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Summary

The deep-sea is the largest habitat on Earth, but its biodiversity and ecosystem dynamics are
still underexplored. Deep-sea sponge grounds (syn. aggregations, gardens) are sponge-
dominated ecosystems that are found throughout the world’s oceans. They are considered
vulnerable marine ecosystems (VMEs) and warrant protection against human intervention.
Deep-sea sponge grounds are considered hotspots of diversity and function in the deep ocean.
While a significant body of information has been accrued on shallow-water sponges, our
understanding of deep-sea sponges and their associated microbiomes at the beginning of this
PhD thesis was still very limited. This PhD thesis therefore aims to provide a first comprehen-
sive overview on the diversity, evolution, biogeography, and ecology of deep-sea sponge
microbiomes. The overarching aim was to assess whether the concepts obtained in shallow-
water sponge microbiology would also hold in the deep-sea. In addition, novel themes such
as biogeochemistry, physical oceanography, and trait-based approaches were integrated and
further expand the existing theoretical framework in sponge microbiology.

Sampling was conducted during 20 deep-sea expeditions, largely to sponge grounds of
the North Atlantic in the context of the EU project “SponGES: Deep-sea sponge grounds eco-
systems of the North Atlantic - an integrated approach towards their preservation and sustain-
able exploitation”. In total 1077 sponge-associated microbiomes were sampled along with
355 seawater microbiomes and 114 sediment microbiomes from 52 sponge ground locations.
Microbial diversity was assessed by 16S rRNA gene amplicon sequencing and host taxonomy
was determined by a combination of taxonomic and molecular markers. To this end, a state-
of-the-art high-throughput 16S amplicon pipeline was established and corresponding
metadata workflows were developed. The resulting data were analysed by six specific case
studies (of which all were published) and one overarching meta-analysis (manuscript in prep-
aration). The microbial community composition of deep-sea sponges was explored across
different scales, from the ecosystem- and biogeography-level, to individual sponge species
and to the microbial taxon (Amplicon Single nucleotide Variant; ASV) level. By exploring
sponge microbiomes on different levels of integration and by using a nested sampling design,
| was able to identify overarching factors, that drive microbiome composition in a statistically
proven manner. The main identified environmental drivers of microbial community variability
were temperature, salinity, nutrients/oxygen, and depth. It is noteworthy, that these
parameters were identified from a total set of 24 environmental parameters. Furthermore,
sponge phylogeny, taxonomy, and morphology were found to be related with the microbial
community composition. Interestingly, microbial diversity can be predicted based on sponge
morphology, which offers exciting opportunities for future studies in respect to imaging or
trait-based approaches.

My conclusions on the microbiome composition of deep-sea sponge microbiomes are
that each deep-sea sponge harbours an individual set of microbes and a large pool of hidden
diversity. Furthermore, deep-sea sponge microbiomes are globally not well connected and
rather display heterogeneity on local scales. Interestingly, a deep-sea specific sponge micro-
biome was discovered. Overall, the results of my thesis suggest a strong nestedness of deep-
sea sponge microbiomes within their ecological context.

In the context of this PhD thesis, | established a baseline of deep-sea sponge-associated
microbiomes, discovered a large extent of novel diversity and described patterns of specificity,
stability and variability. | further identified the environmental and host-related drivers of
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sponge microbiome composition. From a methodological point, | have designed and
developed a software tool (termed SVAmpEx) that allows the archiving and user-friendly
accessibility of deep-sea sponge microbiome baseline data. Since microbiome composition is
directly related to sponge health, reference baselines are valuable to monitor the integrity
and resilience of deep-sea sponges. The collective information gathered in this PhD thesis
provides the scientific basis to improve conservation and management strategies of the
vulnerable deep-sea sponge ground ecosystems in the long run.



Zusammenfassung

Die Tiefsee ist der groRte Lebensraum auf der Erde, dennoch sind die dort vorkommende
Artenvielfalt sowie Okosystemprozesse weitgehend unbekannt. Tiefsee-Schwammgriinde
(syn. Schwammaggregationen, Schwammgarten) sind weltweit vorkommende Schwamm-
dominierte Okosysteme. Es handelt sich um sogenannte vulnerable marine Okosysteme,
welche Schutz vor menschlichen Eingriffen bedirfen. Tiefseeschwammgriinde sind
Diversitats- und Funktions- Hotspots in den Tiefen des Ozeans. Wahrend bereits eine
beachtliche Fiille an Informationen Uber Flachwasserschwdamme angesammelt worden ist,
war unser Verstandnis von Tiefseeschwdammen und ihren assoziierten Mikroben sehr begrenzt
als diese Doktorarbeit begonnen wurde. Meine Dissertation verschafft daher einen umfassen-
den ersten Uberblick tiber die Diversitat, Evolution, Biogeographie, und Okologie von Tiefsee-
Schwamm-Mikrobiomen. Ein {ibergeordnetes Ziel war es einen Uberblick zu erhalten ob die
theoretischen Konzepte der Flachwasser-Schwamm-Mikrobiologie auch in der Tiefsee
zutreffen. Zusatzlich wurden neue Aspekte aus den Themenbereichen der Biogeochemie und
physikalischen Ozeanographie eingebracht und Merkmals-basierte Denkansatze verfolgt. Dies
wurde mit dem Ziel getan, den existierenden theoretischen Rahmen der Schwamm-
Mikrobiologie zu erweitern.

Probenahmen wurden wahrend 20 Tiefsee-Expeditionen durchgefiihrt. Hauptsachlich
an Schwammgriinden im Nordatlantik im Kontext des EU-Projekts “SponGES: Tiefsee-
Schwammgrund-Okosysteme im Nordatlantik — ein ganzheitlicher Ansatz zum Schutz und einer
nachhaltigen Nutzung“. Insgesamt wurden 1077 Schwamme-assoziierte Mikrobiome, sowie
355 Seewasser-Mikrobiome und 114 Sediment-Mikrobiome an 52 Standorten beprobt. Die
mikrobielle Vielfalt wurde mit Hilfe der 16S rRNA Gen Sequenzierung entschlisselt,
wohingegen die Schwammtaxonomie durch eine Kombination von taxonomischen und
molekularen Markern bestimmt wurde. In diesem Zusammenhang wurde eine
Hochdurchsatz-16S Amplikon Pipeline etabliert und dazugehérige Metadaten-Arbeitsablaufe
entwickelt. Die resultierenden Daten wurden in sechs spezifischen Fallstudien (welche alle
bereits veroffentlicht wurden), sowie einer Ubergeordneten Meta-Analyse (hier ist das
Manuskript in Arbeit) analysiert. Die Zusammensetzung der mikrobiellen Gemeinschaft in
Tiefsee-Schwammen wurde auf verschiedenen Skalen untersucht, von der Okosystem- und
Biogeografie-Ebene, lber individuelle Schwammarten, bis hin zur mikrobiellen Taxon-Ebene
(Amplicon  Single  nucleotide  Variant; ASV). Durch die Untersuchung von
Schwammmikrobiomen auf verschiedenen Integrationsebenen und durch die Verwendung
eines verschachtelten Beprobungsdesigns konnte ich mit einem statistischen Ansatz
Ubergeordnete Faktoren identifizieren welche die mikrobielle Gemeinschafts-
zusammensetzung  steuern. Als Umweltfaktoren, welche die mikrobielle
Gemeinschaftszusammensetzung hauptsachlich steuern, wurden Temperatur, Salzgehalt,
Nahrstoffe sowie Sauerstoff, und die Beprobungstiefe identifiziert. Nennenswerterweise
wurden diese Parameter aus einem Gesamtset von 24 Umweltfaktoren bestimmt. Zusatzlich
stand die Schwammphylogenie, -taxonomie, und -morphologie im direktem Zusammenhang
mit der mikrobiellen Gemeinschaftszusammensetzung. Interessanterweise kann die
mikrobielle Vielfalt basierend auf der Schwammmorphologie vorhergesagt werden. Dies



bietet spannende Madoglichkeiten fiir weitere Studien mit bildgebenden- oder Merkmals-
basierten Ansatzen.

Basierend auf den generierten Daten ziehe ich die Schlussfolgerung dass jeder Tiefsee-
Schwamm eine ganz eigene Zusammensetzung von Mikroben, sowie einen groflen Anteil an
versteckter mikrobieller Vielfalt besitzt. Desweiteren sind Tiefsee-Schwamm-Mikrobiome auf
globaler Eben nicht gut miteinander vernetzt und zeigen eine beachtliche Heterogenitat auf
der lokalen Ebene. Interessanterweise wurde ein Tiefsee-spezifisches Schwamm-Mikrobiom
entdeckt. Zusammengefasst deuten die Ergebnisse meiner Dissertation auf eine starke Einbin-
dung von Tiefsee-Schwamm-Mikrobiomen in den 6kologischen Kontext hin.

Im Rahmen dieser Doktorarbeit habe ich eine Datengrundlage zu Tiefsee-Schwamm-
assoziierten Mikrobiomen aufgebaut, einen groflen Anteil an neuer Diversitat entdeckt und
Muster der Spezifitat, Stabilitdt und Variabilitdit beschrieben. Desweiteren habe ich die
Umwelt- und Wirts-bezogenen Einflussfaktoren auf die mikrobielle Gemeinschafts-
zusammensetzung identifiziert. Aus methodischer Sicht habe ich ein Computerprogramm
entworfen und entwickelt (die SVAmpEx-Software) welches die Archivierung und
benutzerfreundliche Anwendbarkeit der generierten Datengrundlage zu Tiefsee-Schwamm-
assoziierten Mikrobiomen ermdglicht. Da die mikrobielle Gemeinschaftszusammensetzung im
direkten Zusammenhang mit der Gesundheit von Schwammen steht, sind diese Art von
grundlegenden Daten wertvoll zur Uberwachung der Intaktheit und Widerstandsfahigkeit
von Tiefsee-Schwammen. Die gesammelten Informationen dieser Doktorarbeit stellen
langfristig die wissenschaftliche Grundlage zur Verbesserung der Schutz- und Management-
Strategien von gefahrdeten Schwamm-Griinden in der Tiefsee dar.



Introduction

The deep-sea ecosystem

More than 90 % of planet Earth’s livable volume lies in the deep ocean (Levin and Bris, 2015;
Box 1). Fascinatingly in a thought experiment, this implies that if one would take a random
sample of planet Earth from outer space, probability is high to catch a sample from the deep
sea (Boetius, oral communication). Still, the deep sea is largely undersampled today due to its
vast space and the need of sophisticated technology to explore it (Fig.1). As this technology
has only become available to science in recent years, less than 5 % of the deep-sea have been
explored and less than 0.001 % have been sampled quantitatively so far (Snelgrove, 1999;
Danovaro, 2009; Ramirez-Llodra et al., 2010; Danovaro et al., 2014; Corinaldesi, 2015). These
severe sampling constraints are hampering evaluations on the applicability and robustness of
well-established shallow water concepts in the deep ocean. Laborious, expensive, and exhaus-

tive sampling efforts are needed to overcome this circumstance.

Box1 | Definition of the
: term deep-sea
| €¢ after Thistle, 2003.

The deep sea is usually
defined as beginning at
the shelf break. [...]
The shelf break is at
about 200m depth in
many parts of the
ocean, so the deep sea
is said to begin at
200 m.

b

Fig. 1 A) Sampling of a Styphnus fortis sponge by remotely operated vehicle (ROV).
B) Deployment of ROV Zgir 6000 (UiB) from the Norwegian research vessel G.0.Sars.

Most parts of the deep-sea are perceived as nutritionally dependent on the export of
organic matter from the surface ocean (Ramirez-Llodra et al., 2010), and characterised by low
concentrations of particulate matter. At the same time, dissolved inorganic components (dis-
solved inorganic carbon, and nutrients such as nitrate, phosphate, and silicate) have compa-
rably high concentrations in the deep ocean due to ongoing remineralisation in the water col-
umn. The hydrostatic pressure increases with depth, while temperature, light and oxygen con-
centrations decrease. Distinct species distribution patterns exist between shallow and deep
waters. Species richness generally decreases with depth, although this may strongly depend
on the location and taxon studied (Costello and Chaudhary, 2017). Total pelagic bacterial cell
numbers typically decrease with depth and the respective microbial community composition
may differ between depth layers (Karner et al., 2001; Busch et al., 2017; Fig.2a). Microbial
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biogeographic patterns are considered to emerge mainly from two processes, which are (i)
dispersal limitation, and (ii) environmental selection (Martiny et al., 2006; Fierer, 2008;
Hanson et al., 2012). The principle everything is everywhere but the environment selects (Baas
Becking, 1934) is a popular statement among ecologists and states that microbes are globally
distributed, but depending on the environmental conditions only a fraction of them is abun-
dant and active. Critics pointed out that Baas Becking’s statement neglects the aspect of dis-
persal limitation, and that it is impossible to test scientifically whether everything is every-
where. However, recent developments in sequencing technology have revealed that a big pool
of rare microbes exists (the rare biosphere; Pedros-Alio, 2012). Whether a deep-sea specific
microbiome exists in marine sponges will be discussed in this PhD thesis.

A Microbes B Macrobial biomass
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Fig. 2 A) Vertical distribution of pelagic seawater microbes, modified after Karner et al. (2001).
B) Qualitative vertical trend of macrobial biomass, modified after Marshall (1971).

Macrobial biomass is generally lower in the deep-sea compared to shallow depths
(Marshall, 1971, Fig.2b). Deep-sea species are considered to be relatively widespread and less
rich than shallow water species (Costello and Chaudhary, 2017). As population densities in the
deep-sea are comparably low, deep-sea organisms need a high dispersal capacity to maintain
a high gene flow. Movements of currents connect the ocean, making it the largest intercon-
nected habitat on Earth (Ramirez-Llodra et al., 2011). Connectivity is a major determinant of
species distributions and biogeographical boundaries and can be defined as the ease with
which dispersal occurs across various boundaries and spatial scales (Watling et al., 2013). Con-
nectivity may be interrupted by biophysical barriers, which inhibit gene flow between organ-
isms. Such biophysical barriers can be induced by physical properties (e.g. watermasses) or by
geologic features (e.g. seamounts, canyons, banks, etc.). On the contrary, geologic features
can also function as stepping stones which promote connectivitiy between sites. This has for
example been suggested for the connectivity of Bathymodiolus spp. mussels between hydro-
thermal vents (Breusing et al., 2016).



The deep-sea is traditionally counted as an extreme habitat (van Dover, 2000), and the
presumably most iconic deep-sea habitats are hydrothermal vents. Due to the particularly
challenging conditions to maintain basic life functions in extreme environments, microbial
symbionts may play a particularly relvant role in adapting their host to challenging environ-
mental conditions (Bang et al., 2018). Three particularly well-studied animal partners in deep-
sea chemosymbioses are tube worms (Riftia pachyptila; Hinzke et al., 2019), vesicomyid clams
(Johnson et al., 2017), and mussels (Bathymodiolus; Ansorge et al., 2019). A prominent exam-
ple of a particularly biodiverse habitat in the deep ocean outside hydrothermal vents are cold-
water coral reefs.

Sponge ground ecosystems

Sponge grounds are widely distributed in the world’s ocean, but understudied habitats.
Existing as either monospecific or multispecific aggregations, sponge grounds increase the
structural complexity of the seafloor and thereby provide a shelter for other organisms (Fig.3).
The deep North Atlantic harbours several known sponge grounds, which include monospecific
glass sponge grounds (e.g. of Vazella pourtalesii on the Scotian shelf offshore Canada, and of
Pheronema carpenteri offshore the Azores), as well as multispecific sponge grounds (e.g. the
Schulz Bank seamount, the Avilés Canyon System, and the Le Danois Bank). Sponge grounds
are considered biodiversity hotspots in the deep ocean because they enhance local species
richness and modulate ecosystem dynamics (Maldonado et al., 2017).

Fig. 3 A) A cephalopod hiding beneath a sponge. Picture taken by ROV Kiel 6000, GEOMAR.
B) Monospecific aggregations of the glass sponge Pheronema carpenteri observed off-shore the
Azores. © Rebikoff foundation; Scientific release for IMAR Azores, LULA1000 dive 133 04-07-2018.



Although marine environments are among the most diverse ecosystems on planet
Earth (Snelgrove, 2016), only a small part of the world oceans is covered by national legisla-
tion. Governance of biodiversity in the open oceans is still in its infancies, and open questions
are still to whom the deep-sea ‘belongs’ and what its monetary value is. A recent study was
dedicated to assess the monetary loss upon removal of sponges by bottom trawling (Pham et
al., 2019). It was estimated that the monetary value of the sponge-driven ecological functions,
which are lost upon sponge removal (especially nitrogen and carbon cycling activities via
active seawater filtration), is nearly double the market value of the fish catch. A removal of
sponges also means that an unknown number of sponge-specific microbial taxa disappear
concomitantly. The establishment of conservation areas is therefore fundamental. Recent
works have come up with sophisticated ideas to establish a new generation of marine pro-
tected areas which should be highly dynamic and interconnected (Fox et al., 2016; Maxwell et
al., 2020). Deep-sea sponge grounds are commonly declared as Vulnerable Marine Ecosystem
(VME) in need of protection.

Sponges as animal hosts

Today more than 8500 sponge species are formally described, but the true diversity is ex-
pected to be much higher (Appeltans et al., 2012; van Soest et al., 2012) (see Fig. 4 for some
examples of existing deep-sea sponge diversity). The phylum Porifera (i.e. sponges) consists
of four taxonomic classes: Calcarea (calcareous sponges), Demospongia (demosponges),
Hexactinellida (glass sponges), and Homoscleromorpha. 83.4 % of all known sponge species
are demosponges (Steinert, 2015). Hexactinellida consist of approximately 500 species glob-
ally, and show the greatest diversity between water depths of 300 m to 600 m, whereas only
few representatives can be found in shallow water depths (< 15 m) (Leys et al., 2007). Inter-
estingly, the probably oldest animal on Earth is a deep-sea glass sponge (Monorhaphis chuni)
and was estimated to be 11 000 years old (Jochum et al., 2012). A particularly iconic group of
deep-sea (demo-)sponges are carnivorous sponges (Cladorhizidae; \Vacelet and Boury-Esnault,
1995), which prey on small pelagic animals.

Sponges have a simple morphology and their size ranges from a few millimeters up to
the size of a small bus (Bell, 2007; Wagner and Kelley, 2017). Their morphological variety
includes massive growth forms, vases, tubes, bowls, balls, branching forms, encrusting ones,
and many more. Sponges also come in a large variety of colors (e.g. Freckelton et al., 2012).
This rich color pallette is often paralleled by the presence and production of bioactive com-
pounds inside the sponge tissue (~ 5300 sponge-derived natural products existed already back
in 2009; Lejon et al., 2011). In fact, sponges and their associated microbes are one of the
richest marine natural product producers, with over 200 new compounds reported each year.
Examples of these bioactive compounds are terpenoids, alkaloids, peptides, and polyketides
(Blunt et al., 2006; Han et al., 2019). Whether deep-sea sponges have similarly high secondary
metabolism capacities as their shallow water counterparts remains to be tested. From an
ecological perspective the need to produce defensive substances may be lower in the deep-
sea compared to shallow waters. Sponges also perform biomineralisation to build up their
skeleton. Sponge skeletal elements are composed of calcareous (CaCOs) or siliceous (SiO)
spicules (Taylor et al., 2007; Hentschel et al., 2012a). Other spicule types are made of chitin or
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the collagenous protein spongin. Spicules are commonly used by taxonomists for classification
(Uriz et al., 2003; van Soest et al., 2012).

Fig. 4 Examples of deep-sea
sponges sampled within the
frame of this thesis. A) The
carnivorous sponge Walteria
leuckarti. B) Cross-section of a
Geodia vaubani individual. C) The
glass sponge Schaudinnia rosea.
D) The glass sponge Regadrella
pedunculata. E) Schaudinnia
rosea, visualised under a binocu-
lar. F) Detailed view of Poliopo-
gon sp. G) The glass sponge
Dictyaulus sp. H) A Caulophacus
individual in its natural habitat.
1) A glass sponge photographed in
situ. J) Close-up of the glass
sponge Regadrella okinoseana. K)
Detailed view of the glass sponge
Regadrella pedunculata. L) Close-
up of the glass sponge Regadrella
okinoseana. M) In situ footage of
the glass sponge Scyphidium aus-
traliense. N) Unidentified, vase-
shaped sponge. 0O) The glass
sponge Aphrocallistes beatrix.
Picture credits:

A,B,D,F,J,K,L: Peter Schupp, ICMB
C,E,O: Kathrin Busch, GEOMAR
G,H,I,M,N: ROV Kiel 6000,
GEOMAR.

Most sponges are highly efficient filter feeding organisms, which can filter up to 24 000 L kg
d? (Hentschel et al., 2003). The complete sponge bauplan is highly adapted towards efficient
filter feeding (Fig.5a). It consists of a sophisticated aquiferous system (Leys et al., 2011) cou-
pled with adapted sponge cell types. Choanocytes play a particular relevant role in maintaining
the water flow through the animal (Reiswig, 1971a; Vacelet and Donadey, 1977; Weisz et al.,
2008). Choanocytes are specialised flagellated cells which are arranged in so called choano-
cyte chambers, and are equipped with a collar of microvilli that surround the flagella to retain
food particles from the inflowing water. Larger food particles may be taken up by archaeo-
cytes before even reaching the choanocyte chambers (Michin, 1900; Simpson, 1984; Fig.5b).
Exo- and endopinacocytes can also play a role in food uptake in the sponge outer tissue layers
(Pourbaix, 1933). Uptake mechanisms of dissolved components include an absorbtion of
nutrients from the water (Pittner, 1909, 1914; Reiswig, 1971b; Yahel et al., 2003). Dissolved
oxygen is presumably taken up via diffusion inside the water channels and the choanocyte
chambers (Barker Jgrgensen et al., 1986).



Fig.5 Sponge bauplan. A) Habitus of a schematic sponge with several small pores for water inflow (os-
tia) and one opening for water outflow (osculum). The schematic cross-section depicts the aquiferous
system (water channels and choanocyte chambers). The waterflow through the sponge body is indi-
cated by arrows. B) Close-up of a water channel and choanocyte chamber (during food uptake; dark
grey circles of different sizes). The following cell types and structures are shown: p=pinacocytes, c=cho-
anocytes, a=archaeocytes, spi=spicules, spo=spongin fibres. Figs.A-B were originally published by
Osinga et al., 1999; Sipkema, 2004. C) Water outflow from the osculum of a deep-sea glass sponge is
visualised by green fluorescein dye and recorded by a ROV manipulator arm. Fig.C was originally pub-
lished by Leys et al., 2011. D) Scanning-electron micrograph of a choanocyte chamber (close-up). Scale
bar=1um. Fig.D was originally published by Kahn and Leys, 2017.

Due to their high filtering capacity, sponges are considered to play a major role in bentho-
pelagic coupling by mediating the flow of pelagic particulate organic matter (POM) to the ben-
thos (Gili and Coma, 1998; Cattaneo-Vietti et al., 1999; Richter et al., 2001; Ribes et al., 2003,
2005; Lesser, 2006; Pile and Young, 2006; Van Oevelen et al., 2009; Maldonado et al., 2012;
Perea-Blazquez et al., 2012). While sponges can filter particles in size from small virus (Hadas
et al., 2006) up to larger zooplankton (Vacelet and Boury-Esnault, 1995), they are most effi-
ciently removing particles in the size range of nano- and picoplankton (i.e. 0.2 to 2.0 um; re-
tention rates up to 99 %,; Pile et al., 1997; Ribes et al., 1999; Kotter and Pernthaler, 2002;
Hadas et al., 2009). Although sponges are traditionally assumed to be little selective in their
particle uptake (Reiswig, 1971a; Wolfrath and Barthel, 1989; Turon et al., 1997), several stud-
ies suggest even a size-independent food selection in some sponges (Frost, 1976, 1980; Van
de Vyver et al., 1990; Yahel et al., 2006; Maldonado et al., 2010a). One important component
in the uptake of particulate organic carbon (POC) by sponges, is the grazing on bacterial cells.
This was also shown for deep-water sponges (Pile and Young, 2006; Yahel et al., 2007; Leys et
al., 2018; Bart et al., 2020a), in fact the highest benthic grazing rate of any suspension-feeding
community to date was measured on a deep-sea glass sponge ground (Kahn et al., 2015).
However, the majority of organic matter in the deep-sea is present in dissolved form. Shallow
water sponges are known to play a relevant role in the cycling of dissolved organic matter
(DOM; Van Duyl et al., 2008; Ribes et al., 2012), via the sponge loop (De Goeij et al., 2013). In
the sunlit ocean as much as > 90 % of the total sponge diet is made up by DOM (Yahel et al.,
2003; De Goeij et al., 2008a; Mueller et al., 2014a). By extraordinary frequent cell shedding of
choanocyctes, sponges produce a substantial amount of detritus (POM) (De Goeij et al., 2009;
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Alexander et al., 2014, 2015; Maldonado, 2016), which is then fed on by detritivores and
passed on to higher trophic levels (De Goeij et al., 2013). As the function is analogous of the
microbial loop (Azam et al., 1983), this loop is termed sponge loop (De Goeij et al., 2013;
Mueller et al., 2014a,b; Rix et al., 2016).

Host-microbe symbioses

While many marine organisms live in symbiosis with only a few microbial taxa (e.g. the squid
Euprymna scolopes; Koch et al., 2020, vesicomyid clams and Bathymodiolus mussels; Sogin et
al., 2020), a single sponge can harbour as much as several dozen bacterial phyla, translating
into thousands of bacterial species. That said, sponges are one of the most complex metaor-
ganisms. The term metaorganism was created to represent both, the animal host and its sym-
biotic partners (Margulis, 1998; McFall-Ngai et al., 2013; Thompson et al., 2017). However,
terminology in the host-microbe symbioses field is not always strictly defined. For example
several synonyms exist alongside each other (e.g. metaorganism and holobiont), and the same
term is sometimes used with a different interpretation (e.g. symbiosis). Box 2 includes a glos-
sary of the terms and connotations used in this PhD thesis.

Box2 | Glossary

e symbiosis: the intimate association between unlike biological taxa
e microbes: microorganisms (here: mainly bacteria and archaea)

e microbiome: the entity of microbial symbionts (here: mainly bacteria and archaea)

e holobiont: the entity of the host plus its microbial symbionts (syn. metaorganism)
e metaorganism: the entity of the host plus its microbial symbionts (syn. holobiont)
e morphology: the appearance/shape of an organism

e metagenomics: the entire genetic content of all microbes in a sample

e amplicon sequences: 16S rRNA gene sequences based on PCR products

Symbiosis (sensu lato) is a widespread and advantageous strategy which offers new
functions and opportunities to the involved partners. For example organisms may be able to
expand their habitat (Marquez et al., 2007; Simonsen et al., 2017) and metabolic (Dubilier et
al., 2008; Salem et al., 2017) range. Symbioses may ultimately lead to emergent, complex eco-
logical functions which require an assemblage of (micro-)organisms, rather than isolated indi-
viduals. One way to predict interactions between (micro-)organisms is the creation of co-

11



occurrence networks derived from community composition data; (e.g. Thomas et al., 2016).
Another option are predicted models which integrate the metabolic processes of individual
microbial cells (e.g. derived from metagenomic binning) and illustrate their metabolic inter-
twinedness (Moitinho-Silva et al., 2017a; Slaby et al., 2017). Generally, interactions between
(micro-)organisms or cells (or other biological units) are multidirectional, and can be of posi-
tive, negative, or neutral nature for each involved partner. A compilation of different kinds of
interspecific relationships and examples in the sponge context are shown in Table 1.

Table 1 Compilation of relationships with and within the sponge holobiont. First two columns after
Campbell and Reece, 2009.

Interspecific Nature of Example in the sponge context
relationship interaction
competition +/- or-/- competition between microbes (Esteves et al., 2017):

partner A = bacterium producing antimicrobial activities

partner B = pathogenic bacterium

predation +/- phagocytic sponge cells (archaeocytes) that capture food
bacteria (Leys et al., 2018)

parasitism +/- Cliona boring sponges that drill into coral heads
(Riesgo et al., 2014)

herbivory +/- sponge holobionts graze on phytoplankton
(Ribes et al., 1999), but are not herbivores sensu strictu

mutualism +/+ sponge host producing ammonia, nitrifying microbes pro-
(symbiosis) ducing nitrate (Bayer et al., 2014a)

parabiosis +/0 interactions of the sponge core microbiome
(commensalism) (Thomas et al., 2016)

metabiosis +/0 spicule mats/sponge grounds providing a habitat; or

the putative sponge-induced triggering of the Cambrian
explosion (Tatzel et al., 2017)

Besides the nature of the interaction, also the interaction strength is crucial to consider (Sachs,
2004; Sachs and Simms, 2006). This however proves challenging, because the temporal and
spatial scale may impact estimates of the interaction strength. Long-term feedbacks, several
alternative pathways of effects, and non-linearities may further challenge a mechanistic
understanding of interactions (Wootton and Emmerson, 2005). Not many studies exist which
mechanistically estimate interaction strength, but existing ones suggest that only a few strong
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and many weak interactions exist within communities (Wootton and Emmerson, 2005). Bac-
terial partners are generally the best studied microbial partners in the host-microbe symbiosis
context, while knowledge on archaea is still limited.

