mechanisms underlying sponge-microbe interactions as previously proposed (Pita et al.,
2016; Hentschel, 2021).

Even though available genetic data on sponge hosts has increased during the past decade
[reviewed in (Pita et al., 2016)], functional information in the context of symbiosis is still
lacking. To fully harness the obtained information, creation of large inventories of biological
data derived from both the host and the associated microbes could prove beneficial in
addressing queries about the metabolic basis of symbiosis. This might seem daunting in the
light of the currently available large-scale datasets. Therefore, new computational methods
(e.g., data mining algorithms) need to be developed to cope with the downstream analyses
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of the vast amount of generated data. Moreover, the existing data needs to be refined and
manually curated as in many cases data registered in public databases (e.g., annotations,
sample metadata) is either inaccurate or insufficient.

To narrow the gap between the data inundation and the understanding of the biology
behind complex symbiotic systems, it is vital to implement the acquired information in
the experimental process. For instance, to alleviate cultivation recalcitrance of the sponge
symbionts, a promising strategy would be the application of reverse genomics combined
with innovative approaches for targeted cultivation (Cross et al., 2019). First, prioritizing
cultivation attempts for key players that will provide important insights into the sponge
holobiont or symbionts of high biotechnological value, will maximize effectiveness. Next,
information present in near-complete genomes derived from sponge metagenomes could
be used to design antibodies that are labelled fluorescently. Antibodies bind specifically to
the target bacteria followed by sorting via flow cytometry. Viable cells could then be used for
downstream cultivation. Genomic and functional data could help in identifying the proper
substrates and growth factors that will lead to the successful isolation and propagation of
the culture (Cross et al., 2019; Lewis et al., 2021).

Concluding Remarks

Now zooming out of the sponge microbiome, over these five years of research a shift
towards molecular and omics-based techniques has dominated the microbial ecology
field since sequencing has become the trend. This is also reflected in the work performed
during this thesis. Our findings (Chapter 2 and 3) highlight the gap between omics-derived
information and experimental testing such as the presence of cryptic genes/pathways or the
use of insufficient growth factors to trigger certain phenotypes. Due to the data explosion,
there is a tendency of turning the scientific methodology from hypothesis-driven into a more
exploratory approach. It is significant to identify a scientific question that would serve as a
basis for the design of an experiment in order to prove a hypothesis and explain a biological
phenomenon. This, in the framework of exploiting the full potential of the available tools,
will increase the probability of unequivocally confirming or refuting the assumed scientific
concepts. Indeed, sequence data has to offer a lot of important information, and this is in
line with the work presented here (Chapter 2, 3, 4 and 5) where omics shed light on novel
sponge-associated phylotypes, features that point at a symbiotic lifestyle and an expanded
secondary metabolite biosynthesis arsenal with biotechnological potential. In conclusion,
despite the fact that the concept of symbiosis existed even before the emergence of
metazoans our understanding is still in its infancy. | believe that this thesis played its part in
elucidating aspects of sponge-microbe interactions and | truly hope it will be an inspiration
for future research endeavors.
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Summary

Sponges (phylum Porifera) are the oldest known extant metazoans, the most prolific sources of
bioactive molecules in the sea and of great ecological significance in marine benthic communities
due to their immense pumping capacity. Marine sponges also represent an excellent example
of complex invertebrate holobionts since they live in close associations with their microbial
symbionts. The microbial consortia inhabiting sponges are dense and diverse, spanning all three
domains of life. Yet, the majority of sponge-associated microorganisms remain uncultured,
hampering efforts in determining their interactions with their sponge host. To this end, a broad
range of cultivation-independent methods has been developed that provide promising avenues
for unravelling important aspects of host-microbe symbiosis. The research described in this
thesis aims at enhancing our understanding of the interplay between sponges and bacteria,
focusing on both cultured and yet-uncultured sponge-associated lineages. A brief introduction
to marine sponges and their symbiotic relationships with microorganisms is given in chapter 1.
This chapter further outlines the cultivation challenge, how omics-derived information has shed
light into sponge-microbe interactions and the motivation behind the research presented here.
More than 40 microbial phyla have been reported as part of the global sponge microbiome.
A predominant phylum is the Bacteroidetes with most of its members belonging to the
family Flavobacteriaceae, also known as flavobacteria. In chapter 2, different functional
traits common among flavobacteria inhabiting various niches, both host-associated and free-
living, were investigated. Comparison of their genome-derived metabolic profiles revealed
functional divergence between the different phylogenetic groups irrespective of their isolation
source. This indicated a putative metabolic versatility for marine flavobacteria as opportunistic
sponge symbionts with a dual lifestyle between seawater and host. Marine flavobacteria
showed an extensive genetic repertoire for gliding motility, utilization of a wide variety of
complex carbohydrates and production of secondary metabolites with interesting bioactivities.
Nevertheless, phenotypic assays on gliding motility and antimicrobial activity did not reflect the
genomic potential of the bacterial isolates implying the silent state of their genes under the
selected in vitro conditions.