Microbial diversity in sponges

Members of the domain Archaea occur widely in the world’s ocean, despite they were once
thought to be found only in extreme environments (Massana et al., 2000; Karner et al., 2001).
Pelagic representatives of the Thaumarchaeota (previously Crenarchaeota; MarineGroup 1)
increase with depth in terms of their absolute and relative abundance (Karner et al., 2001)
and are considered to be ammonia-oxidizing chemoautotrophs which have a potential for mix-
otrophic uptake of organic carbon (DelLong, 1992; Fuhrman et al., 1992). Particularly promi-
nent in this respect are thaumarchaeal members of the family Nitrosopumilaceae (Konneke et
al., 2005; Nitrosopumilus maritimus). The first archaon described from a marine sponge (the
sponge Axinella mexicana) was the psychrophilic thaumarchaeon Cenarchaeum symbiosum
(Preston et al., 1996; which belongs to the Nitrosopumilaceae). Similar to seawater-living
Thaumarchaeota, Cenarchaeum symbiosum has been classified as either a strict autotroph
(using CO3 as carbon source) or as a mixotroph (using organic material as carbon sources)
(Hallam et al., 2006). A broader association of archaea with sponges has since been demon-
strated (Holmes and Blanch, 2007; Lee et al., 2011; Polénia et al., 2014, 2015). Among the few
studies on deep-sea sponge microbiomes are three assessments which have proposed ar-
chaeato be important members of a potential deep-sea specific sponge microbial community
(Kennedy et al., 2014) and which have highlighted an archaeal predominance (Pape et al.,
2006; Jackson et al., 2013). Additional studies have identified ammonia-oxidizing archaea
(AOA) as the main contributors to nitrification in sponges from cold-water habitats (Hoffmann
et al., 2009; Radax et al., 2012a; Li et al., 2014; Tian et al., 2016).

Members of the domain Bacteria occur ubiquitary. Within the global ocean, bacteria
are estimated to consist of more than ~2.10° species (Curtis et al., 2002). In the pelagic realm
SAR11 bacteria (belonging to the Alphaproteobacteria) are considered the most abundant
group, representing about 25 % of all plankton (Giovannoni, 2017). Proteobacteria (mostly
Alpha- and Gammaproteobacteria) represent one of the most successful bacterial phyla
within sponges. Especially uncultivatable lineages belonging to the families Rhodobacteraceae
and Rhodospirillaceae are dominant members of sponge-associated microbial communities
(Naim et al., 2014; Karimi et al., 2017, 2019). Another prominent bacterial phylum thriving
within sponges are Chloroflexi. Members of this phylum (especially SAR202) are wide-spread
in sponges (Moitinho-Silva et al., 2017b; Bayer et al., 2018) and considered to fulfill important
metabolic functions in the sponge holobiont (e.g. cycling of organic matter, Bayer et al., 2018).
The SAR202 clade is also known to be abundant in the deep-sea pelagic community, and is
considered to play a relevant role in the degradation of recalcitrant organic matter (Landry et
al., 2017). Rather restricted to the euphotic water layers are phototrophic Cyanobacteria. In
the pelagic realm, the free-living cyanobacterial Synechococcus/ Prochlorococcus clade is con-
sidered to be responsible for around 20-40 % of chlorophyll biomass and carbon fixation
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(Partensky et al., 1999). Many tropical sponges are inhabited by large abundances of cyano-
bacterial symbionts, particularly of the genus Synechococcus (Unson et al., 1994; Hentschel et
al., 2006; Bayer et al., 2014b), and specifically the sponge symbiont Synechococcus
spongiarum (Steindler et al., 2005; Erwin and Thacker, 2008). These lineages play a relavent
role in the nitrogen cycling of the holobiont by fixing nitrogen as ammonia. Several microbial
sponge symbionts are known for their involvement in sponge holobiont nitrogen cycling, in-
cluding processes of nitrogen fixation, nitrification, anaerobic ammonia oxidation, and deni-
trification (Hoffmann et al., 2009; Fan et al., 2012; Liu et al., 2012; Radax et al., 2012b). Nitro-
spira are nitrite-oxidising bacteria, presumably responsible for the conversion of nitrite to ni-
trate (i.e. the second step of nitrification) within sponges (Hentschel et al., 2002; Schmitt et
al., 2007; Taylor et al., 2007; Off et al., 2010). Nitrifying prokaryotes are known to be slow
growing and hard to culture (Off et al., 2010). Actually the majority of environmental microbes
remains uncultivated and is therefore described by the term “microbial dark matter” (Rinke
et al., 2013). Along this line, an in vitro cultivation is presently also impossible for the predom-
inant sponge associated microbial phylotypes, despite considerable efforts and various tested
approaches (Sipkema et al., 2011; Lavy et al., 2014, Steinert et al., 2014; Versluis et al., 2017;
Gutleben et al., 2020). It was hypothesized that the inability to adequately recreate the sponge
microenvironment (i.e. the mesohyl conditions), hamper cultivation success as natural
sponge-microbe associations are complex interaction networks involving extensive cross-
feeding activities (Pande and Kost, 2017; Gutleben et al., 2020). Cultivation would be particu-
larly valuable for members of two sponge-symbiont phyla: the candidate phylum Poribacteria
and the Entotheonella. Poribacteria are equipped with a complex enzymatic repertoire for
carbon degradation, several putative symbiosis factors, and were intially considered to be
sponge exclusive (Fieseler et al., 2004; Lafi et al., 2009; Hochmuth et al., 2010; Kamke et al.,
2013, 2014; Jahn et al., 2016). Entotheonella are particularly known for their role in the pro-
duction of sponge derived natural products and the resulting potential in biotechnological and
medical applications (Piel et al., 2004; Freeman et al., 2016; Bhushan et al., 2017; Mori et al.,
2018). In terms of taxonomic diversity, 41 microbial phyla have previously been detected
within sponges (Thomas et al., 2016). While the microbial community composition is well stud-
ied for shallow water sponges, only a handful of studies were available on deep-sea sponge
microbiomes when this PhD work was started back in 2016, preventing a comprehensive
statement about the prevailing bacterial taxa in this habitat.

Environmental drivers of sponge symbioses

Interactions of the sponge holobiont with the environment are multidirectional: while the
sponge holobiont affects biogeochemical cycling of key nutrients like carbon (C), nitrogen (N),
phosphorous (P), and silicate (Si), also the ecosystem supposingly influences the microbial
community composition. Biogeochemical drivers of the microbial community composition are
however not well understood for sponges in general, and in particular not for the deep-sea.
In terms of dissolved nutrients, Si processing in sponges is exclusively linked to skeleton for-
mation (Maldonado et al., 2019), while C, N, and P fluxes result from metabolic processes (e.g.
feeding, respiration, egestion, excretion; Maldonado et al., 2012). In terms of inorganic C
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cycling, autotrophic carbon fixation has been observed for some sponge holobionts, also in
the deep-sea (Van Duyl et al., 2008, 2020). A more uncommon nutritional relationship is the
the symbiosis between methanotrophic bacteria and cladorhizid sponges in the deep ocean
(Vacelet et al., 1995, 1996; Vacelet and Boury-Esnault, 2002; Taylor et al., 2007). The nitrogen
cycle is probably the best studied biogeochemical cycle in sponge-microbiology. While
sponges can function as a net nutrient source (by OM degradation resulting in ammonium and
nitrate; Jiménez and Ribes, 2007; Lopez-Acosta et al., 2019), they can also function as a net
nutrient sink (via microbially mediated denitrification and anammox) (Schlappy et al., 2010;
Ribes et al., 2012). This controversy seems to also hold true for deep-sea sponges, suggesting
that also in the deep-ocean microbially mediated nitrogen cycling plays a relevant and plastic
role (Hoffmann et al., 2009; Radax et al., 2012b; Rooks et al., 2020). Vice versa, the influence
of biogeochemical parameters on the sponge microbiome had not been investigated for deep-
sea sponges at the time when this thesis was started. For shallow-water sponges, sponge mi-
crobiome composition was not related with DOC, POC, phosphate and NOy fluxes, while sig-
nificant correlations between microbial community structure and NHa* flux were observed
(Gantt et al., 2019). Overall results on the variability of sponges in respect to environmental
drivers of microbiome variation were inconsistent between studies. Several studies revealed
significant differences in microbial community composition over spatial and temporal scales,
geographic location, nutrient concentration or habitat (Anderson et al., 2010; Turque et al.,
2010; Fiore et al., 2013; Burgsdorf et al., 2014; Luter et al., 2015; Weigel and Erwin, 2016;
Swierts et al., 2018; Cleary et al., 2020; Santos Ferreira et al., 2020). Other studies on the
contrary, observed stable microbial community compositions between locations, seasons and
depths (Hentschel et al., 2002; Taylor et al., 2005; Erwin et al., 2012, 2015; Bjork et al., 2013;
Pita et al., 2013a; Simister et al., 2013; Reveillaud 2014). It was suggested, that different host-
microbe interaction strengths of different sponge species may explain contrasting results (Lee
et al., 2009; Cleary et al., 2013; Thomas et al., 2016). Recently conducted large-scale surveys
within the frame of the Earth Microbiome Project (EMP) have identified salinity as a promi-
nent environmental driver for both, host-associated as well as free-living microbes globally
(Thompson et al., 2017). A network analysis of the global shallow water sponge EMP has
further revealed that the overall structuring of the microbiome is influenced by abiotic factors,
while the core community is driven by biotic interactions (Lurgi et al., 2019). In both of these
large-scale approaches the number of abiotic/environmental factors included was rather
small being limited to depth, temperature and salinity. Information about the relation of
microbiome interactions and variations with other physical and biogeochemical parameters
was non-existing when this PhD thesis was started. Also no sophisticated attempt of embed-
ding sponge microbiome variability patterns into the oceanographic context had been per-
formed (e.g. translating temperature and salinity into watermasses).
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Specificity and stability

The specificity and stability of host-microbe associations is a major theme in symbiosis
research. Hentschel et al. (2002) were the first to conclude that sponges of different phyloge-
netic orders and sampling regions harbour a uniform and phylogenetically complex microbial
community. The authors defined sponge-specific clusters (SSC) as groups which contain at
least three sequences that fullfill the following three criteria: “(i) have been recovered from
different sponge species and/or from different geographic locations, (ii) are more closely re-
lated to each other than to any other sequence from non-sponge sources, and (iii) cluster
together independent of the treeing method used” (Hentschel et al., 2002). In recent years,
with novel methodological advances at hand, a higher resolution of microbial community data
could be achieved and SSC-sequences were retrieved (in low abundances) from other envi-
ronments than sponges (e.g. Webster et al., 2010; Lee et al., 2011; Taylor et al., 2013). Never-
theless, despite this development, sponge microbiomes are today still considered as overall
distinct from environmental reference samples in terms of their richness and composition
(Thomas et al., 2016; but note also Cleary et al., 2019). To account for the occurrence of
sponge-specific microbes in the environment it was proposed to change the term sponge-
specific to sponge-enriched (Moitinho-Silva et al., 2014; Thomas et al., 2016).

Host taxonomy was found to be correlated with the composition of the sponge-asso-
ciated microbiome, leading to largely species-specific communities (Pita et al., 2013a; Easson
and Thacker, 2014; Thomas et al., 2016; Moitinho-Silva et al., 2017c). Schmitt et al. (2012)
classified the sponge microbial community into three main components, which are the core
community, the variable community, and the species-specific community. In comparison to
the species-specific community, the core community represents a rather small fraction, con-
sisting of only a few shared abundant bacterial taxa. Subsequent studies have further ex-
panded the knowledge on the core community, revealing that this fraction can also include
(permanently) rare symbiont taxa (< 1% relative abundance) (Erwin et al., 2015). The recent
study of Thomas et al., 2016 has added the terminology of microbial specialists and generalists
onto the stage. It has revealed that shallow water sponge microbiomes consist of generalists
and specialists (rather than opportunists), with generalist symbionts comprising the core mi-
crobiome. Interestingly this large-scale study has shown that those symbionts which are phy-
logenetically unique to sponges do not contribute disproportionally to the core microbiome.
Further, rather the complexity of the microbiome was shaped by host phylogeny than its com-
position (Thomas et al., 2016).
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The HMA LMA dichotomy

Based on the microbial load inside the tissue, sponges are classified as low microbial abun-
dance (LMA) sponges, or high microbial abundance (HMA) sponges (Vacelet and Donadey,
1977; Reiswig, 1981; Hentschel et al., 2003). This dichotomy comes along with various physi-
ological and ecological differences of the respective sponge types (Table 2).

Table 2 Compilation of ecological differences between shallow water HMA and LMA sponges.

HMA

LMA

reference

diversity and richness of
microbial morphotypes/taxa

high

low

Vacelet and Donadey, 1977,
Hentschel et al., 2003,
Kamke et al., 2010,

Schmitt et al., 2012,

Giles et al., 2012,
Moitinho-Silva et al., 2017b

bacterial indicator phyla

Chloroflexi,
Acidobacteria,
Poribacteria, ...

Proteobacteria,
Cyanobacteria, ...

Fieseler et al., 2004

Erwin et al., 2011

Giles et al., 2012

Blanquer et al., 2013
Moitinho-Silva et al., 2014
Wilson et al., 2014

Bayer et al., 2014b
Moitinho-Silva et al., 2017b

archaeal indicator taxa Cenarchaeum Nitrosopumilus Hallam et al., 2006
Polénia et al., 2018
occurrence of sponge-specific common rare Hentschel et al., 2002,

clusters

Taylor et al., 2007,
Erwin et al., 2011,
Giles et al., 2012

specificity of bacteria and archaea

more distinct from seawater

less distinct from seawater

Moitinho-Silva et al., 2014
Polénia et al., 2015
Turon et al., 2018

specificity of virome

more distinct from seawater

less distinct from seawater

Laffy et al., 2018,
Jahn, 2019

specificity of eukaryotic symbionts

unclear

unclear

Simister et al., 2012a,
Rodriguez-Marconi et al., 2015,
Naim et al., 2017,

De Mares et al., 2017

transmission mode of symbionts

microbial density

mixed mode of transmission,
but potentially

stronger vertical transmission/
weaker horizontal transmission

high
(108 to 10'° bacteria/g or mL)

mixed mode of transmission,
but potentially

weaker vertical transmission/
stronger horizontal transmis-
sion

low
(10° to 10°bacteria/g or mL)

Schmitt et al., 2008

Ribes et al., 2015,

Bjork et al., 2019,

Rodrigues de Oliveira et al., 2020

Hentschel et al., 2006,
Weisz et al., 2007,
Poppell et al., 2014,
Gloeckner et al., 2014,
Bayer et al., 2014b

spatial occurrence of symbionts

general nutrition mode

mostly extracellular in the
mesohyl

more symbiont-derived

mostly extracellular in the
mesohyl

less symbiont-derived

Vacelet and Donadey, 1977,
Wilkinson, 1978,

Friedrich et al., 1999,
Taylor et al., 2007,
Burgsdorf et al., 2019

Rix et al., 2020, Weisz et al., 2007

difference in microbiome core
functional gene prevalence?

microbiome core functional
gene abundances

no

N-cylce: higher narG, nosz,
ureC

C-cylce: higher mcrA, pcc,
RuBisCo, xylA

Oxygen stress: higher katE

no

N-cylce: higher archaeal and
bacterial amoA, hao, nirS, nrfA,

Phosphate limitation: higher
pstS

Bayer et al., 2014a

(when comparing sponges from
the same location)
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how large is the variability of higher lower Maldonado et al., 2012,
holobiont acting either as N source Morganti et al., 2017,
or N sink? Hoer et al., 2018
typical role:
NOx  source souce
NHs*  sink source
DON/DOM  sink source
N2  sink or source
nitrification higher lower Corredor et al., 1988,
(NOy production, NHs* uptake) Diaz and Ward, 1997,
Jiménez and Ribes, 2007,
Southwell et al., 2008,
Maldonado et al., 2012,
Ribes et al., 2012
diazotrophy higher (but overall low/ lower Southwell, 2007

neglectable)

Maldonado et al., 2012,
Ribes et al., 2015

phosphate release

equal (source)

equal (source)

Maldonado et al., 2012

silicate uptake unclear unclear Maldonado et al., 2005
oxygen consumption/respiration higher lower Reiswig, 1974,
Reiswig, 1981
autotrophy
photoautotrophy  higher lower Maldonado et al., 2012,
Freeman et al., 2014
X assumed based on expected
chemoautotrophy  higher? lower? presence of nitrifying &
mixotrophic symbionts (e.g. Pori-
bacteria; Siegl et al., 2011),
van Duyl et al., 2020
direct CO; fixation  unclear unclear Van Duyl et al., 2008
feeding on DOM higher lower Reiswig, 1974,
Ribes et al., 2012,
Maldonado et al., 2012,
Hoer et al., 2017
or or De Goeij et al., 2008b
equal equal De Goeij et al., 2013
but but Mueller et al., 2014a

higher uptake rate
(glucose, amino acids)

lower uptake rate
(glucose, amino acids)

Rix et al., 2020

feeding on POM

lower

higher

Freeman and Thacker, 2011,
Reiswig, 1971b,

Weisz et al., 2007

Rix et al., 2020

upregulated host immune receptors
in response to microbial elicitors

G-protein coupled receptor,

scavenger receptor
cysteine-rich

NLR/NLR-like,
LRR containing gene,
fibrinogen-like genes

Pita et al., 2018a,
Schmittmann et al., 2020

pumping rate lower higher Vacelet and Donadey, 1977,

. o f ch hamb Boury-Esnault et al., 1990,
size of choanocyte chambers smaller larger Weisz et al., 2008,

* density of choanocyte chambers lower higher Poppell et al., 2013

* length of water channels longer shorter

* width of water channels smaller wider

mesohyl density high low Vacelet and Donadey, 1977,

Weisz et al., 2008

host genome size small large Ryuet al., 2016

dichotomy related to host no no Gloeckner et al., 2014,

phylogeny? Moitinho-Silva et al., 2017b

microbiome stability

seasonal and interannual dynamics low low Erwin et al., 2015 and references

variability across replicates higher higher therein

Table 2 continued-----------=--------

Despite the large knowledge base of the ecological and physiological consequences, the actual
drivers of the HMA-LMA dichotomy remain poorly understood. Previous studies have shown
(e.g. Moitinho-Silva et al., 2017b) that the HMA-LMA dichotomy in shallow water sponges
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cannot clearly be attributed to phylogenetic and evolutionary drivers. For shallow water
sponges the pattern of complex HMA microbiomes and reduced LMA microbiomes (which are
largely restricted to a proteobacterial and cyanobacterial dominance) is well proven
(Moitinho-Silva et al., 2017b). But the transferability of this concept to different ecological
contexts remains unknown. Previous studies have beautifully paved the way towards upscal-
ing approaches by training machine learning algorithms to predict the HMA-LMA status of
sponges (Moitinho-Silva et al., 2017b). This PhD thesis will pick up these ideas and aims to
develop them further.

Vertical versus horizontal symbiont transmission

In sponges both, symbiont vertical transmission (from parents to early life stages) and hori-
zontal transmission (from the environment) were observed (Schmitt et al., 2008; Ribes et al.,
2015; Bjork et al., 2019; Rodrigues de Oliveira et al., 2020). Sponges are generally considered
as hermaphrodites and are capable of both, asexual (production of fragments, buds, gem-
mules) and sexual reproduction (production of oozytes, sperms, embryos, larvae) (Simpson,
1984; Sipkema, 2004). While a predominance of vertical transmission may result in the for-
mation of stable microbial communities which are linked to host dispersal and evolutionary
trajectories (Erpenbeck et al., 2002; Thacker and Starnes, 2003), horizontal transmission may
result in biogeographic patterns (Pita et al., 2013b). In shallow-water sponges the most com-
mon transmission mode of microbial taxa seems to be the so called leaky vertical transmission,
or mixed mode of transmission. This process includes both, vertical and horizontal symbiont
transmission (Schmitt et al., 2008; Ribes et al., 2015; Bjork et al., 2019; Rodrigues de Oliveira
et al., 2020). Whether deep-sea sponges follow similar symbiont transmission strategies as
their shallow water counterparts is currently unknown, but evaluated for two deep-sea
sponge species in this thesis.

Sponge holobiont responses to stress

Knowledge about the variability of marine communities in response to environmental para-
meters is key, especially in times of rapid environmental change. Several experiments have
been carried out to assess the impact of predicted climate scenarios on shallow water sponge
microbiomes. For example Fan et al., 2013 have studied the effects of thermal stress on the
sponge-holobiont. They observed that high temperatures caused a direct stress response in
both, the host and microbiome. Basic nutritional relationships were disrupted during early
heat stress, finally leading to a replacement of sponge-specific symbionts by novel microbial
taxa. This effect is commonly known as dysbiosis (e.g. reviewed in Pita et al., 2018b; and
assessed also in Greenspan et al., 2020). Pronounced effects of thermal stress were found on
the sponge-associated bacterial community (Webster et al., 2008a; Simister et al., 2012b;
Strand et al., 2017; Ramsby et al., 2018), the host (Pantile and Webster, 2011; Massaro et al.,
2012; Webster et al., 2013), and also the virome of sponges (Laffy et al., 2019). Major expected
shifts in the future ocean abiotic conditions besides ocean warming are ocean deoxygenation,
ocean acidification, and ocean eutrophication. Sponges were observed to show a remarkable
plasticity in respect to oxygen concentration tolerance (Hanz et al., 2019). Schuster et al.
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(2020) assessed the impact of seasonal anoxia on the shallow water sponge microbiome, re-
vealing putative microbial taxa which may confer deoxygenation tolerance. Multiple studies
have checked on the impact of ocean acidification on the sponge microbiome (Morrow et al.,
2015; Kandler et al., 2018; Botté et al., 2019), and the impact of eutrophication (Luter et al.,
2014). Furthermore several experiments were conducted combining multiple stressors, such
as warming and acidification combinations (Bennett et al., 2017), or warming and eutrophica-
tion (Simister et al., 2012c). In addition to chronic climate change, acute anthropogenic dis-
turbances play a relevant role in the ocean. Among the most pressing topics which have been
explored in the sponge microbiome context are oil pollution (Luter et al., 2019), heavy metal
exposure (Webster et al., 2001), and bottom trawling (Pineda et al., 2016, 2017a,b). Particu-
larly urging topics for the deep ocean are deep-sea mining and plastic pollution, but when this
thesis was started no studies were existing on potential impacts of these two factors on
sponge-associated microbial communities.

In a rather conceptual study, Bjork et al., 2017 observed a negative relationship be-
tween temporal variability of microbial taxa and their mean abundance in a long-term (3
years) experiment on shallow water sponges. They conclude that stability of the microbiome
is not related to diversity, but rather to the density of the core microbiome. A similar obser-
vation that stability is not directly related to diversity has been described by Glasl et al. (2018).
Erwin et al. (2015) had summed it up nicely: “Understanding the dynamics of host-symbiont
interactions is a critical first step in assessing symbiont stability, host resilience and how the
interaction of these two factors may determine larger shifts in natural marine communities in
the face of growing anthropogenic disturbances”. In addition to targeted experimental studies
about the influence of individual parameters, it is crucial to derive at a more systematic eval-
uation what the actual natural/undisturbed sponge-microbiome looks like. In this respect
establishment of baselines is key. The large datasets, which are necessary for baseline estab-
lishment, also offer a unique opportunity to define baseline shifts in microbial communities,
to detect abnormal shifts and emerging diseases in response to a changing environment
(Webster, 2007; Erwin et al., 2015). Habitat destruction, as well as epidemics may severely
decimate sponge populations. Numerous previous studies have recorded the outbreaks of
sponge epidemics from different geographic locations, including even the deep-sea (Luter et
al., 2017), and/or have discussed disease in the sponge context (Webster et al., 2002, 2007,
2008b, 2009; Luter et al., 2010a, 2010b, 2012; Maldonado et al., 2010b; Luter and Webster,
2017; Slaby et al., 2019). As microbes may respond quite rapidly to shifted abiotic conditions,
they may serve as early warning of environmental (sublethal) stress (Fan et al., 2013; Glasl| et
al., 2017, 2019). A recent interesting development is the idea to use sponges as bioindicators
for pollutants, such as microplastics (Girard et al., 2020) and toxic metals (Cebrian et al., 2007,
Davis et al., 2014). Another recent idea along similar directions is to use sponges (or more
precisely the eDNA accumulated in their tissue) for monitoring biodiversity (Mariani et al.,
2019). Monitoring biodiversity and protecting the ocean has become a major goal of interna-
tional politics (Franke et al., 2020).

20



2.7 Aims & outline of my PhD thesis

Based on the just presented scientific background, | have identified five major research aims

within the topics of biodiversity, evolution, biogeography, and ecology, an understanding of

which should ultimately lead to improved conservation and management options for deep-

sea sponge ground ecosystems:

Chapter 1
Chapter 7
Chapter 8

Chapter 5
Chapter 6
Chapter 7

Chapter 8

What is the microbial
diversity in deep-sea
sponges?

Can symbionts be vertically
transmitted in
deep-sea sponges ?

_ How are host ta_xpnom?t and
microbiome composition related
in deep-sea sponges?

Do deep-sea sponge
microbiomes display bio
eographic patterns on
ocal and global scales?

Diversity

Biogeography

Which functional adapta-
tions do deep-sea sponge
microbes have?

Evolution

Do deep-sea sponge-
associated microbiomes
vary in relation

How connected are deep-sea sponge
microbiomes?

How different are deep-sea
sponge microbiomes

from shallow water
sponge microbiomes?

to biogeochemical and
physical parameters?

Which are the main
environmental drivers?

Can anthropogenic activities have an
impact on deep-sea sponge associated
microbiomes?

Fig.6 Research aims and questions of this PhD thesis.
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Within this thesis, | have worked on different scales, reaching from individual case studies
(Chapters 1-6) to an integrated global meta-analysis (Chapters 7-8). The following specific
research aims were defined for the individual chapters:

Chapter 1
Assess whether bacterial community principles also apply to the archaeal communities in deep-sea sponges.

Chapter 2
Evaluate how microbial community composition, diversity, and dominant microbial phyla differ between differ-
ent deep-sea sponge life stages (adults, embryos, and recruits) for two selected sponge species.

Chapter 3
Examine whether and how deep-sea sponge holobionts respond to the human pressures trawling and marine
litter.

Chapter 4
Evaluate the functional adaptations of deep-sea sponge microbes.

Chapter 5
Analyse how well deep-sea sponge holobionts are connected on small spatial scales.

Chapter 6
Examine how natural environmental gradients at seamounts are reflected in the deep-sea sponge and sea-
water microbiome.

Chapter 7
Extract global and universal patterns of deep-sea sponge-associated microbiomes in the ecosystem context.

Chapter 8
Design a software to expand the value of deep-sea sponge-associated microbial baseline data.

This thesis is structured as follows: | will start with a short introduction into the methodologi-
cal approach (section 3). Afterwards | will continue with a presentation of the main research
of this thesis (section 4), where each chapter is either a peer-reviewed publication (Chapter
1-6) or a manuscript in preparation (Chapter 7-8). An overarching synthesis of the main results
of this thesis is presented in sections 5-6.
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Methods

As the majority of microbial taxa is uncultured today, next-generation sequencing techniques
are commonly applied to reveal the present taxonomic biodiversity (by 16S amplicon sequenc-
ing) and function (via the “omics“-repertoire). These technologies are based on the infor-
mation encoded in genes, transcripts, proteins, or metabolites (Hentschel et al., 2012b). For
biodiversity assessments of environmental microbial communities, amplicon sequencing of
the 16S rRNA gene is commonly used. For this technique, the deoxyribonucleic acid (DNA) is
first extracted, then a specific region of the 165 rRNA gene is amplified via polymerase chain
reaction (PCR), and sequenced. Sequences are then processed bioinformatically, and taxo-
nomically classified based on reference sequences deposited in public databases. One major
advantage is the generation of relative abundance data for uncultured microbial taxa. Since
hundreds of samples can be processed simultaneously, this technique allows relatively fast
and neat insights into the microbial community composition. Two major technological shifts
of recent years include (i) the introduction of amplicon single nucleotide variants (ASVs) which
have replaced the traditionally used operational taxonomic units (OTUs) (Callahan et al.,
2017), and (ii) a reassessment of the prokaryotic taxonomical framework using full genomes
(Parks et al., 2018). Taking the recent developments in the field into account, a standardised,
high-throughput 16S amplicon sequencing pipeline was developed in the frame of this PhD
work. The established pipeline was extensively used by a large variety of different projects
during the last four years (Fig.7).

2016 today

@ ~ 6000 samples processed

&) 50  experiments supported

& 14 people learned bioinformatics

Fig.7 Key information about the established 16S amplicon pipeline.

A particular emphasis of the established pipeline was put on extensive quality checks and a
high degree of standardisation. A high degree of standardisation is crucial in order to minimise
technical variations, which may later on during the analysis infer with true biological variation.

An ocean of data

In order to put the generated data into perspective, ecological metadata are highly valuable.
For an efficient data integration and data recycling, standardisation is inevitably necessary,
but often done halfheartedly (Yilmaz et al., 2011; Buttigieg et al., 2013; Fig.8). As the field of
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ocean research is steadily moving more and more towards high digitalisation, it will become
increasingly important to generate standardised datasets. Especially advanced bioinformatic
techniques (such as artificial intelligence, machine learning) rely strongly on synchronised data
formats. For this reason, a sophisticated metadata workflow (from sampling to archiving and
visualisation) was established in the frame of this PhD thesis (see Chapter 8 for details).

L =Y
metada;tda; 93 metadata make data

adota metadatta ctadata integratable

mEfadar'“'ETA'%ﬁ TA i, —>
tada’ca\mEtadata da\a
rn

adata

Fig.8 A schematic standard (meta-)data curation workflow.

Complementary techniques

Amplicon sequencing gains particular strength when being combined with other techniques
such as experiments, visualisations (microscopy), and sophisticated statistical approaches. For
this PhD thesis, amplicon sequencing was consistently performed for all included studies and
chapters. It was then combined with a set of complementary techniques for each case study
to answer specific research questions (Chapter 1-8; Fig.9).

Visualisation (T, SEM,FISH)

?‘* DNa | PCR 165 pipeline In silico
Oceangraphy 1 tion  checks experiments

(metadata — O = @@@ uen- = '. fmm (stats, machine learning,
collection, GIS) , cing modelling: Lagrangian
2 simulations, software
prep
development)

field work lab work computer work

Molecular biology
(gPCR, popgen, meta-omics, barcoding, 18S/COI)

Fig.9 Overview of methodological toolbox used in this thesis.
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Interdisciplinary approaches

A holistic understanding of ecosystem dynamics

cannot be achieved by a single scientific

discipline alone. Instead an interdisciplinary )
effort is required. This PhD thesis therefore Ocepahny:gcrzlphy
combined approaches from different scientific Bioinformatics
disciplines spanning marine ecology,

microbiology, bioinformatics, biogeochemistry,

and physical oceanography (Fig.10).

Marine ecology

Microbiology Biogeochemistry

Fig. 10 Overview of scientific disciplines combined in this PhD thesis.

A nested sampling design

Within the frame of this PhD thesis, a major effort was put into field work in order to create
(and curate) a large-scale reference database of deep-sea sponge microbiomes. The resulting
data set encompasses microbiome data of 1546 deep-sea sponges, seawater, and sediment
samples, together with an extensive set of accompanying metadata, from 20 deep-sea
expeditions world-wide (Fig.11). That said, the overall structure of this PhD thesis is a nested
one. The individual chapters 1-6 represent in-depth studies performed at local case study
sites, while chapters 7-8 represent a global meta-analysis.
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Fig.11 Overview of cruises organised within the frame of this PhD thesis.
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The importance of biodiversity reference catalogues

Biodiversity reference catalogues are crucial in order to be able to detect, assess and monitor
biological resources. Especially standardised large-scale census are valuable in this regard, be-
cause missing replication and standardisation typically hamper reliable comparisons among
multiple independent small-scale studies, as technical variation may overwhelm biological var-
iation and prevent detection of general patterns or trends (Thompson et al., 2017). Examples
of such large-scale efforts with a focus on marine and microbial life, are listed in Table 3. My
thesis aims to add a new large-scale refence catalogue on the microbial diversity associated
with deep-sea sponges.

Table 3 Examples of large-scale coordinated efforts to decipher biodiversity.

initiative main target organisms
Census of Marine Life (CoML) all marine organisms
Tara Oceans planktonic organisms
Malaspina deep ocean organisms
Ocean Sampling Day (OSD) marine microbes
Earth Microbiome Project (EMP) microbes

Sponge Microbiome Project (SMP) sponge-associated microbes

Excursion | Box 3

Standardlsed large-scale initiatives on abiotic parameters in the ocean
World Ocean Atlas (WOA): world ocean climatology
Global Ocean Data Analysis Project (GLODAP): carbon cycle climatology
Joint Global Ocean Flux Study (JGOFS): carbon fluxes
World Ocean Circulation Experiment (WOCE): /arge parameter set
Argo: conductivity, temperature, depth
Geochemical Ocean Sections Study (GEOSECS): (radio-) chemical, isotopic tracers
GEOTRACES: trace elements and isotopes
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ABSTRACT

This protocol describes the wet lab standard operating procedures (SOPs) established for the deep-sea sponge
microbiome project. It includes the field work procedures, as well as protocols for the isolation and
multiplication of microbial genomic DNA for 16S rRNA amplicon sequencing.

We developed this pipeline with the aim to process a maximum variety of sampletypes. The wet lab part of our
amplicon pipeline is modified, but generally based on the guidelines established by the Earth Microbiome
Project:

Thompson LR, Sanders 3G, McDonald D, Amir A,.., Jansson JK, Gilbert JA, Knight R & The
Earth Microbiome Project Consortium (2017) A communal catalogue reveals Earth's
multiscale microbial diversity. Nature 551:457-463. doi:10.1038/nature24621.

Key characteristics in a nutshell:

A B
1 extract_type DNA
2 library_source genomic
3 library_strategy Amplicon (ENA:0000049)
4 lib_layout paired
5 lib_const_meth PCR
6  lib_screen gel electrophoresis
7 target_gene 16S rRNA
8 target_subfragment V3v4
9 target_main_organism.domain Bacteria (NEWT:2)
10  seq_meth.platform lllumina
11 seq_meth.instrument_model MiSeq
12  seq_chemistry_kitname MiSeq Reagent Kit v3
13  read_length 2 x 300 bp
14  investigation_type MIMARKS-survey
15  tissue_fixative none
16  tissue_store_temp_degrees_c -80
17  dna_store_temp_degrees_c -80

BEFORE STARTING

Consider the tab Materials for a full list of key resources needed to conduct this protocol.

u According to the general principles of molecular work on microbes, we aim to minimise potential
cross-contaminations by keeping workspace, devices, and gloves sterile throughout the whole

sample handling process.
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_ Field work

= iy

The deep-sea sponge microbiome project dataset has been collected during 20 ship expeditions.
For these cruises we established the following standard operating procedures:

A) Metadata collection:

= Gather as much metadata as possible
= Fill in this metadata table for all samples (and add anything else that is worth recording):

) Example_metadata_sheet.xlsx

g -

m We link every collected sample to cruise ids and event ids deposited in the Pangaea
repository.

m Usage of the same sample partent ids allows linkage between researchers within the
SponGES project.

m We store respective cruise reports in the OSIS portal.

B) Sponge collection:

= Collect four different specimens of the same sponge species per location. Our sampling focus for
the deep-sea sponge microbiome project is on adult, healthy looking sponge individuals.
Note: After animal collection, proceed with the preparations as quickly as realistically possible.

= Take a photograph (with size standard and sample name) of every sponge individual.

= From each specimen, aseptically (wear gloves, use scalpel) remove four 5 cm3 pieces of tissue. Our
targeted body compartment for tissue sampling is the sponge mesohyl.
Note: Use a fresh scalpel each time between different individuals so that there is no cross-
contamination between samples. If you do not have a sufficient amount, then swipe the scalpel with
ethanol and a Kimwipe to reduce the carry-over of DNA from one sample to another.

= Rinse dissected pieces by transferring them 3x through sterile filtered seawater. Then gently dip
sponge piece on Kimwipe to remove excess liquid and flash-freeze samples. Store samples at -80°C.
Note: Petri plates work well for rinsing of sponges. Technical replicates can be frozen together if tube
size allows.

= Flash-freeze additional tissue individually (extra biomass) in a 50 mL falcon tube and store it at -80°

C (alternatively -20°C).

E All samples are shipped on dry-ice. To prevent a worse case scenario (i.e. loss of precious
samples during transportation) we commonly store additional tissue pieces in RNA/ater ™
Stabilization Solution (ThermoFisher) as backup.
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DNA extraction

C) Seawater collection:

= Collect 4x 2 L replicates of water (8 L total, 4 Niskins) at the same location where sponges are
collected.
Note: Acid-cleaned graduated Nalgene bottles work well for sub-sampling from Niskin bottles.

= Filter each 2 L replicate of water on an individual PVDF filter membrane (Merck Millipore; 0.22 pm
pore size, @47 mm) using acid-cleaned filter towers.
Note: Rinse filter towers between different samples with MilliQ water.

= Using sterile forceps, remove filter from chimney base, roll up the filter biomass-side in, and place in
15mL falcon tubes. Store in -80° freezer and ship on dry-ice.
Note: To save space in the freezer, filters can also be folded twice in half (similar to a crépe) and stored
in cryo vials.

= Extract and store all available measurements from the CTD cast. Usage of .cnv files facilitates
analyses afterwards (.XMLCON +.HEX together work also).

D) Sediment collection:

= Collect 4 sediment push cores from the same location where sponges and water are collected.

= Using sterile spatula (wiped with 70% EtOH), slice off top of core to collect upper 2 cm of sediment.

= Store sediment in individual tubes, freeze in the -80° freezer and ship on dry-ice.

)
GEOMAR

Curation of physical frozen sample collection (sponge tissue, sediment, seawater filters):
The deep-sea collection is situated in an own % -80 °C freezer in Prof. Ute Hentschel’s lab at
GEOMAR, Kiel, Germany. It is currently managed by Kathrin Busch. Storage boxes are
labeled with cruise identifiers and tubes are labeled with abbreviated parent ids.

LIMS (Laboratory Information Management System):

For products of the DNA extraction procedure we apply a consequtive labelling system (WB-
xxx for sponges, SW-xxx for seawater, SED-xxx for sediment). Further we perform a
standardised documentation for each sample processed:

§ Example_lab_documentation.xisx .
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DNA extraction is performed with the DNeasy Power Soil Kit (Qiagen, Cat.#: 12888-100).
(the following steps are closly linked to the manufacturers manual)

A B
1 Sample input 0.25 g of sponge tissue or sediment; % filter for seawater
2 Throughput 1-24 samples
3 Time per run or prep 34h

= Add 60 pl of Solution C1 and invert several times or vortex briefly.
Note: If Solution C1 has precipitated, heat at 60 °C until precipitate dissolves.

= Add sponge tissue, sediment or half of a seawater filter to the PowerBead Tube included in the
kit.

= Vortex PowerBead Tubes.

= Secure PowerBead Tubes for bead beating with PowerlLyzer® 24 Bench Top Bead-Based
Homogenizer (MO BIO Laboratories, #13155) and run program. Settings: 3500 rpm, 2x 30 sec
bead beating with 45 sec pause in between.

= Centrifuge tubes at 7500 x g for 2 min.

Note: All centrifugation steps in this protocol are performed at room temperature (15-25 °C).
= Transfer the supernatant to a clean 2 mL collection tube.

Note: Expect between 400-500 L of supernatant.

= Add 250 pL of Solution C2 and vortex for 5 sec.

= [ncubate at 2—-8°C for 5 min.

= Centrifuge tubes at 10000 x g for 2 min.

= Avoiding the pellet, transfer up to 600 pL of supernatant to a clean 2 mL collection tube.

= Add 200 pL of Solution C3 and vortex briefly.

= Incubate at 2-8°C for 5 min.

= Centrifuge tubes at 10000 x g for 2 min.

= Avoiding the pellet, transfer up to 700 pL of supernatant to a clean 2 mL customer tube.
Note: The total volume will not fit into the collection tubes provided in the kit, it will spill over when
you close the lid.
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= Shake to mix Solution C4 and add 1200 pL to the supernatant. Invert 8x.

= Load 640 pL onto a MB Spin Column.
= Centrifuge at 10000 x g for 1 min. Discard flow through.

E Repeat step 2.11 twice, until the entire sample has been processed.

= Add 500 pL of Solution C5.

= Centrifuge at 10000 x g for 30 sec.

= Discard the flow through. Centrifuge again at 10,000 x g for 2 min.

= Carefully place the MB Spin Column into a clean 2 mL collection tube.
Note: Avoid splashing of Solution C5 onto the column.

= Air dry filter with open lid under the clean bench for 5 min.

= Add 100 pL of prewarmed (37 °C) Solution C6 to the center of the white filter membrane.
Note: For processed seawater filters elute with 50 pL of Solution C6 instead of 100 L.

= Centrifuge at 10000 x g for 1 min. Discard the MB Spin Column.

The DNA is now ready for downstream applications.

= Transfer 6 pL of the extract into an extra tube to be used for quality controls (see below).
= Store the rest of the extract in the freezer.
Note: Solution C6 is 10 mM Tris-HCI, pH 8.5 (it does not contain EDTA). We therefore recommend to
store the extracted DNA frozen.
= We store the extracts at -20 °C until library preparation. Afterwards we use a rack system for
organised long-term storage of extracts at -80 °C.

Remark: We also run kit blanks through our pipeline on a regular basis, aswell as two negative
and two positive controls for every processed 96-well plate.
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Quality control

g 2.18 Three steps are performed for quality check of the extracted DNA:
A
DNA concentration and purity measurements with a NanoDrop spectrophotometer

2 PCR with universal 16SrRNA primers
3 agarose gel electrophoresis

A) 16S rRNA PCR set up:
A B
1 PCR conditions Specifications
2 27F Forward primer 5-GAG TTT GAT CCT GGC TCA G-3'
3 1492R Reverse primer 5-GGT TAC CTT GTT ACG ACT T-3'
4 Template undiluted sample, 10 ng optimum
5 Template size 1500 bp

To set up parallel reactions and to minimize the possibility of pipetting errors, prepare a PCR master
mix by mixing water, buffer, dNTPs, primers and DreamTaq DNA polymerase in order. Prepare enough
master mix for the number of reactions plus one or two extra. Aliquot the master mix into PCR-
stripes/plate and then add template DNA and close with stripe cover/foil.

= Gently vortex and briefly centrifuge all solutions after thawing.
= Place PCR-strips/plate on a cold rack and add the components for a single 20 pL reaction:

A B
1 dH20 16.4 pL
2 10x Dream Taq Green Buffer* 2.0puL
3 dNTP Mix 10 mM each 0.2 L
4 Forward primer 10 mM 0.1pL
5 Reverse primer 10 mM 0.1 puL
6 Dream Taq DNA Polymerase 5 U 0.2 uL
7 Template DNA 10 pg-1 pug 1.0puL

= Gently vortex the sample stripes and spin down.
= Place the reactions in a thermal cycler. Perform a PCR using following thermal cycling conditions:

A B c D
1 Step Temperature [°C] Time [min] Number of
cycles

2 Initial denaturation 95 3 1

g Denaturation 95 0.5 34

4 Annealing 56 0.5 34

5 Extension 72 1.5 34

6 Final Extension 72 5 1
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B) Agarose gel electrophoresis. Check your DNA on an 1% Agarose gel:

= Mix the agarose with 1xTAE buffer in a 300 mL Erlenmeyer flask.

= Heat up the solution in a microwave until the agarose is completely dissolved.

= Add a magnetic stir bar let it mix and cool down till ~ 45 °C.

= Add Gelgreen (10000x) with a final concentration of 0,5x and mix.

= Carefully transfer the agarose solution into a gel tray with combs.

= After the gel is hardened it can be transferred into the electrophoresis chamber with 1XTAE
running buffer.

= Pipette the DNA size (1kb) Ladder and your samples into the slots.

= Start the electrophoresis with a constant power supply of 180 V for 30 min.

We use this template for evaluation of agarose gel electrophoresis:
@ Example_gel_evaluation.xlsx .

Library preparation

g 3 Amplification of the V3V4 variable regions of the 16SrRNA gene is done by a one-step PCR.
Add the following components for a single 25 pL reaction:

A B
1 dH20 10.25 pL
2 5x Buffer SpuL
3 dNTPs 10 pmol 0.5pL
4 Forward primer 341F 0.28 uM 4L
5 Reverse primer 806R 0.28 uM 4L
6 Phusion Hot Start Il High-Fidelity DNA Polymerase 0.5U  0.25 pL
7 Template DNA 1pL

We use the primer pair 341F-806R in a dual-barcoding approach. Check out the exact primer
composition here: ) PrimersV3V4.xIsx .

Perform the PCR using the following thermal cycling conditions:

A B (& D
1 Step Temperature [°C] Time Number of Cycles
2 Initial denaturation 98 30 sec 1
3 Denaturation 98 9 sec 30
4 Annealing 55 60 sec 30
5 Extension 72 90 sec 30
6 Final Extension 72 10 min 1
7 Hold 10 o

The amplicon libraries are quality checked by gel electrophoresis, normalised with the SequalPrep
Normalization Plate Kit (ThermoFisher Scientific) and pooled equimolarily.

Sequencing

Q 4 Sequencing is performed on a MiSeq platform (MiSeqFGx, lllumina) using v3 chemistry, resulting in 2x
300 bp.

We always run samples in a 384 pool (1 lane) and use a standardised sequencing layout for all runs:
@) Example_sequencing_layout.xIsx .

A commercial mock community (Zymo Research) is added to every plate and a PhiX sequencing control
(20 % spike-in) is utilised. For demultiplexing zero mismatches are allowed in the barcode sequence.

Bioinformatics

S E Our subsequent core bioinformatic pipeline can be found here: GitHub.
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MATERIALS TEXT

Working with deep-sea samples often comes along with large logistic efforts.
You can find our standard packing list for a 1-month research cruise here:

@) Example_packing_list.pdf

Note: Make sure to watch out for customs, dangerous goods + frozen sample shipping guidelines, and other legal
regulations.

Please find a key resource table for Steps 2-4 here:

@ Key_resources_table.xlsx
(the format of this table has been adopted from Cell's STAR*METHODS)
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3.2 Established bioinformatic workflow

3.2.1 Standard Operating Procedure

The established bioinformatic workflow can be found in the Appendix of this PhD thesis and
on github (https://kathrinbusch.github.io/16S-AmpliconCorePipeline/#; still under embargo).

Workflow diagram | 16S Amplicon Core Analyses

The very basic workflow of the core bioinformatic SOP developed
within the deep-sea sponge microbiome project looks like this:

+ Removal of heterogeneiety spacers & primers

]

* Quality check

Truncation (270 nt)

Removal of singletons & chimeric sequences

Generation of Amplicon Single Variants (ASVs)

Taxonomic classification using Naive Bayes classifier

Taxonomic filtering
(removal of mitochondria, chloroplasts, unassigned sequences)

Calculation of phylogenetictrees

Rarefaction
Standardised sampling depth (5000)

]

* Calculation ofdiversity metrics

Cutadapt (Martin 2011)

DADA2 algorithm
(Callahan et al. 2016)

SILVA138
(Quast et al. 2013 ; Yilmaz et al. 2014)
(Pedregosa et al. 2011)

FastTree2 (Price et al. 2010)

Qiime2 (Bolyen et al. 2019}
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3.2.2 Customised statistical analyses

One examplary designed statistical workflow, which has been created and applied for one
of the thesis chapters (Chapter 7), is shown below.

Examplary workflow diagram | Customised statistics

sponge

mpl llection
sample collectio taxonomy

& processing

Wet-lab SOPs

6 host tax. levels taxonomists ms)

see protocols.io
for workflow

environ- C

microb.clustering
dendrogram

weighted UniFrac
per host tax. level

—

see github raw 16S sequences

for workflow

semi-thin sections g

contextual | |
d

Bioinformatic SOP ) ata

)
diversity distance (standardised) -] ultra-thin sections
indices matrices abundance table 2
taxonomic ) |micrographs| [photographs CTD_
weighted annotation microbes hosts profiles
, Jalhdc standardisation
Dunn’s tests PERMDISP2s 4
L 4 LDAs carrying morpholog water-
hetero- ) ) capacit categor masses
geneiety machine learning
sample (Random Forests) computational
clustering similarity || bipartite l models
dendrogram network || networks HMALMA
status area-vol .-
ratios
| — N | loc-
I ation
pair-wise | | | |
PERMANOVAs -
sponge >
Lt
typ
regression (log-
transformed data
redundancy- principal )
analyses (RDA) ) Zt;ranlssi:ent gﬁvc?lgﬁggig
explanatory Mantel tests euclidean dist]
variable matrix Pesssssresrsannannas
selections : o microbes :

weighted gene 6 host
variation partitioning — correlation W module : . :
L models by partial RDAs networks analyses 19 environment :

38



Main publications
and contributions

This thesis is based on the following publications and manuscripts:
(abbreviation KB = Kathrin Busch)

Steinert, G., Busch, K., Bayer, K., Kodami, S., Arbizu, P. M., Kelly, M., Mills, S., Erpenbeck,

D., Dohrmann, M., Wérheide, G., Hentschel, U., Schupp, P. J. (2020) Compositional and quan-
titative insights into bacterial and archaeal communities of South Pacific deep-sea sponges
(Demospongiae and Hexactinellida. Frontiers in  Microbiology, 11, 716, doi:
10.3389/fmicb.2020.00716.

Participation in Author initials, responsibility decreasing from left to right
Study design PS/UH KB/GS
Method development KB/GS
Sampling KB/PS
Completion of KB/KrB/GW/PS/
experiments SK/PA/GS/MD/
MK/SM
Data analysis, GS KB/UH/PS KrB
interpretation
Manuscript writing GS KB/UH/PS KrB
Manuscript reviewing, KB/GS/GW/
editing KrB/MD/SM/UH/PS
Data curation KB/GS

Busch, K., Wurz, E., Rapp, H. T., Bayer, K., Franke, A., Hentschel, U. (2020) Chloroflexi

dominate the deep-sea golf ball sponges Craniella zetlandica and Craniella infrequens
throughout different life stages. Frontiers in Marine Science, 7, 674, doi:
10.3389/fmars.2020.00674.

Participation in Author initials, responsibility decreasing from left to right
Study design KB UH

Method development KB

Sampling KB/HTR EW

Completion of KB KrB HTR AF
experiments

Data analysis, KB UH KrB

interpretation

Manuscript writing KB UH

Manuscript reviewing, KB/UH/KrB/EW

editing

Data curation KB

39



Busch, K., Beazley, L., Kenchington, E., Whoriskey, F., Slaby, B. M., Hentschel, U. (2020)

Microbial diversity of the glass sponge Vazella pourtalesii in response to anthropogenic activ-
ities. Conservation Genetics. doi: 10.1007/s10592-020-01305-2.

Participation in Author initials, responsibility decreasing from left to right
Study design KB UH BS
Method development KB

Sampling LB/EK FW KB
Completion of KB

experiments

Data analysis, KB UH

interpretation

Manuscript writing KB UH

Manuscript reviewing, KB/UH/BS/

editing LB/EK/FW

Data curation KB

Bayer, K. and Busch, K., Kenchington, E., Beazley, L., Franzenburg, S., Michels, J., Hent-

schel, U., Slaby, B. M. (2020) Microbial strategies for survival in the glass sponge Vazella pour-
talesii. mSystems, 5 (4), e00473-20. doi: 10.1128/mSystems.00473-20.

Participation in Author initials, responsibility decreasing from left to right
Study design BS/KrB KB/UH
Method development KB/BS

Sampling LB/EK KB
Completion of KB/BS SF/IM
experiments

Data analysis, KB/KrB/BS/UH
interpretation

Manuscript writing BS/KrB KB/UH
Manuscript reviewing, KB/KrB/BS/UH/

editing EK/LB

Data curation KB/BS

40



Busch, K., Taboada, S., Riesgo, A., Koutsouveli, V., Rios, P., Cristobo, J., Franke, A., Getzlaff,

K., Schmidt, C., Biastoch, A., Hentschel U. (2020) Population connectivity of fan-shaped sponge
holobionts in the deep Cantabrian Sea. Deep Sea Research Part I: Oceanographic Research

Papers. doi: 10.1016/j.dsr.2020.10342.

Participation in Author initials, responsibility decreasing from left to right
Study design KB/UH AR/AB
Method development KB/CS/ST KG
Sampling KB/AR/ST/
VK/PR/IC
Completion of KB ST/AR/CS VK/PR/IC AF
experiments
Data analysis, KB/UH ST/AR CS/AB
interpretation
Manuscript writing KB/UH ST/AR CS/AB PR/JC/VK
Manuscript reviewing, KB/UH/ST/AR/AB
editing
Data curation KB ST

Busch, K., Hanz, U., Mienis, F., Miiller, B., Franke, A., Roberts, E. M., Rapp, H. T., Hentschel,

U. (2020) On giant shoulders: How a seamount affects the microbial community composition

of seawater and sponges. Biogeosciences, 17, 3471-3486. doi: 10.5194/bg-17-3471-2020.

Participation in Author initials, responsibility decreasing from left to right
Study design KB/UHe BM/FM EMR
Method development KB
Sampling KB/HTR/UHa/FM/

EMR/
Completion of KB UHa/HTR AF
experiments
Data analysis, KB UHe/BM/FM
interpretation
Manuscript writing KB/UHe BM UHa/FM
Manuscript reviewing, KB/EMR/BM/UHe/HTR
editing
Data curation KB

41




Busch, K., Slaby, B.M., Beazley, L., Clefsen, ., Colaco, A., Cristobo, J., Federwisch, L.,

Hethke, A., Kenchington, E., Mienis, F., Riesgo, A., Rios, P., Pita, L., Schupp, P., Xavier, J.R.,
Rapp, H.T., Hentschel, U. (in preparation) How to sum up individuals? Nestedness and connec-
tivity of the global deep-sea sponge microbiome.

Participation in Author initials, responsibility decreasing from left to right

Study design KB/UH

Method development KB IC/AH

Sampling KB BS/LB/AC/
JC/LF/EK/FM/AR
/PR/PS/HT

Completion of KB IC/AH

experiments

Data analysis, KB

interpretation

Manuscript writing KB UH

Manuscript reviewing, to be done by

editing all authors

Data curation KB

Busch, K., Schmittmann, L., Hentschel, U. (in preparation) SVAmpEx — An interactive and

interdisciplinary visualisation platform of the global Deep-sea Sponge Microbiome Project da-

tabase.
Participation in Author initials, responsibility decreasing from left to right
Study design KB LS UH
Method development KB
Sampling -
Completion of -
experiments
Data analysis, KB
interpretation
Manuscript writing KB
Manuscript reviewing, KB UH LS
editing
Data curation KB

Additional related publications

During the period of this PhD thesis, contributions to multiple additional manuscripts were made which
already resulted, or will result, in further publications (with co-authorship of KB). As these publications
are beyond the scope of this thesis, they are not included in the presented publication list.

42



Compositional and quantitative insights into

bacterial and archaeal communities of South

Pacific deep-sea sponges (Demospongiae and
Hexactinellida)

© 2020 Steinert et al.
Original publication by Frontiers in Microbiology (Frontiers)
Reprinted under the terms of the Creative Commons Attribution License (CC-BY 4.0).

doi: 10.3389/fmicb.2020.00716.






Compositional and quantitative
insights into bacterial and

archaeal communities of South
Pacific deep-sea sponges
(Demospongiae and Hexactinellida)

Georg Steinert?, Kathrin Busch?, Kristina Bayer?, Sahar Kodami?, Pedro Martinez Arbizu3, Michelle
Kelly, Sadie Mills®, Dirk Erpenbeck®’, Martin Dohrmann®, Gert Wérheide®”#, Ute Hentschel>*" and
Peter J. Schupp®'®*

1 RD3 Marine Symbioses, GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, 2 Institute for Chemistry and
Biology of the Marine Environment (ICBM), University of Oldenburg, Oldenburg, Germany, 3 German Center for Marine
Biodiversity Research, Senckenberg Research Institute, Wilhelmshaven, Germany, 4 National Institute of Water and
Atmospheric Research, Ltd., Auckland, New Zealand, > National Institute of Water and Atmospheric Research, Ltd., Wellington,
New Zealand, ¢ Department of Earth and Environmental Sciences, Paleontology & Geobiology, Ludwig-Maximilians-Universitdt
Miinchen, Munich, Germany, 7 GeoBio-Center, Ludwig-Maximilians-Universitdt Miinchen, Munich, Germany, & Bayerische
Staatssammlung fiir Paldontologie und Geologie, Munich, Germany, ° Christian-Albrecht University of Kiel, Kiel, Germany, 10
Helmholtz Institute for Functional Marine Biodiversity at the University of Oldenburg (HIFMB), Oldenburg, Germany.
*Correspondence authors.

In the present study, we profiled bacterial and archaeal communities from 13 phylogenetically diverse
deep-sea sponge species (Demospongiae and Hexactinellida) from the South Pacific by 16S rRNA-gene
amplicon sequencing. Additionally, the associated bacteria and archaea were quantified by real-time
gPCR. Our results show that bacterial communities from the deep-sea sponges are mostly host-species
specific similar to what has been observed for shallow-water demosponges. The archaeal deep-sea
sponge community structures are different from the bacterial community structures in that they are
almost completely dominated by a single family, which are the ammonia-oxidizing genera within the
Nitrosopumilaceae. Remarkably, the archaeal communities are mostly specific to individual sponges
(rather than sponge-species), and this observation applies to both hexactinellids and demosponges.
Finally, archaeal 16s gene numbers, as detected by quantitative real-time PCR, were up to three orders
of magnitude higher than in shallow-water sponges, highlighting the importance of the archaea for
deep-sea sponges in general.

Keywords: 16S rRNA amplicons, archaea, bacteria, Demospongiae, Hexactinellida, Porifera, quantitative real-time PCR
(gPCR), South Pacific Ocean

INTRODUCTION

Marine sponges (Porifera) host a broad range al.,2018). Sponge-associated symbionts per-
of microorganisms including bacteria, archaea, form critical functions for their host, including
eukaryotes, and viruses and are therefore con- among others, the provision of nutrients (par-
sidered holobionts (Webster and ticularly, for nitrogen and carbon) and chemical
Thomas,2016; Pita et al.,2018). Sponges are in- defense which affect host health and function-
tegral parts of the marine ecosystem as they ing (Slaby et al.,2019). The microbial consortia
couple pelagic and benthic ecosystems by vir- of sponges are represented by diverse prokar-
tue of their massive filter-feeding capacities yotic communities with > 63 phyla having been
(Vogel,1977; de Goeij et al.,2017; Pita et found in sponges so far (Thomas et al.,2016;

Moitinho-Silva et al.,2017b). These prokaryotic
44



communities show sponge species-specific pat-
terns that differ in richness, diversity, and
structure from the prokaryotic seawater com-
munities. The composition of the sponge sym-
biont consortia is shaped by host taxonomy in
that sponge species have species-specific pro-
karyotic communities (Pita et al.,2013; Easson
and Thacker,2014; Thomas et al.,2016; Steinert
et al.,2017; Cardenas et al.,2019). Machine
learning provided evidence that the dichotomy
between high microbial (HMA) and low micro-
bial abundance (LMA) sponges is a main driver
of the sponge-associated community patterns
(Moitinho- Silva et al.,2017c). Several prokary-
otic phyla and taxa were identified as indicator
taxa for either one of the two abundance
states, such as Chloroflexi (e.g., SAR202, Cald-
ilineaceae), Acidobacteria (e.g., Solibacteres,
PAUC37f, Sva725), Poribacteria or Actinobacte-
ria (e.g., Acidimicrobiia) for HMA sponges, or
alternatively, Proteobacteria (e.g., Gammapro-
teobacteria), Bacteroidetes (e.g., Flavobacte-
riia), and Planctomycetes (e.g., Planctomy-
cetia) for LMA sponges. The global sponge mi-
crobiome data revealed further community
features, such as the dominance of specialists
and generalists within the symbiont communi-
ties, a stable core microbiota, and community
structure and functional modularity, with abi-
otic factors influencing the overall sponge mi-
crobiota and biotic factors the prokaryotic core
(Thomas et al.,2016; Lurgi et al.,2019).