Toassess the true functional potential of the sponge symbionts, in vitro screening for antimicrobial
and cytotoxic activity combined with genome mining for secondary metabolite biosynthetic
gene clusters (BGCs) of 21 sponge-derived bacterial isolates was performed, as described in
chapter 3. The tested isolates represented major sponge-associated taxa with the most active
ones belonging to Proteobacteria and Actinobacteria in accordance with previous studies. Most
microbial crude extracts displayed cytotoxicity while one only caused growth inhibition of the
methicillin-resistant Staphylococcus aureus (MRSA) among a broader test panel of potential
bacterial and eukaryotic targets. Moreover, gene-trait matching provided important clues on
the genotype-phenotype association by detecting BGCs likely responsible for the observed
bioactivity.
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Sponges host bacteria which are prominent producers of secondary metabolites but remain
recalcitrant to cultivation. To the best of our knowledge, among the most ‘chemically talented’,
yet-uncultured bacteria are the ones belonging to the candidate genus Entotheonella of the
candidate phylum Tectomicrobia. In chapter 4, we showed that Ca. Tectomicrobia inhabit various
environmental niches. According to sequencing data, Ca. Entotheonella can be divided into three
candidate generaincluding a novel sponge-associated genus Candidatus Thalassonella. Metabolic
reconstruction predicted that Ca. Thalassonella leads a facultatively anaerobic, heterotrophic
lifestyle similar to Ca. Entotheonella but lacks in the chemical richness. Moreover, this chapter
highlights the presence of a ‘superproducer’ group within Ca. Entotheonella in phylosymbiosis
with sponge hosts. Further observations regarding this group led to the detection of a putative
producer of the polyketide psymberin that displays potent anticancer activity.

Another yet-uncultured bacterial lineage which is understudied even though ubiquitous in
sponge microbiomes is the candidate phylum Dadabacteria, recently united with the candidate
phylum Desulfobacterota. We were the first to resolve the phylogeny and predict the primary and
secondary metabolism of the sponge-associated Ca. Dadabacteria (‘Desulfobacterota__D’) as
described in chapter 5. Genome reconstruction and phylogenomics uncovered a sponge-specific
order (Ca. Nemesobacterales) and several novel taxa expanding the genome representation of the
sponge-associated Ca. Dadabacteria. Functional analysis predicted that Ca. Nemesobacterales
are aerobic heterotrophs capable of utilizing complex carbohydrates similar to other sponge
symbionts. Niche speciation was also evident since functional divergence was predicted
between sponge- and seawater-derived metagenome-assembled genomes (MAGs) of the same
lineage attributed to distinct genomic features related to symbiosis. Ca. Nemesobacterales were
significantly enriched in genes associated with host-microbe recognition, adaptation to the host
environment and secondary metabolite production reflecting a symbiotic lifestyle. Moreover,
fluorescent in situ hybridization was employed to visualise Ca. Nemesobacterales for the first
time. The visualization of Candidatus Nemesobacter rappii revealed their presence inside
bacteriocytes in the tissue of the sponge Geodia barretti. This further supports the functional
predictions that Ca. Nemesobacterales live in close association with marine sponges.