Most sponge microbiome studies have
focused on demosponges that were collected
from shallow coastal sites in temperate, sub-
tropical, and tropical sampling locations (e.g.,
Schmitt et al.,2012; Moitinho-Silva et al.,2014;
Naim et al.,2014; Thomas et al.,2016; Steinert
et al.,2017; Helber et al.,2019). Considering
that the deep-sea is the largest, still relatively
underexplored habitat on earth, comparably
few studies have been conducted on sponges
from remote deep-sea or cold-water locations
(e.g., Jackson et al.,2013; Kennedy et al.,2014;
Reveillaud et al.,2014; Borchert et al.,2017).
Antarctic shallow cold-water demosponges
host dominant bacterial taxa that are known to
be sponge-associated (Webster et al.,2004;
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Rodriguez-Marconi et al.,2015; Cardenas et
al.,2018,2019), and Antarctic deep-water
demosponges display high levels of host-speci-
ficity (Steinert et al.,, 2019). In addition,
sponges from classes other than
Demospongiae, i.e., Hexactinellida, Calcarea,
and Homoscleromorpha, are still only poorly
covered by 16S rRNA gene sequencing ap-
proaches (but see Xin et al.,2011; Tian et
al.,,2016) and are consequently still
derrepresented in global sponge microbiome
surveys. Finally, most microbiome studies have
used bacterial universal 16S rRNA gene pri-
mers, hence the sponge-associated archaeal
communities have largely been missed (but
see, e.g., Webster et al.,2010; Schmitt et
al.,2012; Thomas et al.,2016; Moitinho-Silva et
al.,2017a; for exceptions, covering both bacte-
rial and archaeal diversity). In North Atlantic
deep-sea sponges, Archaea were previously
proposed to be important members of a poten-
tial deep-sea specific sponge microbial commu-
nity (Jackson et al.,2013; Kennedy et al.,2014).
Archaeal predominance has also been ob-
served in one Arctic deep-water demosponge
species (Pape et al.,2006). Ammonia oxidizing
archaea (AOA) were identified as the main con-
tributors of nitrification within the cold-water

un-

sponge hosts (Hoffmann et al.,2009; Radax et
al.,2012; Li et al., 2014). One recent study un-
derlined the importance of AOA in deep-sea
sponges using metagenomic data obtained
from one glass sponge (Tian et al.,2016).

Our present study aims to contribute
to resolving sponge-prokaryote relationships
from understudied habitats by exploring both
bacterial and archaeal communities in
demosponges and hexactinellids, which were
collected from meso-, bathypelagic, and abys-
sal depths in the South Pacific Ocean offshore
New Zealand. We investigate whether current
sponge-microbiota paradigms hold up for
those remotely collected and partially novel
sponge species. We address the following
questions: (a) are general principles of the
Demospongiae microbiota also present in
Hexactinellida prokaryotic communities, (b)



do these sponge-bacterial community princi-
ples also apply to the archaeal community
structures in marine sponges, and (c) can we
compare the observed deep-sea sponge micro-
biota to the tropical/warm water sponge mi-
crobiota? In addition to these main questions,

MATERIALS AND METHODS
Sample Processing and Sponge Taxonomy

During the SO254 expedition of the research
vessel “Sonne” in the South Pacific Ocean
south- to northeast around New Zealand in
February 2017, over 200 sponge specimens, of
96 sponge taxa comprising the Porifera classes
Demospongiae and Hexactinellida, were col-
lected by using a remotely operated vehicle
(ROV  “Kiel  6000”; http://jlsrf.org/in-
dex.php/Isf/article/view/160). Of these 200
sponges, only species collected in at least trip-
licate were considered in the microbiome anal-
ysis. This criterion reduced the investigated
sponge diversity to 45 specimens and 13 spe-
cies. Depths of the nine collecting sites of the
sponges included in the analysis ranged from
472 to 4160 m (Figure 1, Table 1 and Supple-
mentary Table S1).

/z
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FIGURE 1 | Sampling site map from New Zealand.
Dots indicate the collection site with ROV dive num-
ber and name of the underwater site.

which we addressed using two high- through-
put 16S rRNA gene sequencing data libraries,
we also applied quantitative PCR (gPCR) to a
subset of the sponge specimens, because
guantitative data are frequently missing in
sponge microbiome studies.

Sponges were placed in coolers with ice packs
upon removal from the bioboxes of the ROV.
Briefly, the sponges were photographed and
subsequently dissected (Supplementary Figure
S1). Small tissue sub-samples were instantly
frozen for molecular analyses, while larger tis-
sue samples were stored in ethanol (80%) as
vouchers for morphological identification. All
samples were stored at -80°C until further pro-
cessing (see section “Supplementary Mate-
rial”). In addition, nine triplicate seawater sam-
ples were collected at several sponge sampling
sites from the same depths using Niskin bottles
attached to the ROV. Approximately 2000 ml of
each seawater sample was filtered using PVDF
filter membranes (0.22 um pore size and ¢ 47
mm) and stored at -80°C until further pro-
cessing. Sponge species were identified by
morphological and molecular taxonomic meth-
ods (see section “Supplementary Material and
Table 1”). Sponge tissue vouchers were stored
in three collections, NIWA Invertebrate Collec-
tion in New Zealand, ICBM Environmental
Chemistry Collection, University of Oldenburg,
Germany and Ludwig-Maximilians-Universitat,
in Germany and are available on request (Sup-
plementary Table S1).

Bacterial and Archaeal 16S rRNA Gene
Amplicon Sequencing and Processing

Initially DNA of sponges (three to four repli-
cates per taxon) and seawater samples was ex-
tracted using the DNeasy Power Soil Kit (Qi-
agen) on approximately 0.25 g of sponge tissue
or half a seawater filter. After the quality and
quantity of the extracts had been checked (by
Nanodrop and gel electrophoresis after a PCR
with universal 16S rRNA gene primers), a



TABLE 1 | Sponge sample list, including taxonomy from class to species, number of replicates, sampling sites, and
sampling depths.

Class Order Family Genus and species Replicates Sampling locations Sampling depths
Demospongiae  Axinellida Stelligeridae Paratimea sp. indet. 4 Coleville Volcano 472-532
Demospongiae  Haplosclerida Halichondriidae  Halichondria sp. indet. Seamount 986 892-899
Demospongiae  Poecilosclerida  Latrunculidae Latrunculia morrisoni 3 Otago/Canterbury Slope, Christchurch 595, 670-706
Canyon Slope
Demospongiae  Tetractinellida Geodiidae Geodia vaubani 4 Southern Kermadec Ridge, Seamount 1172-1216, 802
986
Demospongiae  Tetractinellida Geodiidae Penares turmericolor 4 Southern Kermadec Ridge 1187-1191
Demospongiae  Tetractinellida Pleromidae Pleroma turbinatum 3 Coleville Volcano 472-497
Hexactinellida Lyssacinosida Euplectellidae Bolosoma cyanae 4 Southern Kermadec Ridge 1149-1167
Hexactinellida Lyssacinosida Euplectellidae Corbitella plagiariorum 4 Seamount 986 770-802
Hexactinellida Lyssacinosida Euplectellidae Regadrella okinoseana 4 Seamount 986 774-896
Hexactinellida Lyssacinosida Euplectellidae Saccocalyx tetractinus 3 Seamount 1247, Abyssal Plain 1352-1457, 4160
Hexactinellida Lyssacinosida Leucopsacidae  Leucopsacus distantus 3 Seamount 986 792-896
Hexactinellida Lyssacinosida Rossellidae Lanuginellinae gen. et sp. indet. 3 Seamount 986 802-893
Hexactinellida Sceptrulophora  Aphrocallistidae  Aphrocallistes beatrix 3 Kiwi Seamount, Seamount 986 759-793

For a detailed list see Supplementary Table S1.

one-step PCR was performed for amplification
of the bacterial V3 to V4 variable regions (pri-
mer pair 341F 5-CCTACGGGAGGCAGCAG-3'
and 806R 5‘-GGACTACHVGGGTWTCTAAT-3)
and archaeal V4 to V6 variable regions (primer
pair Uni519F 5-CAGCMGCCGCGGTAA-3 and
1000R 5‘- GGCCATGCACYWCYTCTC-3‘) of the
16S rRNA gene (@vreas et al.,1997; Gantner
et al.,2011; Takahashi et al., 2014). A quality
check by gel electrophoresis, normalization,
and pooling was performed on the amplicon li-
braries before independent sequencing of the
bacterial and archaeal libraries on a MiSeq plat-
form (MiSeqFGx, lllumina) using the v3 chemis-
try. This resulted in one archaeal and one bac-
terial 16S rRNA gene amplicon libraries (for de-
tailed amplicon libraries preparation methods
see section “Supplementary Material”). The
raw data have been deposited in the Sequence
Read Archive with BioProject number:
PRJNA552490  (bacterial libraries)
PRIJNA552540 (archaeal libraries).

and

Amplicon sequences were processed
using QIIME2-2018.11 (Boylen et al.,2018).
Bacterial and archaeal libraries were processed
and analyzed in parallel applying the same
plugin commands if not stated otherwise. Due
to quality reasons only the bacterial and ar-
chaeal forward amplicon libraries (i.e., single-
end) were used in this study. After the import
of demultiplexed single-end fastq files via giime
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import, primers were trimmed using giime cu-
tadapt trim-single. The QIIME2 plugin DADA2
(giime dada2 denoise-single) was used for the
detection and correction of lllumina-generated
amplicon sequence data and to generate am-
plicon sequence variants (ASVs) using the fol-
lowing parameters for both libraries: —p-trim-
left 0 and —p- trunc-len 250. Resulting bacterial
and archaeal 16S rRNA gene representative
ASV sequences were used to calculate phyloge-
netic ASV trees for subsequent analyses using
the giime phylogeny align-to-tree-mafft-
fasttree plugin. Bacterial and archaeal primer-
specific trained Naive Bayes taxonomic classifi-
ers (https://docs.qgiime2.org/2018.11/tutori-
als/feature-classifier/), using the SILVA 132 re-
lease files (https://www.arb-silva.de/down-
load/archive/giime), were used to classify the
representative ASV sequences (giime feature-
classifier classify-sklearn). Before subsequent
analyses, the complete amplicon datasets, in-
cluding all available Demospongiae, Hexacti-
nellida, and seawater sample groups, where di-
vided into additional sample group-specific da-
tasets via the giime feature-table filter-samples

plugin.

The generated exact sequence vari-
ants, or amplicon sequence variants (i.e.,
ASVs), are used as substitute for the commonly
used operational taxonomic units (OTUs) clus-
ters of sequencing reads by applying the



QIIME2 implemented DADA?2 algorithm (Calla-
han et al.,2016; Nearing et al.,2018). The com-
mon pooling of sequences into OTUs limited
the possibilities of deep sequencing by pre-
venting fine-scale resolution. Therefore, we
chose to generate ASVs instead of OTUs to
achieve state-of- the-art fine-scale community
data and, in addition, to benefit from the error
correction model applied by the DADA2 algo-
rithm. In the following we will use the term fea-
ture, as introduced by QIIME2, when referring
to the microbial ASVs (Boylen et al.,2018).

Quantitative Real-Time PCR (qPCR)

For quantification of the domain-level specific
primers (eubacterial and archaeal 16S rRNA
genes) we followed the protocol from Bayer et
al. (2014). Briefly, 1:5 dilutions of purified PCR
products were used as standards, and all stand-
ard dilutions were prepared in aqueous tRNA
solution (10 ng/ml) (Sigma-Aldrich, Schnelldorf,
Germany). The DNA concentration of the high-
est starting solution of each standard dilution
series as well as the diluted template DNAs was
measured using the Qubit system (double
stranded DNA, high sense kit, Thermo Fisher
Scientific, Darmstadt, Germany). Quantitative
PCRs were performed in a CFX Connect
realtime detection system (Bio-Rad, Munich,
Germany) using the SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad) following the
manufacturer’s instructions. For both primer
pairs, the reaction conditions previously tested
(see Bayer et al.,2014) were used with one ex-
ception: the annealing/elongation tempera-
ture for the archaeal 16S rDNA gene assay was
increased to 66°C. For all gPCR assays, plate
reads were taken at the end of each gPCR cycle.
All template DNAs from sponges and seawater
were tested in triplicates on each plate (tech-
nical replicates), whereas the corresponding
standards were run in duplicates. The qPCR ef-
ficiency and gene copy numbers were calcu-
lated using the Bio-Rad CFX MANAGER™ soft-
ware (version 3.1). Amplification of specific tar-
gets was confirmed by analyses of melt curves
(in steps of 0.5°C for 5 s, with temperatures
ranging from 60 to 95°C). Additionally, PCR

48

product sizes were checked by electrophoresis
on a 1.5% agarose gel (Peglab now VWR, part
of avantor) in 1x TAE buffer with 0.5%
GelGreen™ (Biotium, Hayward, CA, United
States) for visualization.

Bacterial and Archaeal Community Analyses

Prokaryotic taxonomy tables from domain to
species levels were created using the giime
taxa barplot plugin. A collective calculation of
diversity metrics (both phylogenetic and non-
phylogenetic) was applied on available da-
tasets via the giime diversity core-metrics-phy-
logenetic plugin, using the minimum sampling
depth of each dataset for mandatory subsam-
pling. The following alpha diversity indices
were considered: Faith’s phylogenetic diver-
sity, observed features, Shannon diversity, and
evenness. Visualization of beta diversity used
the principal coordinates results, which were
based on weighted uniFrac distances. Analyses
of sample composition in the context of cate-
gorical metadata were performed with the
giime diversity beta-group-significance plugin
(parameters: permanova and permdisp) again
utilizing the weighted uniFrac distances. The
ggpubr R package was used to calculate sample
statistics and plot respective results (i.e., alpha
diversity and gPCR bar charts, or PCoA plots;
https://cran.r-project.org/web/pack-
ages/ggpubr/). Ternary plots were created us-
ing the Ternary plot maker web tool
(https://www.ternaryplot.com/). Finally, tax-
onomy bar plots and bacterial and archaeal
features heatmaps were created using a cus-
tom R script and the ggplot2 package (Wick-
ham,2016). For heatmaps the respective fea-
ture abundance tables were sub-sampled for
sponge samples only in order to avoid the bias
introduced by abundant seawater features.
The respective seawater samples were added
subsequently before heatmap creation. Bacte-
rial and archaeal feature Venn diagrams were
created using mothur v.1.42.3 (Schloss et
al.,2009). The complete QIIME2 pipeline and R
script collection from the present study can be
accessed online (https://github.com/marine-
moleco/S0254Qiime2ASVs).



Archaeal Taxonomy Note

The applied SILVA 132 database places the
family Nitrosopumilaceae within the phylum
Thaumarchaeota (class Nitrososphaeria; order
Nitrosopumilales). However, a recent prokary-
otic taxonomical reassessment using full ge-
nomes reorganized the taxonomy of the family
Nitrosopumilaceae considerably (i.e., phylum

RESULTS
Deep-Sea Sponge Taxonomy

Sponge taxonomic identifications were con-
firmed using a combination of gene markers,
morphology, and spicule analyses. The 45
sponge specimens in this study belong to the
two sponge classes Demospongiae and Hex-
actinellida. The Demospongiae group is com-
posed of six taxa comprising the species Geodia
vaubani Lévi and Lévi (1983), the novel species
Halichondria sp. indet., Latrunculia sp. nov.,
the novel species Paratimea sp. indet., Penares
turmericolor Sim-Smith and Kelly (2019), and
Pleroma turbinatum Sollas (1888). The Hex-
actinellida group consists of seven taxa com-
prising the species Aphrocallistes beatrix Gray
(1858), Bolosoma cyanae Tabachnick and Lévi
(2004), Corbitella plagiariorum Reiswig and
Kelly (2018), Leucopsacus distantus Tabachnick
and Lévi (2004), Regadrella okinoseana ljima
(1896), Saccocalyx tetractinus Reiswig and
Kelly (2018) and one novel species of Rosselli-
dae that belongs to the Lanuginellinae subfam-
ily (Table 1).

Bacterial and Archaeal Features

(Amplicon Sequencing)

The sequencing of sponge-associated prokary-
otic communities and additional seawater sam-
ples yielded 9120 bacterial and 1052 archaeal
features in total, whereas the sequencing
depth was relatively balanced with 1,960,245
bacterial and 2,090,246 archaeal sequence
reads (Table 2). Excluding seawater samples,
Hexactinellida exhibited the most
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Crenarchaeota; class Nitrososphaeria; order
Nitrososphaerales) (Parks et al.,2018). In terms
of reproducibility we decided to use the availa-
ble SILVA 132 taxonomy without manual
changes to certain taxa, such as the family Ni-
trosopumilaceae. However, the presented tax-
onomy might be a subject to change in upcom-
ing SILVA releases.

TABLE 2 | Detailed bacterial and archaeal MiSeq li-
brary statistics, comprising the sequence data for (a)
the whole dataset (i.e., Demospongiae, Hexacti-
nellida, and seawater samples), (b) the
Demospongiae subset, (c) the Hexactinellida subset,
and (d) the seawater subset.

Metric Bacteria Archaea

Number of samples 72 72
Number of features 9,102 1,052
Total frequency 1,960,245 2,090,246
Demospongiae samples 21 21
Demospongiae features 2,084 437
Demospongiae frequency 558,729 770,140
Hexactinellida samples 24 24
Hexactinellida features 4,357 264
Hexactinellida frequency 588,341 535,764
Seawater samples 27 27
Seawater features 4,025 791

Seawater frequency 813,175 784,342

bacterial features (n = 4357), compared to the
Demospongiae (n = 2084) specimens. In con-
trast, the demosponge samples exhibited a
higher archaeal feature count (n = 437), com-
pared to the hexactinellids (n = 264). Finally,
the archaeal seawater feature count (n = 791)
was higher in comparison with the two sponge
classes, whereas bacterial seawater features
were almost similar to the hexactinellid counts
(n=4025) (Table 2).

Bacterial and Archaeal Taxonomy and Taxon
Distribution

In total, 44 bacterial phyla and four archaeal
phyla (i.e., Thaumarchaeota, Euryarchaeota,
Nanoarchaeota, and Crenarchaeota) were pre-
sent among all sponge and seawater samples.
The demosponges Paratimea sp., P. turmeri-
color, P. turbinatum, and G. vaubani,
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FIGURE 2 | Relative abundance of the most abundant bacterial phyla (A) and archaeal species (B) for all 13
sponges and seawater. The dendrogram is based on phylogenetic relationships between the sponge species. Sam-
ples are grouped by sponge class (Demospongiae, Hexactinellida).

contain Chloroflexi, Acidobacteria, Actinobac-
teria, and Nitrospirae as the most abundant
bacterial phyla (Figure 2A). Surprisingly, the
Paratimea sp. specimens possess a large frac-
tion of poribacterial symbionts (Figure 2A). The
Hexactinellida contain bacterial phyla, such as
Proteobacteria (Delta-), Bacteroidetes, Nitro-
spinae, or Planctomycetes, which are relatively
more abundant than in the investigated
demosponge specimens (Figure 2A).

Due to the Thaumarchaeota domi-
nance (92-100% relative abundance among all
sample groups — see Supplementary Table S2)
and the overall low archaeal feature richness
(compared to the bacterial community — see
Supplementary Figure S2), we considered the
archaeal species composition as the relevant
taxonomic level in our following community
description throughout the present study. This
is in contrast to the common phylum composi-
tion approach that has been used to describe
sponge-associated bacterial communities. At
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species level a total of 76 archaeal taxa, com-
pared to 1774 bacterial taxa, could be desig-
nated to all features present in the sponge and
seawater samples. Among those 76 archaeal
taxa the subset comprising the most abundant
archaea was composed of almost only thau-
marchaeotes, except one euryarchaeotal taxon
(Thermoplasmata, Marine Group Il) (Figure
2B). In addition, all top thaumarchaeotes be-
long to the family Nitrosopumilaceae (Figure
2B), which could be further identified as sev-
eral Candidatus taxa, such as Nitrosopumilus or
Nitrosopelagicus.

Ternary plots were used to examine
the distributions of the bacterial and archaeal
most abundant taxa among the pooled
demosponges, hexactinellids, and seawater
samples. As indicated by the ternary plots, cer-
tain bacterial phyla are almost exclusive to
Demospongiae; such as Acidobacteria, Chlor-
oflexi, Dadabacteria, Nitrospirae, Spirochaetes,
Entotheonellaeota, or Poribacteria (Figure 3A).



On the contrary, there is no evidence that the
present hexactinellids possess an exclusive
phylum. However, Patescibacteria and Nitro-
spinae seem to be more related to this sponge
class as opposed to demosponges or the sur-
rounding seawater. In addition, Marinimicro-
bia, Cyanobacteria, and Bacteroidetes exhibit a
preference for the present seawater samples
(Figure 3A). Finally, the group of several abun-
dant proteobacterial classes, and Verrucomi-
crobia, show an almost even distribution
among all three biotopes, however, with a
clear tendency for the seawater samples.

On genus level there are some
demosponge- (e.g., Caldilineaceae, EC94,
SAR202 clade, and Poribacteria) or hexacti-
nellid- (e.g., Albimonas, Betaproteobacteriales,
Nitrosococcaceae, BD2-7, and Cm1-21) specific
taxa that seem to be exclusive for one of the
two sponge classes (Figure 3B). In addition, the
seawater samples possess certain exclusive
genera, such as Alteromonas, Halomonas,
Pseudoalteromonas, or Vibrio. Similar to the
bacterial genera ternary plot, the most abun-
dant archaeal assemblages can be grouped into
either Demospongiae-, Hexactinellida-, or sea-
water-specific taxa. Here, certain taxa are
highly specific to one of the available main
groups (Figure 3C). For instance, the single eu-
ryarchaeotal taxon (Marine Group IlI) is only
present in the seawater samples, whereas sev-
eral Nitrosopumilaceae-related taxa are highly
characteristic for one of the two sponge clas-
ses. Moreover, all three abundant Candidatus
Nitrosopelagicus taxa have a strong preference
for the seawater samples (Figure 3C). On the
contrary, the Candidatus Nitrosopumilus taxa
show either a tendency for demosponges and
seawater samples or are unique to the Hexacti-
nellida. Finally, a large group composed of not
further classified Nitrosopumilaceae features is
present almost at the center between all main
biotopes, hinting to an even distribution of fur-
ther  Nitrosopumilaceae-related  features
among the three biotopes (Figure 3C).
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FIGURE 3 | Ternary plots showing the distribution of
the most abundant taxa of bacterial phyla (A), bacte-
rial genera (B), and archaeal genera (C) among the
pooled Demospongiae, Hexactinellida, and seawater
samples. Circle size is indicative of the relative
abundance of these phyla.

Alpha Diversity Analysis

Rarefied abundance tables, generated using
the individual sample read counts and feature
assemblages, were used to calculate the mean
bacterial and archaeal feature diversity at a lo-
cal scale (i.e., alpha diversity indices for
demosponges, hexactinellids, and seawater
groups). Alpha diversity analyses of the bacte-
rial communities revealed that all four indices
(i.e., Faith’s PD, observed features, Shannon di-
versity, and evenness) were significantly differ-
ent within both sponge classes (Table 3).



TABLE 3 | Bacterial and Archaeal alpha diversity for
Demonspongiae, Hexactinellida, and seawater.

Demospongiae Hexactinellida Seawater

H p-value H p-value H p-value

Faith’s PD Bacteria 14.37 0.013 18.17 0.006 15.33 0.053
Archaea 6.09 0.298 4.50 0.480 1193 0.155

Features Bacteria 18.07 0.003 18.14 0.006 1410 0.079
Archaea 5.43 0.365 4.00 0.677 15.90 0.044

Shannon Bacteria 18.97 0.002 18.67 0.005 19.96 0.010
Archaea 3.71 0.592 6.29 0.391 21.19  0.007

Evenness Bacteria 18.48 0.002 19.11 0.004 19.15 0.014
Archaea 4.22 0.518 6.57 0.363 17.40 0.026

Significant p values are highlighted in bold.

In contrast, the archaeal feature assemblages
showed no significant alpha diversity differ-
ences between the species belonging to the
two sponge classes. Seawater samples appar-
ently deviated from that overall pattern by ex-
hibiting almost no significant differences for
the two present richness indices, except the
observed archaeal features (p = 0.044),
whereas Shannon diversity and evenness
showed significant differences among the sea-
water samples for both prokaryotic domains
(Table 3). In addition, the comparisons be-
tween the three biotopes showed significant
differences among all available alpha diversity
indices for bacteria and archaea (Supplemen-
tary Figure S2). However, significant p-values
were lower for the archaeal features compared
to the bacterial p-values. Moreover, Faith’s PD
and observed feature values for bacteria and
archaea were highest within the seawater sam-
ples, followed by demosponges and hexacti-
nellids (Supplementary Figure S2). The same
pattern was visible in the bacterial and ar-
chaeal Shannon and evenness indices, where
the spread was much higher in the sponge re-
lated samples compared to the richness indices
(Supplementary Figure S2).

Beta Diversity Analysis

The same rarefied abundance tables that were
used in the alpha diversity analyses were again
utilized to look at several beta diversity aspects
(i.e., community differences between sam-
ples). First, the bacterial and archaeal
abundance and composition information was
employed to investigate the differences be-
tween the Demospongiae, Hexactinellida, and
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seawater samples (Figures 4A,B). Regarding
the bacterial community, two main groups are
visibly separated by the first axis (34% variance
explained) (Figure 4A). The larger group is com-
posed of all Hexactinellida, seawater, and a
Demospongiae subset, whereas the second
group exclusively consists of demosponges.
However, the larger group also exhibits a rela-
tively distinct separation between the sea-
water, Hexactinellida, and Demospongiae sam-
ples. In this group, the second axis separates
the seawater- and Demospongiae subsets,
while the Hexactinellida prevailing subsets are
in-between these two distinct groups (16% var-
iance explained). Nevertheless, a few overlaps
between these biotopes exist (Figure 4A).
Comparative statistics showed that the group
identity has a significant effect on the commu-
nity composition (p < 0.001), while the vari-
ances were homogeneous (p = 0.083) (Figure
4A and Table 4).

TABLE 4 | Community permanova and permdisp sta-
tistics, comprising the sequence data for (a) the
whole dataset (i.e., Demospongiae, Hexactinellida,
and seawater samples), (b) the Demospongiae sub-
set, (c) the Hexactinellida subset, and (d) the sea-
water subset.

Group Sample size Groups Test statistic p-value
Bacteria Group permanova 72 3 16.27 0.001
Group permdisp 72 3 2.53 0.083
Demo permanova 21 6 40.99 0.001
Demo permdisp 21 6 30.09 0.013
Hexac permanova 24 7 7.74 0.001
Hexac permdisp 24 7 4.50 0.002
SW permanova 27 9 7.35 0.001
SW permdisp 27 9 0.58 0.451
Archaea Group permanova 72 3 32.52 0.001
Group permdisp 72 3 0.09 0.895
Demo permanova 21 6 1.22 0.203
Demo permdisp 21 6 1.82 0.19
Hexac permanova 24 7 1.28 0.106
Hexac permdisp 24 7 0.56 0.496
SW permanova 27 9 20.99 0.001
SW permdisp 27 9 0.47 0.235

Significant p values are highlighted in bold.

In case of the archaeal feature compo-
sition and abundance, the first axis clearly sep-
arates the sponge samples from the seawater
samples (55% variance explained) (Figure 4B).
Furthermore, seawater samples are then sub-
set by the second axis (16% variance explained)
into one large and one small group. The smaller



group is comprised of seawater samples from
ROV station 13 (Otago-Canterbury slope) and
station 14 (Christchurch slope), which are both
located on the continental slope of the South
Island within the subtropical front separating
the water masses of the South Pacific Subtrop-
ical Gyre to the north from the Subantarctic
Water Ring to the south (Carter, 2001; Figure 1
and Supplementary Figure S3, Table 1). In com-
parison, the sponge samples exhibit no clear
separation into Demospongiae and Hexacti-
nellida specimens, hence forming a heteroge-
neous group apart from the seawater samples
(Figure 4B). However, overall the archaeal
composition was still significantly affected by
group identity (p < 0.001), further supported by
homogeneously dispersed groups (p = 0.895)
(Figure 4B and Table 4).
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Finally, biotope-specific subsets (i.e.,
Demospongiae, Hexactinellida, and seawater)
revealed that the demosponge and/or hexacti-
nellid host-identity has a significant effect on
the bacterial community composition
(p < 0.001 for both sponge classes) (Supple-
mentary Figures S3A,C and Table 4), whereas
no significant effect of sponge identity could be
observed for the archaeal data (p = 0.203 and
p = 0.106 for demosponges and hexactinellids,
respectively) (Supplementary Figures S3B,D
and Table 4). In comparison, sampling location
has a significant effect on the bacterial and ar-
chaeal community composition of the sea-
water samples (Supplementary Figures S3E,F
and Table 4).

permanova p < 0.001 5 o
0.025 S @
; & oa® ¥ o
° °
®° @%
o0
°

0.000 ¥
] °o % @
e °
3 ‘e
] °
%
] 3) p ®

-0.025 ® °

-0.050 %

°
Archaea e
-0.05 0.00 0.05 0.10
axis.1 (55%)
Shared and unique archaeal features
Hexactnellca Demospongiae
81 33 133
84% 34% 137%
o
129%
Seawater

453
467%

FIGURE 4 | Principal component analysis using bacterial (A) and archaeal (B) weighted uniFrac distances for
Demospongiae, Hexactinellida and seawater samples. Venn diagrams depicting the shared and unique bacterial
(C) and archaeal (D) features as percent for the three sampling groups (Hexactinellida, Demospongiae, seawater).
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Bacterial and Archaeal Feature Distribution
and Abundance

Venn diagrams visualized the shared and
unique bacterial and archaeal features for the
three sampling groups (Figures 4C,D). Overall,
the percentage of shared bacterial features
among all three groups is low and consequently
each of the sample groups exhibits a large
share of unique features (37.1, 18.1, and 32.8%
for Hexactinellida, Demospongiae, and sea-
water, respectively) (Figure 4C). Similarly, for
the archaeal features, the pooled seawater
samples hold the largest share of the archaeal
features  (46.7%) compared to the
demosponges
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(13.7%) and hexactinellids (8.4%) (Figure 4D).
Moreover, some shared features (i.e., 12.9%
for seawater/Demospongiae, and 12.8% for
seawater/Demospongiae/Hexactinellida)
ceed the Hexactinellida-unique features. De-
spite the large fraction of seawater-unique fea-
tures the amount of shared features between
Hexactinellida and seawater is low (2.1%).

ex-

We plotted the most abundant bacte-
rial and archaeal features within the sponge
subset as separated relative abundance
heatmaps (Figure 5).
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FIGURE 5 | Relative abundance heatmap of the investigated Demospongiae, Hexactinellida, and seawater.
Heatmaps are separated between bacterial and archaeal features. Lowest available classification per feature has
been used to assign individual taxonomy. Features were subsequently sorted by phylum.

The bacterial heatmap reveals that certain fea-
tures are either highly host-species specific
(e.g., Caldilineaceae gen. et sp. indet., SAR202
clade, Nitrospira sp., Pseudohongiella sp., Ni-
trospina sp., Roseobacter clade NAC11-7, EC94,
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Cellvibrionales BD2- 7, or Nitrosococcaceae)
or predominant in the respective sponge clas-
ses (Demospongiae: Dadabacteriales, Nitro-
spira sp.; Hexactinellida: UBA10353 marine
group). Overall, the distribution among the



hexactinellid samples appears to be more scat-
tered compared to the demosponge samples.
Finally, seawater does not possess any of the
sponge-specific bacterial features in large
abundances and across all samples from the
same location (Figure 5). The archaeal
heatmap revealed that individual sponges pos-
sess single highly abundant features, which all
belong to different Nitrosopumilaceae taxa
(Figure 5). Contrary to the host-species specific
distribution of the bacteria, sponge-associated
archaeal symbionts are apparently individual-
specific rather than host-specific. In contrast,
seawater samples do not possess these singu-
lar highly abundant features. Instead, those
samples rather exhibit location-specific feature
distribution patterns (Figure 5). This corre-
sponds with the archaeal ordination plots (Fig-
ure 4 and Supplementary Figure S3) and the re-
spective archaeal community statistics (Table
4). Concerning the sponge- associated archaeal
features, there seems to be a tendency that
those singular abundant archaea predomi-
nantly belong to certain taxa (i.e., Candidatus
Nitrosopumilus or Cenarchaeum).

Quantitative Assignment of Sponge-
Associated Bacterial and Archaeal 16S rRNA
Genes

For both gPCR assays the published reaction
conditions (Bayer et al.,2014) were re-tested
with respect to primer concentration, anneal-
ing, and elongation temperature and time.
Both assays showed good in silico coverage and
specificity and showed qPCR efficiencies be-
tween 95 and 105% with external standards ac-
cording to MIQE guidelines (Bustin et al.,2009).
One exception was that the annealing/elonga-
tion temperature for the archaeal assay was in-
creased to 66°C for specificity reasons but with-
out reaction efficiencies loss (Supplementary
Table S3). All gPCR results are expressed as
gene copy numbers per microgram genomic
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DNA. The 16S rRNA gene copy numbers as esti-
mated by gPCR with domain-specific primers
for the investigated sponges are reported as
follows (Supplementary Table S4). Bacterial
16S rRNA gene copy numbers ranged from 5.05
x 10%° + 1.54 x 10'° to 2.53 x 10 + 2.55 x 10%°
in hexactinellid sponges, to 5.62 x 10%°+ 4,79 x
10° to 1.81 x 10" + 346 x 10% in
Demospongiae. Archaeal 16S rRNA gene copy
numbers varied from 2.01 x 10° + 1.23 x 10® to
2.71 x 10" + 2.57 x 10% in hexactinellid
sponges, to 3.09 x 108+ 1.29 x 10" to 3.24 x
10%°+1.73 x 10° in Demospongiae (Supplemen-
tary Figure S4 and Supplementary Table S4). As
the fraction of host DNA within total extracted
DNA potentially varies in every sample, we fur-
ther calculated the ratios of bacteria and ar-
chaeal 16S rRNA gene copy numbers. We found
that the prokaryotic consortia of hexactinellid
sponges B. cyanae and R. okinoseana seem to
have a high proportion of associated Archaea
(BAC: ARCH ratios between 0.3 and 3.8),
whereas C. plagiariorum deviates from that
(BAC: ARCH ratios between 14.6 and 16.6).
Demospongiae samples showed a higher pro-
portion of Bacteria on average compared to Ar-
chaea (BAC: ARCH ratios between 4.0 and
21.9), with one apparent exception, which is L.
morrisoni (BAC: ARCH ratios between 171.1
and 322.1) (Supplementary Table S4). Finally,
the conversion of 16S rRNA gene copy numbers
into BAC: ARCH ratios showed that Archaea,
compared to the bacterial copy numbers, are
significantly (p = 0.026) more abundant in hex-
actinellids than in demosponges (Figure 6A).
However, a closer look at the individual sponge
species revealed one exception from that initial
observation (Figure 6B; C. plagiariorum with a
BAC: ARC ratio between 14.6 and 16.6). A po-
tential limitation of using the bacteria vs. ar-
chaeal ratio could be a possible bias in primer
amplification, because of the use of two differ-
ent 16S rRNA gene primer pairs.
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actinellida, respectively.

DISCUSSION

Bacterial Communities in Deep-Sea

Demosponges and Hexactinellids

Since the beginning of sponge microbiome re-
search (Vacelet,1975; Vacelet and
Donadey,1977) the emphasis was placed on
sponges from shallow-water marine habitats
while sponges from cold-water and/or deep-
sea locations are still understudied. Here, we
explored the microbial community composi-
tion of demosponges and hexactinellids from
the South Pacific by constructing independent
bacterial and archaeal partial 16S rRNA gene li-
braries. While collection of sponges during the
S0254 expedition included only deep-water
specimens, analyses of microbiota patterns be-
tween deep-water and shallow-water sponges
relied on literature data for shallow-water mi-
crobiota data (e.g., Thomas et al.,2016; Moi-
tinho-Silva et al.,2017b).

The six demosponges showed a micro-
bial signature similar to that of shallow-water
demosponges with the phyla Proteobacteria
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(Gamma-, Alpha-, and Delta-), Chloroflexi,
Acidobacteria, Bacteroidetes, Nitrospinae,
Nitrospirae, and Poribacteria being most
abundant. One apparent difference to shallow-
water sponges is the general lack or low abun-
dance of members of the phylum Cyanobacte-
ria, which are typically more abundant in shal-
low-water sponges (e.g., Erwin and
Thacker,2008; Bayer et al.,2014; Burgsdorf et
al.,2014; Thomas et al.,2016). Given their in-
volvement in photosynthesis it is not surprising
that the present deep-sea sponges contain re-
duced numbers of this phototrophic bacterial
phylum. The highly sponge-specific phylum
Poribacteria appears to be underrepresented
in sponges from deep-sea or cold habitats in
the present and previous studies (Jackson et
al.,2013; Rodriguez-Marconi et al.,2015; Carde-
nas et al.,2018; Steinert et al.,2019). Notewor-
thy, we identified one sponge species (Para-
timea sp.) with abundant poribacterial fea-
tures. The overall phylum composition of this
sponge matches the typical taxon composition



of high microbial abundance (HMA) sponges as
defined by Moitinho- Silva et al. (2017b). Also,
three more demosponges in this study (i.e., P.
turmericolor, P. turbinatum, and G. vaubani)
exhibited these HMA indicator taxa, although
Poribacteria were lacking. The two remaining
demosponge species (i.e., Latrunculia sp. nov.
and Halichondria sp. indet.), display microbi-
ome characteristics typical of LMA sponges
(see Figure 2). In summary, with respect to bac-
terial community composition and HMA/LMA
status, the demosponges from this remote
deep- sea location largely resemble those of
shallow-water collections (Thomas et al.,2016).

Regarding the seven hexactinellid spe-
cies in the present study there is no literature
available for comparisons with other hexacti-
nellids from similar or different habitats. Over-
all, Gammaproteobacteria dominated the hex-
actinellid species. While Gammaproteobacte-
ria are common predominant members in
sponge bacterial communities, usually those
demosponge-related communities exhibit ad-
ditional dominant taxa regardless of climate
zone or sampling depth (e.g., Kennedy et
al.,2014; Thomas et al.,2016; Cardenas et
al.,2018; Steinert et al.,2019). Two species, i.e.,
Lanuginellinae gen. et sp. and L. distantus, also
possess abundant Proteobacteria (Alpha- and
Delta-), Bacteroidetes, and Chloroflexi, thus re-
sembling a bacterial community pattern com-
monly found in demosponges.

When comparing the two sponge clas-
ses, evenness and diversity were indeed lower
in hexactinellids compared to demosponges.
Besides these alpha-diversity metrics, bacterial
community composition and diversity differ-
ences are prominent throughout all present
analyses. For instance, at least some
demosponges possess specific phyla, like the
HMA indicators, whereas hexactinellids resem-
ble LMA sponges regarding their bacterial
taxon composition. Secondly, demosponges
and hexactinellids do not overlap in the ordina-
tion analyses, hence hexactinellids possess a
rather class-specific microbiota. This is espe-
cially apparent when comparing the feature

57

distribution between LMA-like demosponges
and hexactinellids. The Hexactinellida-associ-
ated features exhibit a more heterogeneous
distribution. Hexactinellida are usually cold wa-
ter/deep-sea sponges (van Soest et al.,2012).
Such habitats imply lower food availability and
therefore different metabolic functions in spe-
cies of this sponge class. Moreover, glass
sponges are clearly distinct to other sponge
classes by body shape and features such as tis-
sue and spicules (van Soest et al.,2012). We as-
sume that these morphological differences also
affect the microbiota composition of this class.
Sponges are holobionts (Webster and Thomas,
2016); hence the symbiotic bacterial relation-
ships are adapted to the Pita et al. (2018) host-
ecosystem, which could be visible as discerna-
ble differences between demosponges and
hexactinellid bacterial communities.

Demospongiae and Hexactinellida also
share some common sponge-bacteria related
characteristics, such as their noticeable differ-
ence to seawater samples (e.g., Lee et al.,2010;
Taylor et al., 2013; Steinert et al.,2016; Cleary
et al.,2018; Helber et al.,2019), which is pre-
sent in the ordination plots or manifested in
the alpha- and beta-diversity results. Especially
apparent is the Hexactinellida-related host-
specificity (see Supplementary Figure S3C),
which is equally consistent in their
demosponge counterparts (see Supplementary
Figure S3A). Host-specificity is a common fea-
ture of the sponge-microbiota relationship, but
so far only observed and described in depth for
demosponges (Pita et al.,2013; Easson and
Thacker,2014; Thomas et al., 2016; Steinert et
al.,2017,2019). This pattern seems to be similar
in hexactinellids, implying analogous bacterial
community acquisition and maintenance pro-
cesses as in their demosponge counterparts.

Archaeal Communities in Deep-Sea
Demosponges and Hexactinellids

At high taxonomic archaeal ranks (i.e., from
phylum to family level), both Demospongiae
and Hexactinellida are dominated or even ex-
clusively inhabited by the phylum Thaumar-
chaeota, and more specifically, several genera



and species from the family Nitrosopu-
milaceae. The ecologically important candida-
tus family Nitrosopumilaceae forms a mono-
phyletic group in the candidatus order Nitro-
sopumilales based on 16S rRNA and candidatus
amoA (encoding for the a-subunit of ammonia
monooxygenase) gene sequence analyses
(Torre et al.,2016). The Nitrosopumilaceae
comprises five genera, three of which were
present in our sponges, namely: Candidatus Ni-
trosopelagicus, Candidatus Nitrosopumilus,
and Candidatus Cenarchaeum. Nitrosopu-
milaceae grow chemolithoautotrophically by
acquiring energy from ammonia oxidation and
using CO; as carbon source. Additionally, some
species can utilize urea as a source of ammonia
for energy and growth (Torre et al.,2016). Ma-
rine demosponges are known hosts of symbi-
otic thaumarchaeotal members, but the under-
standing of their functional relationship is still
lacking and mostly relies on circumstantial evi-
dence (e.g., Kennedy et al.,2014; Feng et
al.,2016,2018; That et al.,2018; Moeller et
al.,2019).

Different nitrogen cycling processes,
such as nitrification, denitrification, and anaer-
obic ammonium oxidation have been observed
in different demosponge species (e.g., Bayer et
al.,2008; Hoffmann et al.,2009; Schléppy et
al.,2010; Radax et al.,2012). Ammonia-oxidiz-
ing archaea (AOA) (i.e., thaumarchaeotes) are
often abundantand diverse members of the
sponge microbiota. AOA have even been de-
tected in sponge larvae indicating vertical
transmission and/or early environmental ac-
quisition (Sharp et al.,2007; Steger et al.,2008;
Schmitt et al.,2012). Transcription and transla-
tion of important functional genes, like the
amoA gene of thaumarchaeotes, has been ob-
served in different demosponge species (e.g.,
Bayer et al.,2008; Liu et al.,2012; Radax et
al.,2012; Moitinho-Silva et al.,2017a). More
complete genomic information about mem-
bers of the phylum Thaumarchaeota, or more
specifically the family Nitrosopumilaceae, has
shed light on the metabolic potential and func-
tional relationships of this putatively important
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sponge-symbiotic archaeal group. So far, ge-
nomic information comprising different taxa
within the family Nitrosopumilaceae is availa-
ble from three demosponges (Axinella mexi-
cana, Cymbastela concentrica, lanthella basta),
and even one hexactinellid (Lophophysema
eversa) (Hallam et al., 2006; Tian et al.,2016;
Moitinho-Silva et al.,2017a; Moeller et al.,
2019). Given the involvement of the Nitrosopu-
milaceae family in sponge-related nitrogen cy-
cling processes, it can be assumed that thau-
marchaeotal ammonia oxidation is a key func-
tional process in deep-sea demosponges and
hexactinellids alike.

Nitrosopumilaceae Are Sponge- but Not
Sponge Species-Specific

We performed a high resolution screening of
prokaryotic communities in demosponges and
hexactinellids to look at the broad archaeal
community in greater detail, and to directly
compare community patterns and absolute
abundances between bacterial and archaeal
domains. Therefore, we constructed two inde-
pendent bacterial and archaeal 16S rRNA gene
libraries and quantitative real-time PCR in this
study.

The difference between bacterial and
archaeal communities is most apparent in
sponge host-specificity, either at sponge class
rank and/or at sponge species level (Figures
4A,B and Supplementary Figures S4A,B). Gen-
erally, bacterial demosponge-associated
communities exhibit stable host-species
specific patterns, which are affected by
sponge-host identity and even sponge phylog-
eny (Easson and Thacker,2014; Thomas et
al.,2016; Steinert et al.,2017). The present ar-
chaeal communities do not show any distinct
host-relatedness among all sponge species in
both classes. Another difference between
bacterial and archaeal community
relationships is the feature distribution. Unique
Nitrosopumilaceae features are randomly dis-
tributed among individual specimens and
sponge taxa (Figure 5). In contrast, dominant
sponge-associated bacteria often displayed
sponge species-specific distribution patterns



that are generally explained by particular
metabolically and functional host—symbiont
relationships (Fan et al.,2012; Ribes et al.,2012;
Thomas et al.,2016). The present archaeal
feature distribution indicates that a random
symbiont acquisition process is present among
all sponges, which is independent of host
phylogeny. Nevertheless, we assume that the
latter processes are sponge-specific due to the
evident differences between sponge- and
seawater-associated archaeal communities
(Figures 4B, 5).

In summary, Nitrosopumilaceae acqui-
sition seems to happen randomly across all
sponge samples. This implies functional redun-
dancy of the symbiont’s key functional pro-
cesses within the deep-sea sponge-associated
genera of the family Nitrosopumilaceae.
Functional redundancy, or evolutionary
equivalence, has been hypothesized and
observed also for sponge-associated bacteria,
but usually at higher taxonomic ranks (Fan et
al.,2012; Ribes et al.,2012; Thomas et al.,2016).

Bacterial and Archaeal Abundance

Finally, quantitative real-time PCR using both
bacterial and archaeal universal 16S rRNA gene
primers support the overall results. Although
gPCR is a very sensitive method to assess mi-
crobial quantities, there are technical aspects
that need to be considered. For example, the
amplification of free DNA in sea water and
sponge samples cannot be excluded and
numbers might be overestimated. One expla-
nation for the relatively high values could be
the detection of dead material deposits from
the upper water column in all three biotopes
(i.e., Demospongiae, Hexactinellida, and
seawater). As environmental microbes may en-
code for more than one 16S rRNA gene per
genome, we express microbial abundances as
gene copy number per microgram genomic
DNA and compare it to literature (Bayer et
al.,2014). Bacterial gene copy numbers were
within the range found in shallow-water HMA
demosponges (Bayer et al.,2014) and no signif-
icant difference was found comparing
demosponges and hexactinellids from the deep
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sea (this study). Archaeal gene copy numbers
detected in both deep-sea demosponges and
hexactinellids were up to three orders of mag-
nitude higher than in shallow-water counter-
parts (see Bayer et al.,2014), highlighting the
importance of archaeal symbionts for deep-sea
sponges in general. Since cold water carries
more CO, than warmer water (Garrison,2009)
the physiological evidence for archaea using
CO; as a carbon source (Wuchter et al.,2004;
Konneke et al.,2014) might explain their higher
abundance in deep-sea waters and sponges
where ammonium for nitrification purposes
might not be limited. Altogether, this suggests
a major role of AOA in deep-sea sponge metab-
olism (in particular for the hexactinellid spe-
cies), by providing additional metabolites via
chemoautotrophy, similar to what diatoms or
cyanobacteria contribute via photoautotrophy
in shallow- water sponges (see Feng and
Li,2019 and references within). Hence, future
(meta)-omic’s studies should explore if deep-
water sponge microbiomes also contain
chemoautotrophic bacteria, which could
provide further resources to the host sponges
in addition to the AOA.

CONCLUSION

We investigated bacterial and archaeal com-
munities from two sponge classes using inde-
pendent 16S rRNA gene libraries and quantita-
tive real-time PCR. With regard to bacteria,
both demosponges and hexactinellids exhibit
community characteristics similar to shallow-
water sponges, including the presence of
typical sponge symbiont taxa as well as host
species-specific microbiomes for all sponge
species investigated. In contrast, the archaeal
community was taxonomically highly homoge-
neous and could only be resolved from the Ni-
trosopumilaceae family level on downward
(i.e., from family to individual ASVs). However,
the quantitative information hints at three
orders higher archaeal gene copy numbers be-
tween shallow water and the present deep-wa-
ter sponges. Hence, it is apparent that AOA are
important members of deep-sea sponges in
particular, and that different acquisition and



maintenance processes may be involved
regarding the archaeal symbionts compared to
the bacteria.
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Deep-sea sponge grounds are underexplored ecosystems that provide numerous goods and services
to the functioning of the deep-sea. This study assessed the prokaryotic diversity in embryos, recruits,
and adults of Craniella zetlandica and Craniella infrequens, common and abundant representatives of
deep-sea sponge grounds in the North Atlantic. Our results reveal that symbiont transmission in the
two Craniella sponge species likely occurs vertically, as highly similar microbial consortia have been
identified in adults, embryos, and recruits. Moreover, transmission electron microscopy revealed high
abundances of sponge-associated microorganisms, among which Chloroflexi (SAR202) were identified
as common representatives by amplicon sequencing and fluorescence in situ hybridization (FISH).
Equal diversity metrices, a similar overall prokaryotic community composition and a distinct domi-
nance of the phylum Chloroflexi within all life stages are the key findings of our analyses. Information
such as presented here provide understanding on the recruitment of deep-sea sponge holobionts
which is needed to develop integrated management tools of such vulnerable marine ecosystems.

Keywords: vulnerable marine ecosystems, sponges, Craniella, Chloroflexi, symbiosis, early life stages, amplicon sequencing,
fluorescence in situ hybridization

INTRODUCTION

A fundamental process influencing the fitness Ngai et al.,2013). In general, beneficial micro-
of many organisms is the establishment of bial symbionts are expected to be transmitted
host-microbial colonization during develop- vertically (from parents to offspring) in order to
ment (Mortzfeld et al.,2016). Microbial consor- assure an establishment of a compatible part-
tia enable the respective animal host to expand nership (Bjork et al.,2019 and references
its range of nutrition (Nicholson et al.,2012), therein). Further, probability of vertical trans-
defense (Florez et al,2015), immunity mission is expected to increase with increasing
(Eberl,2010), and development (Koropatnick et dependence of the host on its microbial part-
al.,2004). Host-microbe interactions may be ners (Ewald,1987; Bull et al.,1991; Yama-
regulated from early developmental stages and mura,1993; Douglas,1994; Thompson,1994;
transmitted through generations (reviewed in Herre et al.,1999; Wilkinson,2001; Sachs et

Rosenberg and Zilber-Rosenberg,2011; McFall-
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al.,2011). In the marine environment symbio-
ses are common and host-microbe interactions
have been assessed at different developmental
stages for a variety of model organisms, includ-
ing cnidarians (Apprill et al.,2009; Mortzfeld et
al.,2016), echinoderms (Galac et al.,2016; Car-
rier et al.,2019), cephalopods (Montgomery
and McFall-Ngai,1994), molluscs (Endow and
Ohta,1990; Wentrup et al.,2014), and annelids
(Nussbaumer et al.,2006; Schimak et al.,2015).

Sponges (Porifera) are evolutionarily
ancient animals which first appeared between
650 and 700 million years ago (Love et al.,2009;
Zumberge et al.,2018). Today, more than 9,000
species (according to the World Porifera Data-
base) are classified into four classes
(Demospongiae, Calcarea, Homoscleromor-
pha, and Hexactinellida) and populate virtually
all marine benthic habitats from shallow tropi-
cal reefs to the polar seas and the deep ocean
(van Soest et al.,2020). Sponges are prominent
examples of marine holobionts, consisting of
diverse prokaryotic communities with more
than 63 prokaryotic phyla detected within
sponge hosts (Thomas et al.,2016; Moitinho-
Silva et al.,2017a). The prokaryotic communi-
ties of sponges are host species-specific and
distinct from seawater prokaryotic communi-
ties (Hentschel et al.,2002; Thomas et al.,2016).
The transmission of microbial sponge symbi-
onts to the next generation occurs vertically or
horizontally (De Caralt et al.,2007; Maldo-
nado,2007; Schmitt et al.,2008; Webster et
al.,2010; Gloeckner et al.,2013). Microbial
communities have been detected in reproduc-
tive stages, such as oocytes, embryos, larvae,
and juveniles of various shallow water species
(Ereskovsky et al.,2005; Schmitt et al.,2007;
Sharp et al.,2007; Gloeckner et al.,2013; Bjork
et al.,2019) indicating that vertical transmis-
sion is an important mechanism for the estab-
lishment and maintenance of sponge-microbe
associations over evolutionary time scales.

In comparison to sponges from shallow
and often warm-water habitats, much less is
known about sponges and their microbiomes
from deep and cold environments. Sponges are
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ubiquitous and abundant components of deep-
sea benthic communities and can form struc-
turally complex and diverse ecosystems,
termed “sponge grounds” (Klitgaard and Ten-
dal,2004; Xavier et al.,2015; Maldonado et
al.,2016). Sponge grounds are known to
strongly support biodiversity, either directly by
provision of shelter or indirectly via food webs,
and further perform a variety of ecosystem
functions, among others via participation in
bentho-pelagic coupling and biogeochemical
cycles (reviewed in Maldonado et al.,2016;
Thompson and Fuller,2020). Deep-sea sponge
grounds (syn. “sponge aggregations” or
“sponge gardens”) have been flagged as vul-
nerable marine ecosystems (VMEs) that are
currently under pressure through fishing and
other human activities (Pham et al.,2019; Mu-
rillo et al.,2020). The species Craniella infre-
quens and Craniella zetlandica are common
members of such sponge grounds and have fur-
ther been recorded in shelf-areas around the
globe (Figure 1). Craniella sponges are spheri-
cal in shape and grow up to the size of a golf
ball and larger. This study aims to describe the
prokaryotic community composition and diver-
sity of two Craniella species and their early life
stages from the deep North Atlantic Ocean. In
particular we sought to address whether pro-
karyotic community composition, diversity,
and dominant microbial phyla differ between
different life stages (adults, embryos, and re-
cruits) of the two sponge species. Knowledge
about deep-sea sponge holobiont recruitment
and plasticity across life stages is crucial to en-
able, in the long term, an adequate conserva-
tion of sponge populations from vulnerable
marine ecosystems.

MATERIALS AND METHODS
Sampling

Sponges of different developmental stages
(adults, embryos, recruits) were collected dur-
ing two research cruises onboard the Norwe-
gian research vessel RV G.0.Sars (“GS2017110”
and “GS2018108”) to the North Atlantic Ocean
(Schulz Bank seamount at
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FIGURE 1 | Global distribution of the genus Craniella, as compiled from records in the Ocean Biogeographic Infor-
mation System (OBIS; squares) in March 2020.Sampling locations of individuals from our study are indicated by

points.

73.8°N, 7.5°E; and Stjernsund at 70.3°N,
22.5°E) in July 2017 and August 2018. Samples
were collected by remotely operated vehicle
(ROV AEgir, University of Bergen) or Agassiz
trawl at an average depth of 600 m below sur-
face. Tissue chunks of adult sponges and re-
cruits were subsampled onboard ship with
sterile scalpels from the mesohyl, rinsed, flash-
frozen and stored at -80°C for molecular anal-
yses. Additional pieces of tissue were subsam-
pled with biopsy punches and preserved
onboard ship for microscopy. Embryos were
carefully picked out of the parent sponges (Fig-
ure 2) with sterile spring steel forceps using a
stereomicroscope. After rinsing, 10 whole em-
bryos were each pooled per adult sponge to ac-
count for the small biomass, fixed in RNAla-
ter™ Stabilizing Solution (Thermo Fisher Scien-
tific, Waltham, MA, United States), stored at
4°C overnight, transferred to -20°C on the next
day and subsequently to -80°C. In addition, in-
tact embryos were preserved onboard ship for
microscopy. In terms of sample numbers, we
sampled eight adult C. infrequens sponges, of
which four were brooding embryos, and nine
C. infrequens recruits. During the cruise we fur-
ther sampled eight adult C. zetlandica sponges
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of which one was brooding embryos. In addi-
tion to our cruise activities, we sampled nine
C. zetlandica recruits in September 2018 from
an aquarium system (Bergen, Norway). The re-
spective parent sponges had been maintained
since summer 2017 in 45 L tanks with sea-wa-
ter flow through (1 L min™') pumped from the
adjacent fjord at 105 m depth below surface.
Seawater was treated with a 20 um drum filter
prior to flowing through the holding tanks. Un-
der these conditions spawning was docu-
mented frequently and the new recruits had
settled in the tanks. C. zetlandica recruits from
the aquarium system were smaller (and thus
most likely younger) than the in situ sampled C.
infrequens recruits and therefore flash-frozen
as awhole. In our case the new sponge recruits
had the following sizes: 1 cm mean diameter
for C. infrequens; and 0.3 cm maximal diameter
for C. zetlandica. Adult sponges of both sponge
species had the size of a fist. In summary, for
this study in total 39 sponge individuals of the
two sponge species were collected: C. zetland-
ica (eight adults, of which one was brooding
embryos, and nine recruits) and C. infrequens
(eight adults, of which four were brooding em-
bryos, and nine recruits). In addition to the
sponge samples, we also sampled 18



FIGURE 2 | (A) Photograph of an adult C. zetlandica individual with an attached red brittle star at the bottom. Scale
bar = 1 cm. (B) Photograph of an adult C. infrequens individual that was cut in half, showing numerous embryos
inside the sponge tissue. Scale bar 1 cm. (C) Stereomicroscopic magnification of C. zetlandica tissue. em, embryo.
Scale bar = 1 mm. (D) Stereomicroscopic magnification of C. infrequens tissue. em, embryo(s) brooding in the

mesohyl. Scale bar = 1 mm.

seawater microbial communities during the
two cruises (at all sponge sampling locations)
and from the aquarium system as environmen-
tal reference samples. Two liters of seawater
sample were filtered onto polyvinylidene fluo-
ride (PVDF) filter membranes (with 0.22 um
pore size; Merck Millipore) and stored at -80°C.