To conclude, chapter 6 discusses the research outcomes and highlights of my zooming into the
sponge microbiome in the context of other relevant studies. Research described in this thesis
set out to unravel the interactions between sponges and their symbiotic bacteria and bridge
the gap between the enormous amount of omics-derived information and our understanding
of the sponge holobiont. In conclusion, the sponge microbiome mediates the interactions of the
holobiont via heterotrophy, potential metabolite exchange (e.g., amino acids and vitamins) and
chemical defense and adapts to the environment of the host with the help of defense systems
leading to an intimate symbiotic relationship with the sponge. To this end, future research
efforts in sponge-microbe symbiosis should consider joining the forces of cultivation-dependent
and -independent approaches since they hold great promise in uncovering true associations in
complex living systems, including marine sponges.
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fun moments: Johanna, Georg, Jie, Dat, Tika, Indra, Leire, Catarina, Michelle, Anastasia,
Valentina. Georg, our times didn’t overlap much but it was really nice having you around
at the beginning of my PhD. Thanks a lot for the tutorials-legacy you left behind! Tika, you
are such a kind and sweet person. Thanks for all the nice chats and the amazing dinner you
cooked for us at your house (still remember the tempeh!). Indra, | really miss you in the
lab. You were always fun, teasing people! We had a great time in our trip to Porto for the
SponGES project meeting! Thank you for everything. Jie, you are such a cool guy with great
sense of humor. I've heard you already became rich which doesn’t surprise me! Thanks a lot
for being around during most of my PhD time. Dat, you are one of the most smiley people |
know. It was great to have you as a groupmate and officemate. Valentina, we haven’t spent
a lot of time together but | think you are a great addition to our group. Good luck with your
thesis!

Catarina, my Geodia buddy, we almost started our PhDs at the same time and | have a vivid
memory of you coming tanned from Australia, telling stories about swimming with sharks
while complaining about the weather in the Netherlands! You are a very fun and active
person which I've always admired in you (since | am super lazy). Thank you for being with me
in the lab that summer of DNA/RNA extractions (listening non-stop to the Black Keys album)
and for the smooth collaborations in 50% of my thesis! Good luck with finalizing your thesis
now and | wish you no more Gb3 nightmares!

Michelle, you are so sweet, kind and always eager to help people. A great scientist with
deep knowledge of your topic and an admirable supervisor! Your students are very lucky to
have you. | am so happy you joined our group (and office) and for our collaboration in two
of my chapters! Thank you very much for all the times you heard me complaining about my
thesis and supported me, especially during the final stretch! | would also like to thank you
for the awesome dinners, barbeques and all the times you, Mo and Sasha hosted us. You
are great hosts!

During my PhD, | had the chance to supervise two very bright, motivated and hard-working
MSc students. Francesca, you were my first student and we learned many things together
since | was at the very beginning of my PhD. Thank you for helping me with the Flavos and |
am grateful we included part of your thesis in chapter 2! Sander, you were so independent
from day 1 with your own ideas and motivated about your project. You taught me a lot
about bioinformatics and your metaWRAP work was very important for the Marine group.
Thank you both so much for contributing to my thesis!
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Teaching plays big part in the WUR PhD life and it’s not always fun. In my case, | was again
lucky to teach the Microbial Ecology course for 5 years in a row. | really enjoyed my time
and especially due to the people who were teaching with me: Gerben, Peng, Tika, Jie, Leire,
Catarina, Prokopis, Ruth and Michelle, thank you so much for making the teaching process
easier and fun!

One of the highlights of this journey was our MIB-SSB PhD trip to Boston and New York. |
would first like to acknowledge the members of the PhD trip committee (Giannis K., Costas,
Catarina, Ivette, Lot, Enrique, Ran, Caifang and Nong) for putting in all this effort and time
to organize the trip and make sure everything ran smoothly. Special thanks to Diana and
Raymond for being the responsible people accompanying us! | will never forget how much
fun we had in room 5015 in Boston and for this | want to thank Caifang, Martha, Marina,
Mamou and Ran. Girls, we had great laughs and it was so nice to get to know you better!
Marina and Lyon you are my karaoke buddies, thanks for the great moments! The TAM, the
breakfast in Johnny’s Roadside, the nightclub in Soho, the road trip from Boston to NY, the
Greek night...thank you all for these amazing memories! <3