16S Amplicon Sequencing

DNA extraction was performed on either ~ 0.25
g of tissue or bulk of 10 pooled embryos using
the DNeasy Power Soil kit (Qiagen, Venlo,
Netherlands). For seawater samples DNA was
extracted of one half of a PVDF filter mem-
brane. Subsequent DNA quantity and quality
controls were performed with a NanoDrop
spectrophotometer and by polymerase chain
reaction with universal 16S primers (27F-
1429R; Weisburg et al.,1991), followed by gel
electrophoresis. For amplicon sequencing, the
V3-V4 variable regions of the 16S rRNA gene
were amplified in a one-step PCR with the pri-
mer pair 341F-806R (dual barcoding approach;
Kozich et al.,2013). The primer pair has the fol-
lowing nucleotide sequences: 5‘-CCTACGG-
GAGGCAGCAG-3‘ (Muyzer et al.,1993) and
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5-GGACTACHVGGGTWTCTAAT-3* (Caporaso et
al.,2011). Verification of PCR-products was per-
formed with gel electrophoresis, followed by
normalization and pooling of samples. Se-
guencing was conducted on a MiSeq platform
(MiSeqFGx, lllumina, San Diego, CA, United
States) using v3 chemistry. Zero mismatches
were allowed in the barcode sequence for de-
multiplexing.

Raw reads were quality-checked and
processed within the QIIME2 environment
(version 2018.11; Bolyen et al.,2019). Based on
forward reads (truncated to 270 nt), Amplicon
Sequence Variants (ASVs) were generated
using the DADA?2 algorithm (python-based; Cal-
lahan et al.,2016). Data were analyzed based
on ASVs instead of classical operational taxo-
nomic units (OTUs), in order to resolve fine-
scale community patterns and to use a state-
of-the-art method which profits from the error
correction model conducted by the DADA2 al-
gorithm. Singletons and chimeric sequences
were removed during this process.

Phylogenetic trees were calculated
based on the resulting ASVs via the FastTree2



plugin. Taxonomic classification of representa-
tive ASVs was achieved with the help of a pri-
mer- specific trained Naive Bayes taxonomic
classifier, based on the Silva 132 99% OTUs 16S
database (Quast et al.,2013). Taxonomic filter-
ing was applied on the dataset, meaning that
mitochondria, chloroplasts and unassigned se-
quences were removed. Further, a sampling
depth of 3,900 was applied to standardize the
number of reads across samples. Diversity
metrices were calculated, such as Shannon in-
dices (alpha diversity) and weighted UniFrac
distances (beta diversity). Non-metric multidi-
mensional scaling (nMDS) was conducted to
evaluate sample separation in ordination space
(based on weighted UniFrac distances). We
performed PERMANOVAs (999 permutations)
on weighted UniFrac distances, and Tukey
Posthoc tests on Shannon indices following
ANOVA type Il tests, to assess if the prokary-
otic community differed significantly between
sample groups. To evaluate further on the dif-
ferential abundance of microbial phyla present
in aquarium sponges (i.e., C. zetlandica re-
cruits) in comparison to in situ sampled
sponges (and in aquarium water vs in situ wa-
ter), we ran the Linear Discriminant Analysis
(LDA) Effect Size (LEfSe) algorithm (Segata et
al.,2011). Visualizations were created using R
(version 3.0.2 with the ggplot2 package loaded;
R Development Core Team,2008; Wick-
ham,2016) and Inkscape (version 0.92.4; Har-
rington the Inkscape Development
Team,2005). The ternary plot was created us-
ing the Ternary plot maker web tool
(Blom,2019; https://www.ternaryplot.com/).

and

In order to provide an independent
proof-of-concept accompanying our 16S am-
plicon sequencing results we performed quali-
tative microscopic analyses. These included
light microscopy, transmission electron micros-
copy (TEM), and fluorescence in situ hybridiza-
tion of the most dominant microbial phylum
detected by amplicon sequencing.  Especially
for the embryo-based DNA libraries we aimed
at confirming by microscopy that they con-
tained sequences which were indeed present
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within the embryos and not merely contami-
nants.

Light Microscopy and TEM

Tissue samples for light microscopy and TEM
were fixed in a cocktail of glutaraldehyde
(2.5%) with sodium chloride (0.34 M) and phos-
phate buffered saline (PBS; 0.4 M). Samples
were stored at 4°C. Back on land, samples were
washed 3x with buffer (at 4°C; 15 min per
washing step), post-fixed in 2% osmiumtetrox-
ide for 2 h and afterward washed three more
times with buffer (at 4°C; 15 min per washing
step). Subsequently partial dehydration was
conducted with an ascending ethanol series,
from 30% EtOH (2 x 15 min) to 50% EtOH (1 x
15 min), to 70% EtOH (2 x 15 min, including an
overnight storage at 4°C), to 90% EtOH (1 x 15
min) up to 100% EtOH (2 x 15 min). After dehy-
dration, the samples were gradually infiltrated
with LR-White resin (at room temperature).
The infiltration series covered the following
steps: from 1 x 1 h 2:1 EtOH:LR-White, to 1 x 1
h 1:1 EtOH:LR-White, to 1 x 1 h 1:2
EtOH:LR-White, up to 2 x 2 h pure LR-White.
Samples were transferred to gelatine embed-
ding capsules filled with fresh LR-White resin
and subsequently incubated for polymerization
at 57°C for two days. The resulting resin blocks
were manually pre-trimmed. Semithin sections
(0.5 um) were cut for light microscopy using an
ultramicrotome (Reichert-Jung ULTRACUT E;
Leica Camera AG, Wetzlar, Germany) which
was equipped with a diamond knife (DIATOME,
Biel, Switzerland). After staining with a Richard-
son solution (after Mulisch and Welsch,2015),
semi-thin sections were mounted onto Super-
Frost Ultra Plus® microscopy slides and visual-
ized with the help of an Axio Observer.Z1 mi-
croscope (Zeiss, Gottingen, Germany).

For TEM, ultrathin sections (70 nm)
were cut with the ultramicrotome, mounted on
pioloform coated copper grids (75 mesh) and
contrasted with uranyl acetate (20 min incuba-
tion and subsequent washing steps) as well as
with Reynold’s lead citrate (3 min incubation,
followed by washing steps). Visualization of the
ultra-thin sections was performed on a Tecnai



G2 Spirit Bio Twin transmission electron micro-
scope (FEI Company, Hillsboro, United States)
at an acceleration voltage of 80 kV.

Fluorescence in situ Hybridization

Sponge tissue samples were fixed overnight (at
4°C) onboard with 4% paraformaldehyde (PFA)
in 1xPBS (pH was adjusted to approximately 6.9
with the help of NaOH and HCI). For prepara-
tion of all FISH solutions, we used filtered
(0.22um membrane) diethylpyrocarbonate
(DEPC)-treated water (Thermo Fisher Scientific,
Waltham, United States) to inactivate RNase
enzymes, and performed autoclaving for steri-
lization of buffers and solvents onboard the
ship. After fixation with PFA, five washing steps
(3 min) were performed with 1xPBS (4°C). Sub-
sequently quenching of free aldehyde groups
was conducted by incubation with glycine
(50 mM) in 1xPBS for 15 min (room tempera-
ture). The quenching step was followed by five
additional washing steps (3 min) in DEPC water
(at 4°C). Dehydration was performed onboard
in a ascending ethanol series (molecular grade,
RNase free), covering the following steps: 30%
EtOH in 1xPBS (2 x 15 min at 4°C), 50% EtOH in
1xPBS (2 x 30 min). Samples were subsequently
stored at 20°C. Back on land, dehydration was
continued in following steps: 50% EtOH in
MilliQ water (1 x 15 min), 60% EtOH in MilliQ
water (2 x 15 min), 70% EtOH in MilliQ water
(2 x 15 min), 90% EtOH in MilliQ water (1 x
15 min) up to 100% EtOH (2 x 15 min). The sam-
ples were gradually infiltrated with LR-White
resin, polymerized, pre-trimmed and cut into
semithin sections (0.5 pm) with an ultramicro-
tome, in the same manner as described in sec-
tion 2.3. As embryos were embedded in whole,
cutting with the microtome was run for a sub-
stantial time, until the central part of the em-
bryo was reached. At the area with widest di-
ameter, sections were received and fixed onto
two separate SuperFrost Ultra Plus® micros-
copy slides. While one half of the slides was di-
rectly stained with a Richardson solution and
mounted using Biomount medium (Plano, Ger-
many; see description in section “Light Micros-
copy and TEM”). The other half was only fixed
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onto microscopy slides, without any staining or
covering in Biomount medium. Following the
procedures described in Bayer et al. (2018),
these latter samples were afterward labeled
with Chloroflexi clade-specific probes. In partic-
ular the following probes were used: Cal825
(5‘-[Cy3]-ACACCGCCCACACCTCGT-[Cy3]-3"; E.
coli binding positions 825 to 843) for Caldilin-
eae; Anal005 (5°-[Alexa Fluor 647]-
TCCGCTTTCGCTTCCGTA-[Alexa Fluor 647]-3%
E. coli binding positions 1005 to 1023) for
Anaerolineae; and SAR202-104 (5‘-[Alexa Fluor
488]-GTTACTCAGCCGTCTGCC-[Alexa Fluor
488]-3°; E. coli binding positions 104 to 122)
for the SAR202 group. A double labeling ap-
proach at 5 and 3‘ ends was performed for all
probes (Sigma-Aldrich, Germany).

Hybridization was performed in Sylgard
chambers (GEOMAR in-house production)
which were located inside an equilibrated hu-
mid chamber (at 46°C for 3 h). The hybridiza-
tion buffer consisted of 900 mM NaCl, 20 mM
Tris-HCI (pH = 7.4), 10% formamide, 0.01% so-
dium dodecyl sulfate and 20% dextransulfate.
All Chloroflexi clade-specific probes were co-
hybridized, in addition counterstaining of bac-
terial nucleic acids and sponge cell nuclei was
performed with pre-warmed DAPI in hybridiza-
tion buffer (1 ng/uL), with an incubation time
of 20 min at 46°C. After hybridization, the slides
were incubated in pre-warmed wash buffer
(450 mM NaCl, 20 mM Tris—HClI, 0.01% sodium
dodecyl sulfate) at 48°C for 25 min. The wash-
ing step was repeated twice. Subsequently, the
slides were carefully rinsed with ice cold molec-
ular grade water, dried and mounted in Mowiol
medium (Mowiol® 40-88, Kuraray Europe
GmbH, Tokyo, Japan). The same procedure was
conducted for a negative control for non-spe-
cific binding (i.e., hybridization buffer without
Chloroflexi-specific probes, but with an oligo-
nucleotide complementary to the probe
EUB338 (NON-338-probe; Wallner et al.,1993),
to prevent falling into the trap of false-positive
results. Fluorescence signals at the four specific
wavelength ranges were detected using an
Axio Observer.Z1 microscope equipped with



AxioCam 506 and Zen 2 software (version
2.0.0.0; Zeiss Germany).

RESULTS

In this study, the prokaryotic community com-
position of 39 Craniella sponge individuals was
analyzed. A visual overview of the denoising
stats is compiled in Supplementary Figure S1.
The complete dataset after quality filtering
consisted of 614,928 reads, which is 82% of the
initial input read count. On average each sam-
ple had 15,767 reads, but as several samples
contained less reads, a sampling depth of 3,900
was applied on the complete dataset for nor-
malization. Four adult C. infrequens individuals
and one adult C. zetlandica individual were
found brooding embryos inside their tissue
(Figure 2). For each of these brooding individu-
als, ten embryos had been picked and pooled.
In C. infrequens, the embryos were more nu-
merous compared to C. zetlandica and were
scattered throughout the mesohyl of the pa-
rental sponge. Prokaryotic diversity (as esti-
mated by Shannon index) was similar between
the developmental stages within each sponge
species (Figure 3 and Supplementary Table S1).
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FIGURE 3 | Prokaryotic alpha-diversity for the sam-
pled Craniella species. Shannon indices calculated
for the different developmental stages of C. zetland-
ica and C. infrequens.

Other alpha diversity indices (Pielou’s eveness,
Faith’s PD and number of observed ASVs) led to
a similar result (Supplementary Figure S2). Av-
erage Shannon indices were slighly lower in C.
zetlandica than in C. infrequens, despite not
statistically significantly (Figure 3 and Supple-
mentary Table S1). The prokaryotic community
compositions of both sponge species were sig-
nificantly different from seawater (Figure 4A
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and Supplementary Table S2). Further, C. infre-
quens and C. zetlandica displayed species-spe-
cific microbiomes, as shown by their distinct
clustering based on weighted UniFrac distances
and on PERMANOVA analyses (Figure 4B, with
some exceptions; Supplementary Table S2).
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FIGURE 4 | Prokaryotic beta-diversity across the
sampled Craniella species and reference samples.
(A) Clustering dendrogram based on weighted
UniFrac distances for all samples of seawater and
both sponge species. (B) Non-metric multidimen-
sional scaling (nMDS) plot based on weighted
UniFrac distances. The sponge species C. zetlandica
andC. infrequens are marked by different colors, the
different developmental stages (adult, recruit, and
embryo) are indicated by different symbols.

Overall C. zetlandica samples showed a slightly
higher variability than C. infrequens samples
(please note in this regard that while C. infre-
quens specimens were all sampled at the same
geographic location, C. zetlandica specimens
analyzed in this study originate from different
geographic locations).

With respect to the prokaryotic com-
munity composition, most bacterial phyla were



shared across all life stages, and were not par-
ticularly enriched in any specific life stage (Fig-
ure 5A). Chloroflexi were the most abundant
prokaryotic phylum in both sponge species and
across all life stages and SAR202 was the most
abundant clade, constituting on average 73%
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of all recorded Chloroflexi (Table 1). C. zetland-
ica recruits obtained from the aquarium sys-
tem were a noticeable exception that were
dominated by Proteobacteria and significantly
enriched in this phylum compared to in situ
sampled sponges (Figure 5B and Supplemen-
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FIGURE 5 | (A) Ternary plot of average prokaryotic phyla distributions for embryos, recruits, and adults of
C. zetlandica and C. infrequens. Colors of phyla are the same in both figures: (A,B). Circle size indicates relative
abundance of respective phyla. (B) Average prokaryotic community composition of C. zetlandica and C. infrequens
developmental stages as well as seawater. Microbial phyla are sorted in descending order by mean relative abun-
dances. Circle size indicates relative abundances (for exact relative abundance values consider the scale presented

at the right bottom).

tary Figure S3A). Proteobacteria were however
not significantly enriched in the aquarium wa-
ter compared to in situ sampled seawater (Sup-
plementary Figures S3B C). Neither were Chlor-
oflexi significantly depleted in the aquarium
water compared to in situ sampled seawater,
although Chloroflexi were significantly en-
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riched in the in situ sampled sponges compared
to the aquarium sampled sponges. A total of
390 Chloroflexi ASVs were detected in the 39
Craniella samples, of which 171 were present
in > 50% of the samples per category (adult,
embryo, recruit) (Figure 6A). Of these 171 com-
mon Chloroflexi ASVs, 16 were present in all life
stages and both species, while being absent



from seawater reference samples. These 16
ASVs are particularly abundant and account for
20— 40% of the total Chloroflexi prokaryotic
community in each sponge sample. Seven ASVs

of the 16 ASVs belong to the SAR202 clade,
while the remainder belongs to the classes
JG30-

TABLE 1 | Average relative abundances of Chloroflexi (Anaerolinae, Caldilineae, SAR202, others) as determined
by 16S amplicon sequencing. mean, and standard deviation per group are indicated.

Anaerolineales Caldilineales SAR202 clade Other Chloroflexi
C. zetlandica Adult 0.1 +£0.1 69+34 77.5+8.2 166+73
Embryo 0+ NA 7.9+ NA 71.4 £ NA 20.7 £ NA
Recruit 0+0 16.6 £ 6.0 52.0+ 14.2 32.44+9.1
C. infrequens Adult 0.2+0.1 6.0 + 4.1 852+ 4.4 87+20
Embryo 02+0.2 71+08 789 + 3.7 137 £ 3.5
Recruit 05+0.7 112+ 6.1 700+ 115 18.2 + 8.1

KF-CM66 (4 ASVs), Anaerolineae (2 ASVs), TK17
(2 ASVs), and the order SO85 (1 ASV).

We next explored whether the 171
common Chloroflexi ASVs are species-specific
or developmental stage-specific (Figures 6B,C).
We determined 46 ASVs as being C. zetlandica
specific (absent from C. infrequens), and 73
ASVs as being C. infrequens specific (absent
from C. zetlandica). For C. zetlandica 26 ASVs
were exclusively occurring in adults, 12 in em-
bryos, and 10 in recruits. For C. infrequens four
ASVs were occurring only in adults, 18 in em-
bryos, and four in recruits. Interestingly, one
Chloroflexi-ASV, occurred only in embryos of
both sponge species. This ASV was affiliated
with the Chloroflexi-class TK17, that could only
be classified to class-level. Upon blasting
against a sponge microbiome reference data-
base (Moitinho-Silva et al.,2017a), this particu-
lar ASV was found in 134 sponges samples, of
which 88 samples were identified as Geodia
barretti. In summary, the major fraction ofthe
detected Chloroflexi ASVs were sponge spe-
cies-specific but not developmental-stage spe-
cific. Further information on the relative
abundances of the ASV groups is presented in
Supplementary Figure S4.

Light microscopy revealed that bacte-
rial cells were numerous inside C. infrequens. In
the embryos, the microbial cells were re-
stricted to a narrow band at the peripheral rim
(Figures 7A,B), while the interior was devoid of
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cellular material or bacterial morphotypes.
An artifact resulting from cutting through the
possibly more fluidic embryo interior can how-
ever not be excluded. Fluorescence in situ hy-
bridization confirmed high abundances of
Chloroflexi, in particular SAR202, within the
“bacterial band” at the embryo rim (Figure 7C).
The negative control for non-specific binding
was negative (Supplementary Figures S5I-L).
Bacterial cells were further found to be abun-
dant and widely distributed in the mesohyl in
adult C. infrequens (Supplementary Figure
S6A). FISH confirmed high abundances of
SAR202 also for adult individuals (Supplemen-
tary Figure S6B). Microbial cells within the em-
bryos displayed diverse morphologies and
were found in dividing stages (see Figure 7D for
examples).

For C. zetlandica we observed an in situ
(stress-induced) release of ripe propagules,
visible by ROV live-footage in August 2018, dur-
ing the sampling campaign “GS2018108” in
Stjernsund (Supplementary Video S1:
doi.pangaea.de/10.1594/PANGAEA.918218).
We suspect a similar timing of spawning in
summer for those sponges maintained in the
aquarium system in Bergen, as high numbers of
settled recruits were found in October 2018
(Supplementary Figure S7). These observations
point to a synchronized reproductive cycle in
aquarium and in situ thriving C. zetlandica with
a spawning in late summer.
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FIGURE 6 | (A) Alluvial diagram showing grouping scheme of Chloroflexi ASVs. (B,C) Area proportional Venn-
diagram showing counts of common Chloroflexi ASVs being shared or specific across different life stages for (B)

C. zetlandica and (C) C. infrequens.

DISCUSSION

Deep-sea sponge grounds are underexplored
ecosystems that provide numerous goods and
services to the functioning of the deep-sea
(Maldonado et al.,2016), such as the provision
of food, habitat and refugia for commercially
relevant fish species. The need to preserve
these vulnerable marine ecosystems (VMEs) is
thus contradictory to the high demand for so-
cio-economic processes such as fishing in North
Atlantic waters. In this study we assessed the
prokaryotic diversity of two adult deep-sea
sponge species of the genus Craniella and their
developmental stages. These sponges are
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prominent although understudied members of
deep-sea sponge grounds and have further
been recorded in shelf-areas around the globe.
While there is one report on the Proteobacte-
ria- dominated microbiome of Craniella aus-
traliensis, which is a shallow water species in
the Indo-Pacific and South China Sea
(Anbuchezhian and Li,2014), the microbiome
of  C. infrequens and C. zetlandica have—to
our knowledge—not been characterized to
date.

Our results reveal that C. zetlandica
and C. infrequens are typical high microbial
abundance (HMA) sponges (Gloeckner et al.,



FIGURE 7 | Micrographs of one representative C. infrequens embryo (n = 3 inspected). Arrows point from the
outside to the inside. bac = band of bacterial cells (A) A whole C. infrequens embryo stained with Richardson
solution. Scale bar = 100 um. The dashed line indicates the band with highest bacterial densities (B) Brightfield
microscopy of the bacterial band, scale bar = 10 um. (C) Fluorescence in situ hybridization of the bacterial band.
Merged channels of SAR202 signals (orange) and the DAPI counter stain (blue) are shown, scale bar = 2 ym.
Micrographs of isolated hybridization signals for the specific probes (Anaerolinae, Caldilineae, and SAR202) are
included in Supplementary Figures S5A-D. (D) TEM close-up of microbial cells located within the bacterial band,

scale bars = 200 nm.

2014; Moitinho-Silva et al.,2017b). We base
this statement on our observation that both
sponge species harbor diverse and dense mi-
crobial communities within their tissues, as ob-
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served by TEM. This finding is further sup-
ported by the observation that the sponge mi-
crobiomes are dominated by Chloroflexi
(SAR202), which are known indicator taxa of
HMA sponges (Moitinho-Silva et al.,2017b).



The microbiomes of C. zetlandica and
C. infrequens were host-species specific and
distinctly different from seawater which is con-
sistent with previous reports on sponge micro-
biomes (Easson and Thacker,2014; Thomas et
al.,2016; Steinert et al.,2017). The prokaryotic
community composition and alpha diversity
were very similar between adults, embryos and
recruits within the same sponge species, indi-
cating that entire microbial consortia are very
likely vertically transmitted. Vertical transmis-
sion has been previously reported for a number
of shallow-water HMA sponges (i.e., Schmitt et
al.,2007; Bjork et al.,2019), but is, to the best of
our knowledge, novel in the context of sponge
species from sponge grounds. Our results indi-
cate that young deep-sea sponges can already
contain a high diversity and density of microor-
ganisms. Despite the observation of very
similar prokaryotic community compositions
between all examined life stages per species in
our study, the recruits of C. zetlandica fell
somewhat distant from all other samples in the
nMDS plots and were dominated by Proteobac-
teria. It is noteworthy that these samples were
collected in an aquarium system and not in the
field. Indeed, previous studies have shown that
the maintenance of marine organisms in cap-
tivity can affect the relative abundances of
some associated microbial taxa (Galand et
al.,2018). In addition, microbial variability has
been observed to be particularly high in re-
cently settled recruits compared to adult indi-
viduals (Schmitt et al.,2007; Busch et al.,2020).

The most dominant microbial phylum
in all in situ sampled sponges of both sponge
species and across all developmental stages
were Chloroflexi. Generally, the probability of
vertical symbiont-transmission is assumed to
be positively related with the dependence of
the host on the microbial partner partners
(Ewald,1987; Bull et al.,1991; Yamamura,1993;
Douglas,1994; Thompson,1994; Herre et
al.,1999; Wilkinson,2001; Sachs et al.,2011).
Bacteria of the phylum Chloroflexi (in particular
SAR202) are abundant and wide-spread in
HMA sponges (Moitinho-Silva et al.,2017b;
Bayer et al.,2018) and are suggested to play an
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important function in the degradation of recal-
citrant organic matter (Landry et al.,2017;
Bayer et al.,2018). We propose that the 16
Craniella core ASVs detected within our study
should be considered as sponge symbionts as
they were found in high abundances across
both species and all developmental stages,
while being absent from seawater. Almost half
of the 16 Craniella core ASVs belong to the
SAR202 clade, making it tempting to speculate
about a potential crucial functional role in re-
spect to (recalcitrant) organic matter cycling.
Our FISH analyses revealed high abundances of
Chloroflexi scattered within the bacterial band
at the inner periphery of sponge embryos. We
conclude that the transmission of Chloroflexi
through the embryonal stages reflects their
tight and evolutionarily long-standing integra-
tion in the sponge holobiont. Future research
efforts should be geared toward understanding
the specific functional roles of Chloroflexi
symbionts for deep- sea sponges.
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Establishment of adequate conservation areas represents a challenging but crucial task in the conser-
vation of genetic diversity and biological variability. Anthropogenic pressures on marine ecosystems
and organisms are steadily increasing. Whether and to what extent these pressures influence marine
genetic biodiversity is only starting to be revealed. Using 16S rRNA gene amplicon sequencing, we an-
alysed the microbial community structure of 33 individuals of the habitat-forming glass sponge Vazella
pourtalesii, as well as reference seawater, sediment, and biofilm samples. We assessed how two an-
thropogenic impacts, i.e. habitat destruction by trawling and artificial substrate provision (moorings
made of composite plastic), correspond with in situ V. pourtalesii microbiome variability. In addition,
we evaluated the role of two bottom fishery closures in preserving sponge-associated microbial diver-
sity on the Scotian Shelf, Canada. Our results illustrate that V. pourtalesii sponges collected from pro-
tected sites within fishery closures contained distinct and taxonomically largely novel microbial com-
munities. At the trawled site we recorded significant quantitative differences in distinct microbial
phyla, such as a reduction in Nitrospinae in the four sponges from this site and the environmental
references. Individuals of V. pourtalesii growing on the mooring were significantly enriched in Bac-
teroidetes, Verrucomicrobia and Cyanobacteria in comparison to sponge individuals growing on the
natural seabed. Due to a concomitant enrichment of these taxa in the mooring biofilm, we propose
that biofilms on artificial substrates may ‘prime’ sponge-associated microbial communities when small
sponges settle on such substrates. These observations likely have relevant management implications
when considering the increase of artificial substrates in the marine environment, e.g., marine litter,
off-shore wind parks, and petroleum platforms.

Keywords: Vazella pourtalesii, Sponge conservation areas (SCAs), Glass sponge grounds, Microbiome,
Ocean tracking network (OTN), Anthropogenic impact, Marine litter, Trawling

INTRODUCTION

Glass sponges (Hexactinellida) are extraordi- metazoans with an estimated origin of 800 mil-
nary animals with a skeleton made of silicon di- lion years ago as determined by molecular
oxide and a unique histology which is distinct clocks (Leys et al. 2007), and therefore repre-
from all other known sponge classes (Leys et al. sent promising candidates for examining evolu-
2007). The greatest taxonomic diversity of glass tionary ancient biological mechanisms and re-
sponges is found between 300 and 600 m lation- ships such as sponge-microbe interac-
depth, with only a few populations occurring in tions (Pita et al. 2018). The microbial commu-
shallow (euphotic) waters (Leys et al. 2007). nities associated with sponges can be very di-
Hexactinellids are among the most ancient verse, with more than 63 phyla reported previ-

ously (Thomas et al. 2016; Moitinho-Silva et al.
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2017). In order to gain a holistic understanding
of multicellular organisms, also their internal
symbiotic associations should be considered
(McFall-Ngai et al. 2013). Along similar lines,
the term ‘holobiont’ (syn. ‘metaorganism’
(Bosch and McFall-Ngai 2011)) has been de-
fined to cover the host plus its associated mi-
crobiota (Bordenstein and Theis 2015; Rohwer
et al. 2002). While the histology and trophic
ecology of glass sponges has been a matter of
several previous studies (Kahn and Leys 2017;
Kahn et al. 2018), the microbiology of glass
sponges still remains largely unexplored (but
see Steinert et al. 2020; Tian et al. 2016; Savoca
et al. 2019).

The glass sponge Vazella pourtalesii
(Schmidt 1870) is distributed along the conti-
nental margin of eastern North America from
the Florida Keys in the southeastern USA to the
Scotian Shelf off Nova Scotia, Canada, where it
forms pronounced monospecific aggregations
with densities reaching up to 4 individuals per
m? (Fig. 1; Fig. 2a, Kenchington et al. un-
published data). In 2013, Fisheries and Oceans
Canada (DFO) established two Sponge Conser-
vation Areas (the Sambro Bank and Emerald
Basin Sponge Conservation Areas, referred to
herein as SCAs) to protect two of the most sig-
nificant concentrations of V. pourtalesii from
bottom-fishing activities. However, these clo-
sures protect less than 2% of the total area cov-
ered by the V. pourtalesii sponge grounds
(Kenchington et al. unpublished data), and bot-
tom fishing activities continue to occur almost
immediately adjacent to their borders (DFO
2017).

Areas situated in the direct vicinity of
fisheries closures represent potentially lucra-
tive areas for fishing, as ‘spillover’ of fish stocks
from the protected sites may occur. Bottom
trawling is one of the most destructive ways to
catch fish (Kelleher 2005). Impacts include re-
duced fishing stocks, by-catch of non-target
species and destruction of habitat for benthic
invertebrates in the trawl path and neighboring
vicinity. At trawled sites, the local hydrodynam-
ics may be altered due to a removal of habitat-
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forming benthic structures (living and non-liv-
ing). Further, impacts at the population-, com-
munity,- and ecosystem-levels have resulted
from the removals of unintentionally (by-
caught) fished taxa (Ortufio Crespo and Dunn
2017). Benthic trawling also impacts the micro-
bial community: For example Jackson et al.
(2001) (and references therein) report a strong
increase in microbial cell numbers in the water
column associated with overfishing. For glass
sponges such as V. pourtalesii, the effects of
bottom trawling on the variability of microbial
community compositions are currently un-
known. In terms of sponge physiology, glass
sponges were previously observed to arrest
pumping in response to high sediment levels in
the water column (Tompkins-Macdonald and
Leys 2008), which may have an impact on the
oxygenation status inside the sponge tissue
and thus on the microbial community.

[
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FIGURE 1 | Map of sampling region on the Scotian
Shelf, Canada. Colours depict the probability of V.
pourtalesii occurrence based on the data presented
in Beazley et al. (2018). Yellow indicates areas where
the probability of occurrence is highest. The Sambro
Bank and Emerald Basin SCAs are depicted by
stripes. Sampling locations of V. pourtalesii in the
Emerald Basin SCA are indicated by white dots and
the white squares at the Sambro Bank SCA. The
white triangle depicts the position of the OTN moor-
ing and the white cross represents samples from the
fisheries-impacted site



FIGURE 2 | a In situ photographs of V. pourtalesii
with individuals being up to around 20 cm in height.
b Close-up of small V. pourtalesii growing on a moor-
ing float of the Ocean Tracking Network (photo cred-
its: DFO). Average size of small V. pourtalesii
growing on the mooring was approximately 1 cm.
Scale bar at right bottom represents 10 cm and
applies only to the whole mooring float in Fig. 2b

Several recent studies have explored
the response of sponges and their microbiomes
(hereafter referred to as ‘holobionts’) to an-
thropogenic stressors, such as ocean warming,
acidification, eutrophication, sedimentation
and pollution (reviewed in Pita et al. (2018);
Slaby et al. (2019)). The increase in artificial
substrates such as plastics in the oceans repre-
sents another anthropogenic-induced
impact that could potentially adversely affect
sponge holobionts. Especially in shelf areas, pe-
troleum platforms, off-shore wind parks and in-
creased loads of litter may represent new set-
tlement opportunities for sponge larvae or
gemmules. Artificial substrates have been ob-
served to be exposed to microfouling and bio-
film development (Balgadi et al. 2018). It is thus
conceivable that biofilms on artificial sub-
strates may influence the sponge holobiont
settlement and development on such sub-
strates. The recent discovery that V. pourtalesii
uses oceanographic moorings (belonging to the
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Halifax Line of the Ocean Tracking Network
(OTN)) as settlement substrate enabled the
testing of this hypothesis. The present study
aims to describe and compare the microbial
community composition of the glass sponge V.
pourtalesii collected from protected environ-
ments (i.e., within the Sambro Bank and Emer-
ald Basin SCAs), a fisheries-impacted site im-
mediately adjacent to the border of the Sam-
bro Bank SCA, as well as from an artificial sub-
strate (plastic mooring float cover). This study
contributes to a deeper understanding of how
marine sponge holobionts respond to human
pressures.

METHODS
Field work

Samples were collected during two oceano-
graphic research missions to the Vazella
sponge grounds on the Scotian Shelf, off East-
ern Canada. The first mission took place in July/
August 2016 onboard Canadian Coast Guard
Ship (CCGS) Hudson (Hudson2016-019; Kench-
ington et al. 2017), where Oceaneering’s Spec-
trum remotely operated vehi- cle (ROV) and a
mega-box corer were used to collect V. pourta-
lesii from the Emerald Basin SCA (protected
site) between 184 and 206 m depth. The sec-
ond mission was conducted in September 2017
onboard CCGS Martha L. Black (MLB2017001;
Beazley et al. 2017), where sponge samples
were collected during multiple deployments of
the ROV ROPOS (Canadian Scientific Submersi-
ble Facility, Victoria, Canada) between 153 and
161 m depth at a single station near the centre
of the Sambro Bank SCA (protected site). Fur-
thermore, during this mission, sponge samples
were collected outside the closure immediately
adjacent to its southeast border at 198 m
depth, in an area that was subjected to rela-
tively recent bottom trawling activity (indi-
cated by the presence of deep trawl marks in
the general vicinity of the collection site). In to-
tal 33 sponges were



collected: eight and 13 individuals from the
Emerald Basin and Sambro Bank SCAs (pro-
tected sites), and four from the fisheries-im-
pacted site adjacent to the Sambro Bank SCA.
Additionally, eight specimens were collected
from an Ocean Tracking Network (OTN) moor-
ing located approximately 10 km northwest of
the Sambro Bank SCA (for map of sampling lo-
cations see Fig. 1). The mooring (for a picture
of the OTN mooring see Fig. 2b) was anchored
~ 5 m above the seabed and was deployed for
~ 13 months (15th of August 2016-5th of Sep-
tember 2017) prior to its recovery. Sample
metadata were deposited in the Pangaea data-
base.

From each V. pourtalesii specimen,
pieces of sponge biomass were subsampled
and rinsed by transferring them three times
through sterile filtered seawater. Excess liquid
was then removed, the samples were flash fro-
zen, kept continuously frozen during transpor-
tation on dry-ice, and stored at — 80 °C until
DNA extraction. For the mooring samples, com-
plete sponge individuals were frozen at — 80 °C
due to their small size. Seawater samples (2 L)
were collected (concomitantly with sponge
sampling) at every location in quadruplicates
and each filtered onto PVDF filter membranes
(Merck Millipore) with a pore size of 0.22 um
and a diameter of 47 mm. Filters were stored
at - 80 °C until DNA extraction. Sediments were
collected using ROV push corers or box corer
deployments at the same locations where
sponges and seawater were collected contem-
poraneously. The top of each core was sliced
off, the upper 2 cm of the sediment was col-
lected and stored at — 80 °C until DNA extrac-
tion. Biofilms were scraped off the mooring
float (where no vis- ible encrusting fauna was
present) using cotton swabs (Carl Roth, Karls-
ruhe, Germany), placed into sterile tubes and
frozen at — 80 °C. All sponge, seawater, sedi-
ment and biofilm samples covered in this study
originated from the same water mass (dis-
cussed in Beazley et al. 2018). Throughout this
study we use the term ‘environmental refer-
ences’ for seawater and sediment microbial

83

communities. For assessing the impact of fish-
eries and artificial substrate provision on V.
pourtalesii microbial communities, we use
Sambro Bank protected sponges as the base-
line for comparison.

Amplicon sequencing DNA extraction
was conducted on ~ 0.25 g of sponge tissue, ~
0.25 g of sediment, half a seawater filter or the
complete cotton woolen part of a swab using
the DNeasy Power Soil Kit (Qiagen, Venlo, The
Netherlands). Extracted DNA was quantified
using Qubit fluorometer measurements and
their quality assessed by a polymerase chain re-
action (PCR) with the universal 16S rRNA gene
primers 27F + 1492R and subsequent gel elec-
trophoresis on 1% agarose. The V3 and V4 var-
iable regions of the 16S rRNA gene were ampli-
fied in a one-step PCR using the primer pair
341F-806R in a dual-barcoding approach
(Kozich et al. 2013). The nucleotide sequences
of the primers are as follows: 5-CCTACGG-
GAGGCAGCAG-3' (Muyzer et al. 1993) and 5'-
GGACTA CHVGGGTWTCTAAT-3' (Caporaso et
al. 2011). PCR-products were verified by gel
electrophoresis, normalised and pooled. Se-
quencing was performed on a MiSeq platform
(MiSeqgFGx, Illumina, San Diego, USA) using v3
chemistry (producing 2 x 300 bp). Demultiplex-
ing after sequencing was based on 0 mis-
matches in the barcode sequences. Raw reads
were archived in the NCBI Sequence Read Ar-
chive.

Bioinformatics and statistics For anal-
ysis of sequencing data, raw sequences were
first quality-filtered using BBDUK (BBMAP ver-
sion 37.75; Bushnell 2017). Quality trimming
was conducted on both ends of the reads (re-
moval of first and last 13 nt) with Q20 and a
minimum length of 250 nt. Quality of
sequences was evaluated with FastQC (version
0.10.1; Andrews 2010) and output aggregated
with MultiQC (version 0.9; Ewels et al. 2016).
The post-filtered sequences were processed
with QIIME2 (versions 2018.6 and 2018.8;



Bolyen et al. 2019). The DADA?2 algorithm
(Callahan et al. 2016) was used, which retains
Amplicon Sequence Variants (ASVs). Reads
were denoised and consensus removal of
chimera was conducted. One million reads
were used to train the error model. Chloroplast
and mitochondrial sequences were removed
from further analyses. Assignment of taxon-
omy was conducted using a Naive Bayes classi-
fier (Bokulich et al. 2018) trained on the Silva
132 99% OTUs 16S database (Quast et al.
2013). We used the term ‘unclassified’ which is
defined as ‘no hit’ in this taxonomic classifica-
tion. This information was used to identify po-
tentially novel microbial diversity in V. pourta-
lesii. Ambiguous classifications (such as ‘uni-
dentified bacteria’) are included in the ‘known
sequences’ fraction as those sequence have
been recorded and deposited before.

FastTree2 (Price et al. 2010) was used
to generate a phylogeny based on ASVs. Subse-
qguently, weighted UniFrac distances (phylog-
eny-based B-diversity metrices) were calcu-
lated (Lozupone et al. 2005). Non-metric
multidimensional scaling (NMDS) was per-
formed on weighted UniFrac distances to visu-
ally assess sample separation in ordination
space. A permutational multivariate analysis of
variance (PERMANOVA) was conducted on
weighted UniFrac distances to determine
whether groups of samples were significantly
different from one another. Pairwise tests
were performed between all pairs of groups
(applied signifi- cant level a = 0.05). Multivari-
ate analyses were run inside QIIME2 and R.

In addition to phylogeny-based
metrics, quantitative measures of community
richness were also calculated (e.g. Shannon's
Diversity Index). The Linear Discriminant Anal-
ysis (LDA) Effect Size (LEfSe) algorithm (Segata
et al. 2011) was applied to determine if micro-
bial phyla differed significantly among groups
and rank them according to estimated effect
sizes of the significant variations. To accom-
plish this, first a factorial Kruskal-Wallis sum-
rank test was performed on feature tables to
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detect features (i.e. microbial taxa) with signif-
icant differential abundance between groups
(applied significant level a = 0.05). Wilcoxon
rank-sum tests were then run to perform pair-
wise tests among subgroups (applied signifi-
cant level a=0.05). Finally, a LDA estimated the
effect size of each differentially abundant fea-
ture (applied threshold on the logarithmic LDA
score for discriminative features = 2.0).

The majority of plots were produced
using R statistical software version 3.0.2 (R De-
velopment Core Team 2008) and arranged
using Inkscape (version 0.92.3; Harrington and
Team 2005). The V. pourtalesii presence prob-
ability raster (Fig. 1) was visualised with QGIS
(version 2.18.4; QGIS Development Team
2017).

RESULTS
Microbial diversity of V. pourtalesii

In the present study, we assessed the microbial
community structure of 33 V. pourtalesii indi-
viduals as well as environmental reference
samples by 16S rRNA gene amplicon sequenc-
ing. The microbiomes of the V. pourtalesii
sponges clustered together, and were distinct
from seawater and sediment microbiomes (Fig.
3). Overall, the V. pourtalesii microbiomes
showed a higher variability of their a-diversity
than the environmental reference microbi-
omes (seawater, biofilm, seawater). Rarefac-
tion curves (a-diversity) revealed further that
microbial richness (average number of ASVs
per sample) was highest in the biofilm samples
collected from the OTN mooring, second
highest in seawater, and lowest in V. pourtalesii
samples (Online Resource 1: S1). Also, in terms
of diversity indices (Shannon index), alpha di-
versity was lowest in the V. pourtalesii microbi-
omes. While Proteobacteria were the most
dominant phylum in all sample types (sponge:
78.8% of total, seawater: 47.4%; sediment:
54.7%; and biofilm: 56.6%), Patescibacteria
were particularly abundant members of the
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FIGURE 3 | Non-metric Multidimensional Scaling
(NMDS) plot on weighted UniFrac distances. Each
marker represents a single microbial community.
Symbols represent sampling location: squares show
samples from Sambro Bank, circles represent sam-
ples from Emerald Basin, triangles are mooring sam-
ples and crosses are samples from the fisheries im-
pacted site. Colors depict sample type: green marks
V. pourtalesii samples, blue marks seawater sam-
ples, yellow is for mooring biofilm and red represents
sediment samples

V. pourtalesii microbiome (4.6%), followed by
Bacteroidetes (3.4%), Spirochaetes (2.9%), and
Planctomycetes (2.8%), (Fig. 4). Despite a dis-
tinct microbial fingerprint on different taxo-
nomic levels (e.g., at ASV-level, as well as phy-
lum-level), V. pourtalesii microbiomes showed
a higher variability in terms of their a-diversity
than environmental microbiomes. We further
observed a higher proportion of previously un-
recorded microbial taxa at every hierarchical
taxonomic level (microbial phylum down to mi-
crobial order level) in the microbiomes of V.
pourtalesii than in the seawater samples (Table
1). At the genus level, 40.2% of the amplicon
sequences of V. pourtalesii could not be taxo-
nomically assigned (compared to 16.2% in sea-
water). The largest increase of unclassified
reads was observed from class to order level
(from 0.4% to 31.6% respectively). In compari-
son to environmental microbiomes (seawater,
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sediment, and biofilm) V. pourtalesii microbi-
omes were particularly enriched in Proteobac-
teria and Patescibacteria (Fig. 5a).

Acidobacteria
Actinobacteria I :
Bacteroidetes I W >70-80
Calditrichaeota Bl >50-60
Chlamydiae B>40-50
Chloroflexi ] B>20-30
Cyanobacteria
Dadabacteria l>10-20
Entotheonellaeota B>7-10
Euryarchaeota >5-7
Firmicutes >3-5
Fusobacteria S1-3
Gemmatimonadetes
Latescibacteria >0-1
Margulisbacteria 0
Marinimicrobia [ ]
Nanoarchaeaeota
Nitrospinae Sponge
Nitrospirae
Patescibacteria i Seayvater
Planctomycetes Sediment
Proteobacteria u S Biofilm
Spirochaetes .
Tenericutes
Verrucomicrobia
Zixibacteria

Sponge Seawater Sediment Biofilm

FIGURE 4 | Heatmap showing the relative
abundances [%] of microbial phyla per sample type:
sponge, seawater, sediment and mooring biofilm

Table 1 | Average fractions of unclassified 16S rRNA
gene sequences in V. pourtalesii and in seawater at
the different hierarchical taxonomic levels indicating
a high level of novelty in particularly sponge associ-
ated microbial communities

Unclassified
sequences [%] in
seawater

Taxonomic level  Unclassified sequences

[%] in Vazella pourtalesii

Phylum 0.3 0.1
Class 0.4 0.3
Order 31.6 1.5
Family 36.1 10.9
Genus 40.2 16.2

Response of the V. pourtalesii microbiome to
anthropogenic activities

We then assessed the changes of the sponge
microbiome upon human activity, including
also implemented protection efforts in form of
sponge conservation areas. A significant differ-
ence in V. pourtalesii microbiomes between
the Sambro Bank and Emerald Basin SCAs was
observed (Table 2), with several microbial
phyla significantly enriched in one site over the
other (Fig. 5b). For example, Patescibacteria
were significantly enriched in Sambro Bank



sponges, while Proteobacteria were signifi-
cantly enriched in Emerald Basin sponges. We
further compared inter-location variability (i.e.,
V. pourtalesii individuals between the Emerald
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FIGURE 5 | Linear discriminant analysis (LDA) Effect Size (LEfSe) plots. Analysis was performed on microbial
phylum level, the rank in the plot is given according to effect size. a Shows data for different sample types (sponge,
seawater, sediment and mooring biofilm samples). Here, only the four most significantly different phyla are shown
per group. For b-d, where only sponge samples were inspected, all phyla are shown. b Shows differences between
sponge conservation areas (SCAs), Sambro Bank and Emerald Basin. c-d) Show microbial taxa increased or de-
creased upon anthropogenic pressures. ¢ Shows protected vs. fisheries-impacted sites and d shows growth of
sponges in their natural habitat in sponge grounds vs moorings). For all plots, filled bars show microbial taxa with
significant effects only in sponge samples; striped bars additionally indicate that these taxa have a significant effect
for all three sample types (sponge, seawater and sediment). Dots next to or below plots indicate relative abundance
of taxa within the V. pourtalesii microbial community. The respective scale is indicated at the lower part of the

illustration
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TABLE 2 | Pairwise comparisons of beta-diversity are shown for the microbial communities across different sample
types, sampling locations, and anthropogenic impacts. Technically, pseudo-F and p-values of pairwise

PERMANOVAs on weighted UniFrac matrices are shown

Groupl Group2 Pseudo-F p-value
SambroBankSCA_Sponge SambroBankSCA_Seawater 47.65 <0.01
SambroBankSCA_Sponge SambroBankSCA_Sediment 29.76 <0.01
SambroBankSCA_Seawater SambroBankSCA_Sediment 31.35 <0.01
EmeraldBasinSCA_Sponge EmeraldBasinSCA _Seawater 35.62 0.01
EmeraldBasinSCA_Sponge EmeraldBasinSCA _Sediment 45.33 <0.01
EmeraldBasinSCA_Seawater EmeraldBasinSCA_Sediment 26.87 <0.01
SambroBankSCA_Sponge OTNMooring_Sponge 7.86 <0.01
Sponge OTNMooring_Biofilm 26.37 <0.01
Seawater OTNMooring_Biofilm 18.16 <0.01
Sediment OTNMooring_Biofilm 14.14 <0.01
SambroBankSCA_Sponge EmeraldBasinSCA_Sponge 6.81 <0.01
SambroBankSCA _Seawater EmeraldBasinSCA _Seawater 1.57 0.11
SambroBankSCA_Sediment EmeraldBasinSCA _Sediment 5.88 <0.01
SambroBankSCA_Sponge FisheriesImpactedSite_Sponge 1.67 0.12
SambroBankSCA _Seawater FisheriesImpactedSite_Seawater 2.5 0.02
SambroBankSCA_Sediment FisheriesImpactedSite_Sediment 1.73 0.07
FisheriesImpactedSite_Sponge FisheriesImpactedSite_Seawater 11.76 0.03
FisheriesImpactedSite_Sponge FisheriesImpactedSite_Sediment 10.57 0.08
FisheriesImpactedSite_Seawater FisheriesImpactedSite_Sediment 9.83 0.09

intra-location variability was not
(PERMANOVA, Online Resource 1: Table S1,
mean weighted UniFrac distance = 0.29). Fur-
ther, a smaller mean weighted UniFrac
distance was observed between sponges of the
same location (Emerald Basin SCA), compared
to sponges at different sampling locations (Em-
erald Basin SCA vs. Sambro Bank SCA). In terms
of trawling impact, certain microbial taxa were
depleted or enriched in V. pourtalesii individu-
als originating from the trawled site compared
to the protected sites (Fig. 5¢). For example, Ni-
trospinae were significantly depleted in V.
pourtalesii individuals originating from the
trawled site adjacent to the Sambro Bank SCA
(in both sponges as well as environmental ref-
erences). Nitrospinae are nitrite-oxidising bac-
teria and have previously been found in deep-
sea glass sponges (Tian et al. 2016). With re-
spect to sponge growth on artificial substrates
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(moorings), their microbial community compo-
sition differed significantly from sponges grow-
ing in their natural habitat (Table 2). Sponges
from the artificial mooring substrate were sig-
nificantly enriched in Bacteroidetes, Verru-
comicrobia and Cyanobacteria which were also
enriched in the mooring biofilm (Fig. 5d).

DISCUSSION

This study is the first to report on the microbi-
ome composition of the glass sponge Vazella
pourtalesii, that forms pronounced monospe-
cific aggregations with high densities on the
Scotian Shelf, Canada (Fuller 2011; Beazley et
al. 2018) that are not found elsewhere in the
world’s oceans. Our results suggest that V.
pourtalesii contains its own distinct microbial
community that is different from seawater and
sediment samples. The observed pattern of
lower alpha diversity in V. pourtalesii com-
pared to environmental reference samples is in
line with previous observations showing that
sponge-associated microbial communities are



usually less complex than those of seawater or
sediments (Thomas et al. 2016). We propose
that V. pourtalesii represents a rich reservoir of
novel microbial taxa, even at high taxonomic
ranks (e.g. class-level: 31.6% unclassified). The
high abundance of Patescibacteria in V. pourta-
lesii is particularly striking when compared to
the microbiomes of other glass sponges (Tian
et al. 2016) and also when compared to the en-
vironmental reference samples in our study.
This microbial phylum is generally assumed to
depend on symbiotic animal hosts to cover
their basic metabolic requirements (Castelle et
al. 2018).

V. pourtalesii microbial community composi-
tion varies between the Sambro Bank and Em-
erald Basin Sponge Conservation Areas

Compared to the conservation efforts towards
the protection of animal and plant biodiversity,
comparably little is currently known about the
needs to protect microbial biodiversity. This is
striking as Webster et al. (2018) and others
point out very clearly that microorganisms un-
derpin ecosystem health and hence should
deserve committed conservation and manage-
ment endeavors. In our study, we explored the
variation in microbial community composition
residing in sponges from two SCAs. We ob-
served that the variations in sponge-associated
microbiomes were smaller within sites than be-
tween sites. We cannot rule out whether a
temporal effect may have led to the observed
differences between sites, as all Emerald Basin
samples were collected in 2016, while all other
samples were collected in 2017. However,
since no significant differences in seawater mi-
crobial communities between both years were
observed (Table 2), we deduce that temporal
effects were not detectable in the water sur-
rounding the sponges. Our results of variable
microbial community compositions between
Emerald Basin SCA V. pourtalesiis and Sambro
Bank SCA V. pourtalesiis illustrate that fisheries
closures are important for the conservation of
not only macro-, but also microbial biodiver-
sity.
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Deviations of the V. pourtalesii microbial com-
munity composition at a trawled site

We observed significantly different relative
abundances of distinct microbial phyla from
bottom-trawled areas, such as a reduction of
Nitrospinae in sponges and reference samples.
On the other hand, Planctomycetes, Actinobac-
teria as well as Tenericutes were significantly
enriched in V. pourtalesii individuals originating
from the fisheries-impacted site, but not in the
seawater or other samples taken from these
sites. Although we observed significant enrich-
ments or depletions of individual microbial
phyla, the overall V. pourtalesii microbial com-
munity composition did not differ significantly
between the protected and fisheries-impacted
site in a permanova analyses based on
weighted UniFrac distances. As outcomes of
permanova analyses strongly depend on sam-
ple sizes, we cannot exclude a technical issue in
this regard (as n = 4). However, these results
arein line with Luter et al. (2012) who observed
no shifts in the microbial community of the
Great Barrier reef sponge lanthella basta asso-
ciated with increased sedimentation, when
considering the total microbial community ra-
ther than individual microbial taxa. In another
study on five shallow water sponge species,
again no significant effect of increased sedi-
ment loads was observed, while minor effects
included an increased reliance on phototrophic
feeding under high suspended sediment loads
(Pineda et al. 2016). Future studies with tar-
geted sampling, higher replication, and wet-lab
experimentation are needed to fully assess the
impact of trawling on deep-sea sponges and
their microbiomes.

While seawater and sediment microbi-
omes differed significantly from each other at
the protected sites in our study, microbial com-
munity composition was similar for the two
sample types at the fisheries-impacted site.
Seawater microbial community composition
was significantly different at the fisheries-
impacted site in comparison to the protected
site, while the sediment microbial community
was similar at both sites. From these two



observations we conclude that trawling might
have an effect on the seawater microbial com-
munity in a way that the seawater community
becomes more similar to that of sediments. We
posit that this may be due to direct and indirect
effects of trawling-induced sediment suspen-
sion. While a direct translocation of microbial
community members may occur from the sed-
iment to the seawater, sediment resuspension
may also lead to an increased eutrophication,
thus promoting a rise of opportunistic bacterial
clades in response to the release of biogeo-
chemical elements (such as e.g., phosphorous)
from the sediment into the water column.

Deviations of the V. pourtalesii microbial com-
munity composition growing on an artificial
substrate

Artificial structures have the potential to act as
stepping stones, enabling species to broaden
their distributions in the marine environment
(Adams et al. 2014). Our results suggest that
the biofilms on artificial substrates may ‘prime’
the sponge-associated microbial communities
when small sponges settle on such substrates.
Our finding of a different microbial community
in mooring V. pourtalesii individuals compared
to protected ones raises the possibility of these
structures changing the microbial diversity of
adjacent and newly established benthic popu-
lations seeded from such sources. Individuals
of V. pourtalesii growing on the artificial sub-
strate showed a higher degree of microbiome
variation compared to those collected from
their natural habitat (Online Resource 1: S2).
This variation may be due to the fact that
sponges growing on the moorings were still
small and had presumably settled within a
maximum of 13 months following mooring de-
ployment, and thus their microbiomes may not
yet have been fully established.

Conclusions

In the present study two anthropogenic
impacts, exposure to trawling activity and
growth on plastic moorings, on the V. pourtale-
sii microbiomes were explored. In addition, we
evaluated the role of two fisheries closures in
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preserving sponge-associated microbial
diversity on the Scotian Shelf, Canada. We
conclude first and foremost, that the Emerald
Basin and Sambro Bank Sponge Conservation
Areas are ecologically important, as they
contain distinct and largely unclassified benthic
microbial communities found within sponges
or sediments. Variability of the microbial
community was comparably high between V.
pourtalesii individuals, pointing towards the
need to minimise sponge loss through anthro-
pogenic pressures (e.g., direct trawling) in
order to protect the full range of microbial
biodiversity. We further observed significant
guantitative differences (in terms of relative
abundances) in distinct microbial phyla, such as
a reduction in Nitrospinae in sponges and sam-
ples from the surrounding environment in ar-
eas subjected to bottom trawling. With respect
to sponges growing on plastic moorings, signif-
icant differences in their microbiome were ob-
served compared to sponges growing on natu-
ral substrates. V. pourtalesii individuals grow-
ing on a mooring surface were significantly en-
riched in Bacteroidetes, Verrucomicrobia and
Cyanobacteria compared to those growing on
natural substrates. This could be explained by
either the plastic settlement substrate or the
younger age of sponges growing on the moor-
ings. Importantly, V. pourtalesii is a rich and
unique reservoir of microbial biodiversity that
deserves conservation effort.
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Few studies have explored the microbiomes of glass sponges (Hexactinellida). The present study seeks
to elucidate the composition of the microbiota associated with the glass sponge Vazella pourtalesii
and the functional strategies of the main symbionts. We combined microscopic approaches with
metagenome-guided microbial genome reconstruction and amplicon community profiling toward this
goal. Microscopic imaging revealed that the host and microbial cells appeared within dense biomass
patches that are presumably syncytial tissue aggregates. Based on abundances in amplicon libraries
and metagenomic data, SAR324 bacteria, Crenarchaeota, Patescibacteria, and Nanoarchaeota were
identified as abundant members of the V. pourtalesii microbiome; thus, their genomic potentials were
analyzed in detail. A general pattern emerged in that the V. pourtalesii symbionts had very small
genome sizes, in the range of 0.5 to 2.2 Mb, and low GC contents, even below those of seawater rela-
tives. Based on functional analyses of metagenome-assembled genomes (MAGs), we propose two ma-
jor microbial strategies: the “givers,” namely, Crenarchaeota and SAR324, heterotrophs and facultative
anaerobes, produce and partly secrete all required amino acids and vitamins. The “takers,” Nanoar-
chaeota and Patescibacteria, are anaerobes with reduced genomes that tap into the microbial
community for resources, e.g., lipids and DNA, likely using pilus- like structures. We posit that the ex-
istence of microbial cells in sponge syncytia together with the low-oxygen conditions in the seawater
environment are factors that shape the unique compositional and functional properties of the micro-
bial community associated with V. pourtalesii.

IMPORTANCE

We investigated the microbial community of V. pourtalesii that forms globally unique, monospecific
sponge grounds under low-oxygen conditions on the Scotian Shelf, where it plays a key role in its
vulnerable ecosystem. The microbial community was found to be concentrated within biomass patches
and is dominated by small cells (<1 um). MAG analyses showed consistently small genome sizes and
low GC contents, which is unusual compared to known sponge symbionts. These properties, as well as
the (facultatively) anaerobic metabolism and a high degree of interdependence between the dominant
symbionts regarding amino acid and vitamin synthesis, are likely adaptations to the unique conditions
within the syncytial tissue of their hexactinellid host and the low-oxygen environment.

Keywords: glass sponge, Porifera, Hexactinellida, symbiosis, microbiome, microbial metabolism, metagenomic binning,
SAR324, Crenarchaeota, Patescibacteria, Nanoarchaeota, glass sponge
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INTRODUCTION

The fossil record shows that sponges (Porifera)
have been essential members of reef commu-
nities in various phases of Earth’s history and
even built biohermal reefs in the mid-Jurassic
to early-Cretaceous (1). Today, extensive
sponge aggregations, also known as sponge
grounds, are found throughout the World’s
oceans, from temperate to arctic regions along
shelves, on ridges, and on seamounts (2). They
can be mono- to multispecific with a single or
various sponge species dominating the benthic
community, respectively. In sponge ground
ecosystems, these basal animals play a crucial
role in the provision of habitat, adding struc-
tural complexity to the environment and
thereby attracting other organisms, ultimately
causing an enhancement of local biodiversity
(3-5).

Studies on demosponges have shown
that they harbor distinct and diverse microbial
communities that interact with each other,
their host, and the environment in various
ways (6, 7). The microbial consortia of sponges
are represented by diverse bacterial and
archaeal communities, with >63 prokaryotic
phyla having been found in sponges so far (6,
8). These sponge microbiomes display host
species-specific patterns that are distinctly
different from those of seawater in terms of
richness, diversity, and community composi-
tion. Microbial symbionts contribute to holobi-
ont metabolism (e.g., via nitrogen cycling and
vitamin production) and defense (e.g., via
secondary metabolite production) (reviewed in
reference 7). Sponges and their associated mi-
crobial communities (here termed holobionts)
further contribute to fundamental biogeo-
chemical cycles like nitrogen, phosphorous,
and dissolved organic matter in the ecosystem,
but the relative contribution of microbial sym-
bionts remains mostly unresolved (1, 7, 9, 10).