Most of you know how emotionally attached | am to my desk and office 5033. I've spent
a loooot of hours there since | was in front of a screen for most my PhD time. | would
like to thank my officemates for all the fun (and not so fun) moments we shared together:
Johanna, Loo Wee, Sudarshan (Sudi), Jie, Dat, Leire, Kate, Anastasia, Michelle, Yang and
Nam. You were always willing to hear me nagging and support me and | feel grateful for
this! Johanna and Sudi, thank you so much for the very warm welcome in the office at the
beginning of my PhD...I still remember our first ‘fresh air’ break! Me and Anastasia, often
feel nostalgic about our sessions. Leire, it was so much fun having you beside me. | miss
having you around! Yang, it is my pleasure to share the office with you. Good luck with
finalizing your thesis! Nam, thanks for the nice chats we ‘ve had the last couple of months!
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Besides the MIB family, | was lucky enough to be part of two consortia during my PhD (Detmer,
thanks again for this). | would like to thank the MarPipe family (MarPipes or MarPipians)
for the fantastic moments we created together during our meetings and trips! Crazy mid-
term review meeting in Brussels, seeing Aurora Borealis in the middle of a snowstorm in
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Anky, Arianna, Daniel, Florent, Grant, Kevin, Jane, Maria, Sloane, Yannik...we are all so
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(oe Aéw Alyo yelola edw, av to katahaPeg). | admired your passion about reproduction in
sponges and | will never forget your jokes during your presentations. Thank you so much for
sharing the cabin with me and tolerating my snoring! Kathrin (Katerinaki), | am so happy |
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culturally similar we are! Our ‘fresh air’ breaks were so fun and inspirational (I am sure
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dal and for all the delicious meals you shared with me! | wish all the best for you and Diksha
and please...you really need to visit Greece!
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about your research topic! It was so great to have you around during my PhD and | really
miss you. You were always sweet and supportive, cheering me up whenever | would feel
sad or stressed. Thank you for all the fun moments in the office, lab, gym (!) and the lunch
breaks, dinners and drinks we shared together! | wish all the best for you and Miguel! | can’t
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Ruth (carifio), you are one of the few people who was by my side throughout the whole
thing! | admire you so much for your hard work, scientific knowledge and patience! You
know better than anyone that a PhD is equal to permanent head damage! Thank you for
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deep conversations! Best of luck for your future and | hope | see you soon!

Giannis, | remember like it was yesterday when you met me at the canteen and you asked
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listen, support and help me with whenever | needed it and thank you for this! We miss you
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Eleftheria, thank you so much for your support all these years and your patience all these
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the office! | am so glad that | got to experience your positive energy, bad jokes and great
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at the same time. Thank you so much for your support, especially during the final stretch!
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Prokopis, | am so grateful that you were by my side during my PhD time! Thanks a lot for
our chats and the times you offered your advice! You always showed understanding since
we have many things in common (éxoupe tov (610 pnapnd aAwote)! | wish you all the best
and soon to be Dr. !
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Aristofani (Bro pou), you are one of the kindest and brightest people | ‘ve ever met! You
played a big part in maintaining my well-being in Leeuw during my PhD and thank you for
this. Always there, the voice of reason, to help me deal with my stress outbreaks and offer
a warm, delicious meal cooked by chef Aris! It was an honor to be one of your paranymphs
and share this moment with you! ¥’ayarnw moA0 kat o’suxaplotw!

Sara, thank you for being such a dear friend! You are the only person | know who has gone
through all the stages of a PhD without being a PhD student. So sweet and caring, always
willing to hear me and stand by me! Thank you for all the support, the help during the
final stretch (the cover design) and the fun moments we shared during dinners, drinks,
quarantines, trips, holidays and many more! 3’ayarw moAU kat o’suxaplotw!

Cri, you made my Mondays way less miserable with your memes and my evenings in Dolder
super fun with your jokes! | hope we find a better game to play soon (no more bocce). Thank
you for all the nice moments and deep conversations! Looking forward to many more! Love
you!

Vivi (BiBika pou), you are my life coach-nutritionist-therapist and | am so grateful we
started hanging out this past year. Your big heart, resilience and motivation are admirable
and inspired me many times! Thank you so much for always being there for me, supporting
me and giving me valuable advice! 2’ ayanw moAU kat o’suyaplotw!

I would also like to thank Iraklis or Hercules (AAAAAAaaaaaaa!), Thomas (Qwud, méte Ba
avoiéoupe autd to TaPepveio emttédouc;) and Eugene (Twpa UMopeis va pe Aeg Ap. Mévia
Kat oxtL kupa-Mévia) for all the moments we shared as part of the (not-always-functional)
Wageningen family.

Someone asked me recently if it feels like home when | visit Greece or the Netherlands.
| won’t disclose my answer but | admit that my life during my PhD would be unbearable
without my Leeuw family. | have shared this house with so many different people that |
might miss some names. Yet, | would like to warmly thank Aris, Fotini, Pablo, Joan, Lorenzo,
Kassiani (Kassi), Sierra, Marion and Niamh for making this house my comfort zone filled
with love, care, laughs, music, food and alcohol! Fotini, | still remember how happy you
were when | told you | am coming to Wageningen! You are the one who introduced me to
THE house and thank you so much for this! We’ve known each other for forever now and
we’ve been through a loooot! Thank you for all the nice memories and your support during
my PhD! Marion, my guapita, thank you so much for taking care of me, cheering me up and
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listening to my problems (PhD-related and not)! Even though we lived together during covid
times, we had so many legendary moments! Thank you for tolerating Moody and please
stop these transatlantic expeditions! Love you! Niamh, the youngest and yet the wisest, you
have been such a great addition to the house. You witnessed my transformation into Gollum
during the final stretch and still you were there to support me! Thank you for everything,
little tsimpouri! Love you!

For some people, PhD life involves a certain amount of drama and in the case you are Greek
this is kind of inevitable. Anastasia, Kassiani and Nancy...I would like to thank you from the
bottom of my heart for making my daily life less (or more?!) dramatic! | feel like an observer,
seeing you growing up, becoming passionate scientists (granny Menia speaking)...| am so
proud of you! Thanks again for the immense support throughout my PhD and all the good
and crazy times!

Besides all the people surrounding me every day, | was lucky enough to have remote
support as well! For this, | would like to thank my girls: Anastasia, Elina, Elizabeth, Esmy,
Fani, Joanna, Myrto and Viktoria and my boy Konstantinos for being there for me no
matter what! MaAloypleg kaL TOALOYEPE, EXOUE MEPATEL TOOA TOAAA...XAPEC, AUTIEG, TAPTU,
SLaKOTIEG, OPKOUWOLEG, YAUOUG, YevvnToUpLla. EUXopal va ellooTe KOAQ KoL VoL TIEPAGOUUE
OKOUO TIEPLOCOTEPA (KATIOLEG OU XPWOTATE ekdpopn 3-5 mnyaddia...6e Eegxvw)! Tag ayanw
TIOAU KAl 0OG EVXAPLOTW ToU €lote SUmAa pou OAa autd ta xpovia! Zw yla éva reunion!

Ae Oa £drava oté 6w OUWG XWPIig TG Buoieg KAt TNV UTTOOTAPLEN THG OLKOYEVELAG HOU.
Mnapnd, popd, Nénn, ovAika, Ntivo, Octio, Mavvn, Mayd...elcaote 0 KOGHOG HOU OAOG
Kot To Kataguylo pou! Zag suxaplotw ywa OAA! Kavate ta navia Baoviag o Kabévag
10 AMOapAKL TOU yLa va £Xw aUTr T Ttopeia ko EEpoupe 6oL téco SUCKOAO rTav aUTo.

Mnapnd, papd, Nénn...ta Adyta Sev ¢ptavouv yia va ekppdow TV EVYVWHOOUVN HOU.
Ag CTAMATACATE OTLYWI]) VO TILOTEVETE OE MEVOL KOL OTLG SUVOTOTNTEG HOU KL VOL [LOU TO
unevOupilete! Zag ayanw moAu (§€pw 6€ To Aéw cUXVA) KoL 0OG EVXAPLOTW YLa OAa ano
Ta BAON TNG KAPSLAG pou!

MNavaywwtn, giocal 6,TL KAAUTEPO CUVEPRN otn {Wr HOU Ta TEAEuTaia Xpovia. Payilel n
KOPSLA MOV yLa TLG OTLYHEG TTOU XAvw arod th {wh oou BAENwWVTAC O€ va LEYAAWVELG HEoal
and pa 006vn. Evxopal kamowa otyuf va enavopbwow! Otav padeig va Stapalelg,
€eAnilw auto to BBAio va néoel ota XépLa oou. 2’ ayanw noAv... n vova cou.

221



About the author

Asimenia (Menia) Gavriilidou was born on the 6™ of July 1990
in Thessaloniki, Greece. She studied Biology at the Faculty of
Sciences at Aristotle University of Thessaloniki, Greece. During
her BSc thesis, she studied sponges as ecosystem engineers in
submarine caves of the North Aegean Sea. After obtaining her
BSc degree in 2013, she continued her studies on Environmental
Biology at the University of Crete, Greece where she was the
top ranked applicant admitted to the MSc program. Menia
specialized in Marine Resources Management and developed
a strong interest for Marine Microbiology. Her MSc thesis
research focused on the impact of acidification on marine bacteria isolated from the CO,-

venting submarine volcano Kolumbo. This research was conducted at the Environmental
Chemistry and Bioanalysis Laboratory at the Institute of Marine Biology, Biotechnology and
Aquaculture of the Hellenic Centre of Marine Research in Crete, Greece. After successfully
completing the MSc requirements, she graduated in October 2016 and started applying for
PhD positions abroad.

In April 2017, Menia was appointed as a PhD fellow in the Molecular Ecology group at
the Laboratory of Microbiology at Wageningen University and Research (WUR) under the
guidance of Dr. Detmer Sipkema (WUR), Prof. Dr. Hauke Smidt (WUR) and Dr. Colin Ingham
(Hoekmine BV). The research work described in this thesis was conducted in the framework
of the Marie Sktodowska-Curie Innovative Training Network “MarPipe” and the H2020
EU project “SponGES”. Currently, Menia is employed as a postdoctoral researcher in the
Molecular Ecology group at the Laboratory of Microbiology at Wageningen University and
Research. Her research focus is on rumen microbiomes and their implication on animal
health and their environmental footprint.

222



List of publications

Tsiola A, Toncelli C, Fodelianakis S, Michoud G, Bucheli TD, Gavriilidou A, Kagiorgi M, Kalantzi
I, Knauer K, Kotoulas G, Mylona K, Papadopoulou E, Psarra S, Santi |, Tsapakis M, Daffonchio
D, Pergantis SA and Pitta P. Low-dose addition of silver nanoparticles stresses marine
plankton communities. Environ. Sci.: Nano, 2018, 5, 1965-1980. https://doi.org/10.1039/
C8EN00195B

Mandalakis M, Gavriilidou A, Polymenakou PN, Christakis CA, Nomikou P, Medvecky M,
Kilias SP, Kentouri M, Kotoulas G and Magoulas A. Microbial strains isolated from CO2-
venting Kolumbo submarine volcano show enhanced co-tolerance to acidity and antibiotics.
Mar. Environ. Res. 2019; 144. https://doi.org/10.1016/j.marenvres.2019.01.002

Gavriilidou A, Gutleben J, Versluis D, Forgiarini F, Van Passel MWJ, Ingham CJ, Smidt H and
Sipkema D. Comparative genomic analysis of Flavobacteriaceae: insights into carbohydrate
metabolism, gliding motility and secondary metabolite biosynthesis. BMC Genomics. 2020;
21, 569. https://doi.org/10.1186/s12864-020-06971-7

Gavriilidou A, Mackenzie TA, Sanchez P, Tormo JR, Ingham CJ, Smidt H and Sipkema D.
Bioactivity Screening and Gene-Trait Matching across Marine Sponge-Associated Bacteria.
Mar. Drugs. 2021; 19(2):75. https://doi.org/10.3390/md19020075

Busch K, Slaby BM, Bach W, Boetius A, Clefsen |, Colago A, Creemers M, Cristobo J, Federwisch
L, Franke A, Gavriilidou A, Hethke A, Kenchington E, Mienis F, Mills S, Riesgo A, Rios P, Roberts
EM, Sipkema D, Pita L, Schupp PJ, Xavier J, Rapp HP, Hentschel U. Biodiversity, environmental
drivers, and sustainability of the global deep-sea sponge microbiome. Manuscript under

review.

Peters EE, Cahn JKB, Gavriilidou A, Steffens UAE, Loureiro C, Shorn MA, Cardenas P,
Vickneswaran N, Crews P, Sipkema D, Piel J. Distribution and diversity of Candidatus
Tectomicrobia, a deep-branching uncultivated bacterial lineage harboring rich producers of
bioactive metabolites. Manuscript submitted.

Loureiro C, Galani A, Gavriilidou A, De Mares MC, Van der Oost J, Medema MH, Sipkema
D. Comparative metagenomic analysis of biosynthetic diversity across sponge microbiomes
highlights metabolic novelty, conservation and diversification. Manuscript submitted.

Gavriilidou A, Avci B, Galani A, Schorn M, Loureiro C, Ingham CJ, Smidt H, Sipkema

D. Candidatus Nemesobacterales, a sponge-specific clade of the candidate phylum
Desulfobacterota adapted to a symbiotic lifestyle. Manuscript in preparation.

223



Netherlands Research School for the
Socio-Economic and Natural Sciences of the Environment

DIPLOMA

for specialised PhD training

The Netherlands research school for the
Socio-Economic and Natural Sciences of the Environment
(SENSE) declares that

Asimenia Gavriilidou

born on 6% July 1990 in Thessaloniki, Greece

has successfully fulfilled all requirements of the
educational PhD programme of SENSE.

Wageningen, 25 of May 2022

Chair of the SENSE board The SENSE Director
Prof. dr. Martin Wassen Prof. Philipp Pattberg

The SENSE Research School has been accredited by the Royal Netherlands Academy of Arts and Sciences (KNAW)

KONINKLIJKE NEDERLANDSE
AKADEMIE VAN WETENSCHAPZPEN



SENSE
—

The SENSE Research School declares that Asimenia Gavriilidou has successfully fulfilled all
requirements of the educational PhD programme of SENSE with a
work load of 50.0 EC, including the following activities:

SENSE PhD Courses

o Environmental research in context (2017)

o Research in context activity: ‘Organising the General Assembly Meeting of the SponGES
H2020 Project’ (2018)

o Principles of Ecological Genomics (2018)

Other PhD and Advanced MSc Courses

o MarPipe Course: Biodiscovery with zebrafish, KU Leuven (2017)

o Open & Reproducible Microbiome Data Analysis, Microbiology group, (2018)

o MarPipe Course: Scientific communication and grant writing skills, Consiglio Nazionale
delle Ricerche (2018)

o MarPipe Course: Organic structure analysis, Fundacién MEDINA (2018)

o MarPipe Course: Bioinformatic tools for new natural products discovery, University of
Cork (2019)

o Bioinformatics with Linux and Python, Microbiology group and WIMEK (2020)

External training at a foreign research institute

o MarPipe Secondment: Legal skills, patenting, regulatory affairs and entrepreneurship,
ABSint (2019)
o MarPipe Secondment: Bioactivity screening methods, Fundaciéon MEDINA (2020)

Management and Didactic Skills Training

o Supervising two MSc students with thesis (2017-2018)

o Teaching in the BSc course ‘Microbiology & Biochemistry’ (2017)
o Teaching in the MSc course ‘Microbial Ecology’ (2017-2021)

Oral Presentations

o Mining metagenomes of marine sponge Geodia barretti for biosynthetic gene clusters.
Genomics for a Blue Economy, 11-12 December 2019, Naples, Italy

SENSE coordinator PhD education

¢ //\ 4 —
[ il

Dr. ir. Peter Vermeulen



The research described in this thesis was financially supported by the Marie Sktodowska-
Curie Actions (MSCA) Innovative Training Network (ITN) Horizon 2020 H2020-MSCA-
ITN-2016 “MarPipe” (Grant agreement ID: 721421) and the European Union’s H2020
research and innovation programme “SponGES” (Grant agreement ID: 679849).

Financial support from Wageningen University for printing this thesis is gratefully
acknowledged.

Cover idea: Asimenia Gavriilidou & Sara Issa
Cover design: Rebeca Lucia Arredondo Sdinz
Printed by: ProefschriftMaken.nl









	Lege pagina