Sponges of the class Hexactinellida
(glass sponges) are largely present and
abundant in the mesopelagic realm below 400
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feet. They can form extensive reefs of bioher-
mal character and can dominate the sponge
ground ecosystems (1, 11). Glass sponges are
characterized by a skeleton of siliceous spicules
that is six-rayed symmetrical with square axial
proteinaceous filament (12). Much of the body
is composed of syncytial tissue, which
represents extensive and continuous regions of
multinucleated cytoplasm (12, 13). Nutrients
also are transported via the cytoplasmic
streams of these trabecular syncytia (12). Some
discrete cell types exist, including choanocytes
and the pluripotent archaeocytes that are likely
nonmotile and, thus, not involved in nutrient
transport in Hexactinellida (12). While the mi-
crobial symbiont diversity and functions are
well studied in Demospongiae, much less is
known about the presence and function of mi-
crobes in glass sponges. In fact, microorgan-
isms have rarely been seen in glass sponges
(12). However, a recent study of South Pacific
sponge microbial communities has shown that
general patterns seen previously in shallow-
water sponge microbiomes, such as host
specificity and low microbial abundance-high
microbial abundance dichotomy, are generally
applicable for these deep-sea sponge microbi-
omes as well, including those of glass sponges
(14). Another study underlined the importance
of ammonia-oxidizing archaea (family Nitro-
sopumilaceae, phylum Thaumarchaeota) in the
deep-sea hexactinellid Lophophysema eversa
using metagenomic data (15).

Here, we investigate the microbial
community of Vazella pourtalesii (16), a glass
sponge (class Hexactinellida) that forms
globally unique, monospecific sponge grounds
on the Scotian Shelf off Nova Scotia, Canada.
This ecosystem is characterized by relatively
warm and nutrient-rich water with low oxygen
concentrations (1, 17, 18). While there have
been a number of studies on the distribution,
biomarkers, and possible functional roles of
V. pourtalesii in the ecosystem (1, 17, 19), little
has been published to date on its associated
microbiota (20). According to phylogenetic and



fossil studies, sponges (including glass sponges)
originate from Neoproterozoic times when ox-
ygen was limited (21). Moreover, laboratory
experiments have shown that sponges can
cope with low oxygen levels for extended peri-
ods of time (22—24). Due to the observed low-
oxygen conditions at the sampling location, we
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explored whether the V. pourtalesii microbi-
ome contains compositional as well as func-
tional adaptations to the low-oxygen environ-
ment. Microscopy, metagenome-guided mi-
crobial genome reconstruction, and amplicon
community profiling were employed toward
this goal.
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FIGURE 1 | Map of sampling region on the Canadian shelf (A) and TS diagram (B). (A) Colors depict presence
probability of Vazella pourtalesii based on data presented in Beazley et al. (17), with yellow indicating areas of
highest occurrence probability. (B) Coloring corresponds to oxygen concentrations measured during representative
CTD casts at the study area. Water masses (light gray dots, labels, and square) were added according to Dever et
al. (101) and Fratantoni et al. (102): CBS, Cabot Strait Subsurface Water; InLC, Inshore Labrador Current; CBS-
CIL, Cold Intermediate Layer of Cabot Strait Subsurface Water; LSW, Labrador Slope Water; WSW, Warm Slope

Water.

RESULTS
Site description.

On the Scotian Shelf off Nova Scotia, eastern
Canada, the highest densities of V. pourtalesii
were observed and/or predicted in the Em-
erald Basin and the Sambro Bank areas (Fig.
1A). The water column of this region has a
characteristic vertical structure, with water
masses of different temperatures and salinities
gradually mixing and creating a distinct tem-
perature-salinity profile (Fig. 1B). Main water
masses influencing the sampling sites are, from
surface to deep sea, the following: Cabot Strait
Subsurface Water (CBS), Inshore Labrador
Current (InLC), Cold Intermediate Layer of
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Cabot Strait Subsurface Water (CBS-CIL), Labra-
dor Slope Water (LSW), and Warm Slope Water
(WSW). All V. pourtalesii samples of this study
originate from a relatively warm (>10°C) and
nutrient-rich water mass, called Warm Slope
Water, which originates from the Gulf Stream
(18). Relatively low oxygen concentrations (<4
mL/L) were measured at the sampling locations
and depths that lay in the range of a mild
hypoxia (25).

Microscopic analyses of V. pourtalesii.

In contrast to other sponges, Hexactinellidae
mainly consist of a single syncytium, a fusion of
eukaryotic cells forming multinucleate tissue
that permeates the whole sponge (12). By



FIGURE 2 | Microscopy of Vazella pourtalesii tissue. (A) Scanning electron microscopy overview of spicule scaffolds
(scale bar, 75 uym). (B) SEM closeup image of a biomass patch (scale bar, 3 ym). (C and D) Light microscopy image
(scale bar, 5 ym) (C), and TEM image of the same biomass patch (scale bar, 1 ym) (D). (E) SEM closeup presum-
ably showing smaller microbes attached to larger ones by stalk- or filament-like structures (scale bar, 1 ym). (F)
TEM images of adjacent microbial cells (scale bars, 500 nm). Acronyms: sp, spicule; bp, biomass patch; hc, host

cell; mic, microbes; p, potential pilus.

scanning electron microscopy (SEM), we ob-
served that the overall amount of sponge bio-
mass in V. pourtalesii was low, and its distribu-
tion within the spicule scaffolds was patchy
(Fig. 2A and B). Closer inspection of such bio-
mass patches by light microscopy and by trans-
mission electron microscopy (TEM) (Fig. 2C and
D) revealed numerous host cells with their
characteristic nuclei, as well as high densities of
microbial cells of various morphologies and
with a dominance of comparatively small cell
sizes (<1 um). In addition, we frequently ob-
served microbial cells that were attached to
each other with pilus-like structures (Fig. 2E
and F).
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MAG selection.

In total, 137 metagenome-assembled genomes
(MAGs) of >50% estimated completeness and
<10% redundancy were retrieved (see Table S1
in the supplemental material) from seven
sponges and five seawater controls that were
sampled from natural Vazella grounds and a
mooring float (Table S2). Proteobacteria fol-
lowed by Patescibacteria were the dominant
bacterial phyla according to amplicon analyses.
In addition, linear discriminant analysis (LDA)
scores were obtained for MAGs based on their
read abundance in the different metagenomic
sample types (Fig. S1): (i) V. pourtalesii meta-
genomes versus seawater metagenomes and
(ii) pristine V. pourtalesii versus mooring V.
pourtalesii versus seawater metagenomes.



TABLE 1 | MAGs of bacterial candidate phyla Patescibacteria and SAR324 and archaeal phyla Crenarchaeota and

Nanoarchaeota®
No. of Estimated genome
Phylum-level affiliation and MAG contigs size (Mb) GC (%) Nsq Cov (%) Red (%)
Patescibacteria
Patesci_129 109 0.71 31.8 5,408 67.37 0
Patesci_30 95 0.46 31.7 5,089 66.19 1.18
Patesci_136 206 0.95 31.6 4,840 61.21 0.47
Patesci_48 163 0.86 326 8,405 71.52 0
Patesci_98 15 0.71 28.4 66,386 79.44 0
SAR324 (Deltaproteobacteria)
SAR324_126 562 2.16 33.0 8,540 75.63 5.39
SAR324_140 257 1.49 322 4,131 54.53 0.75
SAR324_8 270 1.47 324 3,229 54.81 245
Crenarchaeota
CrenArch_143 507 2.04 38.2 3,080 63.44 1.46
CrenArch_74 366 1.41 40.1 3,432 53.2 8.16
CrenArch_90 115 1.1 40.4 8,261 59.77 2.59
CrenArch_101 336 1.74 31.8 3,376 60.75 3.40
Nanoarchaeota
NanoArch_78 39 0.67 243 39,559 76.63 0

aGenome properties were determined by QUAST, and completeness and contamination estimations were performed by CheckM implemented in the metaWRAP

pipeline. Acronyms: Cov, genome coverage; Red, redundancy.

Based on these assessments, we selected 13
representative V. pourtalesii-enriched MAGs of
the four dominant phyla for detailed analyses
(Table 1). Five MAGs belonged to the candidate
phylum Patescibacteria, three to the candidate
phylum SAR324, four to the phylum Crenar-
chaeota, and one to the phylum Nanoarchae-
ota. The selected MAGs are evidently not re-
dundant representations of the same microbial
genomes, which is visualized by the compara-
tively long branches in the phylogenomic tree
(Fig. 3). Additionally, the MAGs showed a max-
imum of 86.8%, 93.2%, and 88.3% similarity to
each other in the average nucleotide identity
(ANI) analysis for SAR324, Crenarchaeota, and
Patescibacteria, respectively (Table S4).

Phylogenetic placement of the major players.

Three of the selected MAGs belong to the can-
didate phylum SAR324. The SAR324 clade was
recently moved to the level of candidate phy-
lum along with the publication of the whole-ge-
nome-based classification of microbial ge-
nomes (26). The three SAR324 MAGs clustered
outside known orders with relatively long
branches, showing that they are genomically
distinct from published genomes of their clos-
est relatives (Fig. 3). In the amplicon analysis,
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this taxon was placed within the class Deltap-
roteobacteria, in which it was the most abun-
dant order (Fig. S2).

Three crenarchaeal MAGs clustered
with Cenarchaeum symbiosum A
(GCA000200715.1), associated with the sponge
Axinella mexicana (27). One MAG (Cren-
Arch_101) was closely related to Nitrosopu-
milus species isolated from Arctic marine sedi-
ment (28) and the deep-sea sponge Neamphius
huxleyi (29). Crenarchaeota are not repre-
sented adequately in our amplicon data due to
the sequencing primer bias toward bacteria.

Three of the five V. pourtalesii-en-
riched Patescibacteria MAGs clustered with
genome GCA002747955.1 from the oral meta-
genome of a dolphin (30). This clade is a sister
group to other families of the order UBA9983
in the class Paceibacteria. The other two
patescibacterial MAGs belonged to the family
Kaiserbacteriaceae. They were placed separate
from each other and outside known genera,
where they cluster with two different ground-
water bacteria (GCA_000998045.1 and
GCA _002773335.1). Patescibacteria were the
second most abundant phylum in the amplicon
data, with a dominance of the class Parcubac-
teria that showed high abundances in V. pour-
talesii compared to seawater and sediment
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FIGURE 3 | Subtrees of the GTDB-Tk phylogenetic tree showing the setting of the MAGs of this study (shown in

boldface) within the microbial phyla selected for detailed analysis. Class names are indicated by a leading “c_,

”

order names by “o_,” family names by “f_,” and genus names by “g_." Vazella-enriched MAGs are marked with a

red star.

controls (Fig. S3). The majority of the Parcubac-
teria (73%) remain unclassified, while 27% are
classified as order Kaiserbacteria. As this phy-
lum has not been noticed as particularly
abundant in sponge microbiomes before, we
tested whether they are sponge specific by
comparison with the reference database of the
Sponge Microbiome Project (SMP) (8 and data
not shown). The 899 patescibacterial V. pour-
talesii ASVs matched to 42 SMP operational
taxonomic units (OTUs) (mostly listed as “un-
classified Bacteria” due to an older SILVA ver-
sion). We identified three SMP OTUs matching
V. pourtalesii Kaiserbacteria ASVs, namely,
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0OTU0005080, OTU0007201, and OTU0159142.
These OTUs occurred in 45, 26, and 7 sponge
species, respectively, in the SMP reference da-
tabase showing a global distribution.

The one Nanoarchaeota MAG, Nano-
Arch_78, belongs phylogenomically to the class
Aenigmarchaeia, where it is placed together
with MAG GCA_002254545.1 from a deep-sea
hydrothermal vent sediment metagenome and
outside known families. Despite the primer
bias toward bacteria in the amplicon analysis,
the phylum Nanoarchaeota was among the



most abundant microbial phyla in this analysis
(Fig. S2).

Genome sizes and GC contents.

With respect to genome size, the MAGs range
from 0.46 Mb (Patesci 30) to 2.16 Mb
(SAR324_126), including completeness values
into the genome size estimations, with N50 val-
ues between 3,080 (CrenArch_143) and 66,386
(Patesci_98) (Table 1). According to CheckM,
between 53.2% and 79.4% of the genomes are
covered and redundancies range from 0% to
8.16%. GC contents range from 24.3% (Nano-
Arch_78) to 40.38% (CrenArch_90). We com-
pared the MAGs to genomes of symbionts from
other sponge species and of seawater-derived
microbes of each respective phylum regarding
their estimated genome sizes and GC contents
(Fig. 4 and Table S3). Due to the lack of publis-
hed genomes of

SAR324 Crenarchaeota

associated to
other sponge species
Vazella pourtalesii

GC (%)

60- sea water

2 4 6 2 4 6
genome size (Mb)

FIGURE 4 | Comparison of the MAGs retrieved in this
study to published MAGs from sponge and seawater
metagenomes. From this study, only the MAGs en-
riched in either Vazella pourtalesii or in water were
considered; neutral ones were excluded from this
analysis.

SAR324 and Nanoarchaeota sponge symbionts,
we included genome size and GC content data
of unpublished symbionts of Phakellia species
and Stryphnus fortis in this analysis. This com-
parison revealed that the genomes of V. pour-
talesii-enriched microbes are exceptionally
small, with very low GC percentages. This trend
is especially striking for Patescibacteria,
SAR324, and Nanoarchaeota, as their values
are not only low for sponge symbionts but even
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below the levels of the respective related sea-
water microbes. While this is not the case for
Crenarchaeota, the V. pourtalesii MAGs are,
nevertheless, in the lower ranges regarding size
and GC content compared to other sponge
symbionts.

Predicted lifestyle of the major players.
(i) SAR324.

Metagenomic analysis of the three SAR324
MAGs from V. pourtalesii (Fig. 5A) revealed the
presence of a nearly complete glycolysis
pathway up to pyruvate (Pyr) along with the
genes for the tricarboxylic acid (TCA) cycle and
for conversions of the pentose phosphate
pathway (PPP) (see Text S1 for in-depth analy-
sis of more complex SAR324 and crenarchaeal
MAGs). Pyruvate is converted aerobically by
the pyruvate dehydrogenase enzyme complex
into acetyl-coenzyme A (CoA), which fuels the
completely annotated (thiamine-dependent)
TCA cycle. While SAR324 have the genes for a
nearly complete respiratory chain, their life-
style appears to be facultatively anaerobic. We
detected enzymes of the glyoxylate bypass (or-
ange arrows within the TCA cycle in Fig. 5A),
which is required by bacteria to grow anaerobi-
cally on fatty acids and acetate (31). This is sup-
ported by the presence of a potential AMP-de-
pendent acetyl-CoA synthetase to utilize ace-
tate, whereas enzymes for fatty acid degrada-
tion were not found. SAR324 might gain addi-
tional energy by a cation-driven p-type ATPase
and possibly also anaerobic respiration
(fumarate and nitrite/sulfide respiration) (also
see Text S1). There is evidence for assimilatory
sulfate reduction, but the pathway was not
fully resolved.

V. pourtalesii-associated SAR324 or-
ganisms are able to take up di- and tricarboxy-
lates using TRAP and TTT transporters, respec-
tively. The imported substances can feed the
TCA cycle under aerobic conditions or serve as
an energy source through fumarate respiration
under anaerobic conditions (32, 33). The
presence of lactate dehydrogenase (LDH),
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FIGURE 5 | Reconstruction of metabolic features found in the genomes of SAR324 (A), Crenarchaeota (B), Patesci-
bacteria (C), and Nanoarchaeota (D). Solid lines indicate that genes/enzymes, or >50% of a given pathway, were
found, and dashed lines indicate that <50% of a pathway was found. Gray arrows, writing, and lining indicate that
the genes/enzymes were found in <60% of genomes of the respective phylum. White arrows and writing indicate
missing genes/enzymes. Cofactor synthesis is indicated by turquoise color and amino acid production by
magenta color. Symport, antiport, uniport, and direction are indicated by number and direction of arrows.

involved in fermentation, further supports a
facultatively anaerobic lifestyle (31).

SAR324 symbionts are capable of syn-
thesizing diverse amino acids and B vitamins
(riboflavin, coenzyme F420, folate, panthothe-
onate and thiamine from pyridoxal) using pre-
cursors from glycolysis, PPP, and the TCA cycle
(summarized in Fig. 5A; see Text S1 for more
details). Additionally, the genomes are well
equipped with several transporters enabling
the import and export of diverse substances
(e.g., sugars, amino acids, peptides, and ions)
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(Text S1). These transporters are involved in,
e.g., osmoregulation and/or toxic ion reduction
(cobalt and fluoride) and multidrug
sistance/import. A p-type ATPase was anno-
tated that may aid in the export of cations or

re-

may use an electrochemical gradient for ATP
synthesis. Proteins can be secreted by tat and
sec transport as well as type 1 (T1SS) and type
2 (T2SS) secretion systems, probably involved
in excretion of symbiosis- relevant molecules.
We further identified autoinducer-2 (Al-2) and
DNA-T family transporter (Text S1).
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FIGURE 5 | (Continued)
(ii) Crenarchaeota.

The Crenarchaeota of V. pourtalesii (Fig. 5B)
are capable of glycolysis from glucose-6-phos-
phate (G6P) to Pyr, which is likely anaerobically
converted into acetyl-CoA using the enzyme
pyruvate-ferredoxin oxidoreductase, which
suggests facultatively anaerobic metabolism.
The TCA cycle was almost completely anno-
tated. Genomic evidence for aerobic and an-
aerobic respiration (fumarate and
trite/sulfide respiration) was detected (Text
S1). Genes for autotrophic CO; fixation in V.

ni-
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pourtalesii-associated microbes were lacking,
but assimilatory sulfate reduction was anno-
tated completely. A PPase was annotated that
might deliver phosphates to feed the ATP syn-
thase, and in one MAG, a transporter to import
dicarboxylates (fumarate, malate, and succin-
ate) was annotated, a feature we found in
SAR324 as well. These substances could feed
the TCA cycle under aerobic conditions. Addi-
tionally supporting the hypothesis of a faculta-
tively anaerobic lifestyle is the presence of the
enzyme LDH, which
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is involved in fermentation (31). The crenar- involved in, e.g., osmoregulation, reflecting the
chaeal genomes encode the synthesis of an adaptation to a saline environment, and in
even greater number of B vitamins than the multidrug resistance/import. A p-type ATPase
SAR324 genomes, including riboflavin, coen- was annotated in the genomes that may be
zyme F420, folate, pantothenate, pyridoxal, involved in the export of cations (forced by ATP
nicotinate, and cobalamin (anaerobically), us- utilization). Protein secretion can be realized by
ing precursors of central metabolism. Interest- tat and sec transport, which might be involved
ingly, they can synthesize thiamine from  5- in the transport of proteins, such as those
phosphoribosyl diphosphate (PRPP), while necessary for membrane formation and

SAR324 partially encode thiamine synthesis maintenance (Text S1).
from pyridoxal, which would need to be im- . .

(iii) Patescibacteria.
ported from an external source (e.g., from

other community members). The V. pourtalesii-associated Patescibacteria
(Fig. 5C) showed metabolic capacity similar to
that of published Patescibacteria from other
environments. While we found several en-
zymes involved in glycolysis, we could not re-

solve the pathway completely. The genomes

The crenarchaeal genomes are further
well equipped with transporters that facilitate
import and export of diverse substances, such
as sugars, amino acids, peptides, and ions,
among others (Text S1). These transporters are
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lack enzymes involved in oxidative phosphory-
lation (respiration) and the TCA cycle. The syn-
thesis pathways of the important precursor
PRPP and subsequent synthesis of purines and
pyrimidines were only partially encoded. The
biosynthesis of phenylalanine (Phe) from phos-
phoenolpyruvate (PEP) and erythrose-4-phos-
phate (E4P) is encoded, but biosynthesis
pathways for other amino acids, cofactors, or
vitamins are missing. We found two p-type
ATPases that might export ions or provide en-
ergy (ATP) using cation and/or proton gradi-
ents present in the environment (holobiont).
An anaerobic lifestyle is likely due to the pres-
ence of an LDH, an enzyme involved in lactate
fermentation and anaerobic acetyl-CoA syn-
thesis using the enzyme pyruvate-ferredoxin
oxidoreductase. Patescibacterial MAGs also
encode some transporters, albeit in lower
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numbers than the above-described SAR324
and crenarchaeal genomes. These transporters
may be involved in osmoregulation, multi-
drug influx and efflux, and sugar, amino acid,
and ion uptake. Regarding further symbiosis-
relevant features, we detected the autoinducer
transporter Al-2E. Additionally, we detected
ComEC/Rec2 and related proteins that are in-
volved in the uptake of single-stranded DNA
(34). This is supported by the presence of PilT,
the motor protein that is thought to drive pilin
retraction prior to DNA uptake, and the pilus
assembly proteins PilM, PilO, and PilC. Even
though the machinery was not annotated com-
pletely, Patescibacteria may be able to take up
foreign DNA via retraction of type IV-pilin-like
structures into the periplasm and via ComEC
through the inner membrane.
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(iv) Nanoarchaeota.

The nanoarchaeal MAG (Fig. 5D) shows the ge-
nomic potential to convert glycerate-3-phos-
phate (G3P) to Pyr, which represents a short-
ened glycolysis pathway and results in reduced
potential for energy production (ATP synthe-
sis). It could use an anaerobic pyruvate-for-
mate lyase (PFL) for acetyl-CoA production. In-
terestingly, an archaeal type Il RuBisCo is
encoded that catalyzes light-independent CO;
fixation using ribulose-1,5-bisphosphate and
CO; as substrates to synthesize G3P (35) to fill
the only partially encoded glycolysis. All en-
zymes needed for respiration were absent,
supporting an anaerobic lifestyle. Energy might
be gained using a cation-driven p-type ATPase.
Like its published relatives (36, 37), the V. pour-
talesii-associated nanoarchaeon lacks almost
all known genes required for the de novo bio-
synthesis of amino acids, vitamins, nucleotides,
cofactors, and lipids. The uptake of some
amino acids and ions may be possible, as few
transporters were detected. Typical archaeal
S-layer membrane proteins are encoded that
may be exported by an ABC-transporter
(LoICDE) or by sec transport. Other transport-
ers are involved in osmoregulation andin mul-
tidrug resistance and/or transport. We found a
prepilin type IV leader peptidase encoded
in the genome that is synthesized as a precur-
sor before flagellin/pilin is incorporated into a
filament (38).

DISCUSSION

Microbial associations in V. pourtalesii
syncytia.

The glass sponge V. pourtalesii consists of a
scaffold of spicules with cellular biomass con-
centrated in biomass patches that contain
sponge as well as microbial cells (Fig. 2). We as-
sume that the biomass patches were probably
formed by dehydration of syncytial tissues dur-
ing fixation, resulting in higher biomass densi-
ties than in the in vivo situation (12). Surpris-
ingly high numbers of microbial cells were
found within the observed biomass patches,
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considering that microbes have rarely been no-
ticed in glass sponges previously (12). In V.
pourtalesii, the microbes appeared in various
morphotypes, indicating a taxonomically
diverse microbial community. Microbial cells of
strikingly small sizes (<1 um) compared to
those of shallow water demosponges (39) con-
stituted a large fraction of the microbial com-
munity. Microbial cells were frequently seen in
close association and even physically attached
to each other (Fig. 2E and F). These associations
were observed between equally sized cells but
also between cells of distinctly different sizes,
where the smaller microbes were attached to
larger ones by stalk- or filament-like structures
(Fig. 2E).

Main players in the V. pourtalesii microbial
community with small, low-GC genomes.

While previously published sponge meta-
genomes and MAGs tended toward high-GC
contents (typically around 65 to 70%), the V.
pourtalesii MAGs show lower GC levels in the
range of 24 to 40% that are more similar to
those of seawater metagenomes (40—-42) (Fig.
4; see also Table S3 in the supplemental mate-
rial). Genome sizes are also on the smaller side
compared to previously published sponge
MAGs (40, 42). The large genome sizes of
demosponge symbionts may be attributed to
the specific genomic toolbox they require to
utilize the mesohyl matrix, such as carbohy-
drate- active enzymes (CAZy) and arylsulfa-
tases. These genes are frequently found en-
riched in the sponge symbiont genomes com-
pared to free-living relatives (42, 43). This is,
however, not the case in V. pourtalesii MAGs.
On the contrary, here we see GC contents and
genome sizes similar to and even below the
ones of free-living marine microbes of the
same respective phyla (Fig. 4). Trophic special-
ization and avoidance of DNA replication cost
have been proposed as hypotheses for genome
reduction in free-living marine bacteria of, e.g.,
the genera Idiomarina (44) and Pelagibacter
(45). For the V. pourtalesii-associated microbial
community, the Black Queen hypothesis may



best explain the apparent genomic streamlin-
ing: if some members carry out tasks that are
beneficial to the whole microbial community,
most other members will lose the ability to
carry out these (often costly) tasks (46). Thus,
the small sizes and low GC contents of the
V. pourtalesii MAGs could be a sign of adapta-
tion to generally nutrient-limiting environmen-
tal conditions (reviewed in reference 47) and
specialization on nutrient sources that are
available within the sponge host environment,
such as ammonia.

The “givers” and “takers” hypothesis.

Formerly placed within the Thaumarchaeota,
the Crenarchaeota are well known and wide-
spread sponge symbionts (48-51). Different
genera have recently been observed in South
Pacific Hexactinellida and Demospongiae (14).
Nanoarchaeota and Patescibacteria also have
recently been noticed as members of sponge
microbial communities, including glass
sponges, but no sponge-associated nanoar-
chaeal genome has been studied to date, and,
likely due to their low abundance in other
sponge species, patescibacterial genomes have
not been studied in detail (14, 52, 53). No
sponge-derived genomes are available for the
phylum SAR324 so far. The genomes of V. pour-
talesii microbes lack a number of properties
that we know from typical shallow-water
sponge symbionts (7), such as the potential for
the production of secondary metabolites and
arylsulfatases, and they are not enriched in
CAZy genes. This underlines the above-stated
hypothesis that these sponge symbionts do not
needa diverse toolbox of genes to make use
of a complex mesohyl, like symbionts of
Demospongiae. On the contrary, they seem to
possess streamlined genomes to save
resources and likely rely on each other for
essential substances, such as certain amino
acids and vitamins.

Based on the functional genetic con-
tent of the four microbial phyla that we ana-
lyzed in greater detail, we propose two major
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strategies: the givers, namely, SAR324 and
Crenarchaeota, with comparatively larger,
more complex genomes and likely bigger in cell
size, and the takers, Patescibacteria and Nano-
archaeota, with reduced genomes and likely
smaller cell sizes. We posit that the givers, be-
ing genomically well equipped, could be pro-
ducing and partly secreting all required amino
acids and vitamins, drawing energy from vari-
ous aerobic as well as anaerobic processes (Fig.
6). Regarding their metabolic repertoire, the
Crenarchaeota described here are rather sim-
ilar to the SAR324 bacteria, namely, in their fac-
ultatively anaerobic lifestyle, the reactions of
the central metabolism, and their ability for
amino acid and vitamin biosynthesis. At the
same time, while published sponge-associated
or free-living Crenarchaeota have the genomic
repertoire to fix carbon (37, 50, 54-56), such
pathways appear to be absent from V. pourta-
lesii-associated Crenarchaeota. These findings
indicate that the microbes are specifically
adapted to the conditions within their respec-
tive host sponge and the surrounding environ-
ment, e.g., low-oxygen conditions in this case.
Supporting our hypothesis of genome stream-
lining in the sense of the Black Queen hypothe-
sis, the two givers also seem to depend on each
other metabolically: Crenarchaeota can pro-
duce several B vitamins, which might be used
by members of SAR324. One example is pyri-
doxal, provided by Crenarchaeota to SAR324,
which  would be able to produce
thiamine. Their genomic similarity, their
difference from close relatives from other
environments, and their metabolic interde-
pendence reinforces our hypothesis that they
are, in fact, symbionts specifically adapted to
life within their V. pourtalesii host. Beyond the
scope of the microbial community, microbial
vitamin production may also have an important
role in animal host metabolism, such as the
respiratory chain, the synthesis of coenzyme A,
proteins, fatty acids, nucleic acids, cofactor
synthesis, and carbohydrate metabolism (Fig.
6). As previously hypothesized for Demospon-
giae symbionts (7), the capacity for vitamin
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synthesis by microbes associated with V. pour-
talesii might be an important factor in main-
taining the symbiosis with the animal host.

It is tempting to speculate that the
takers, reduced in size and functional potential,
would scavenge from their neighbors. Marine
Patescibacteria are known (and named) for
their reduced genomes and metabolic capaci-
ties (57-59), and Nanoarchaeota are known for
their dependence on a crenarchaeal host, alt-
hough in very different marine environments,
such as hydrothermal vents (60, 61). Regarding
the exchange of substances between microbes,
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we propose that the nanoarchaeal symbionts
“ride” on the crenarchaeal symbionts, analo-
gous to what is described for Nanoarchaeum
equitans and Ignicoccus hospitalis (37, 62),
which use pili for attachment and possibly also
for metabolite uptake. Jahn et al. (62) showed
that Nanoarchaeum equitans may get large
amounts of lipids (and possibly other sub-
stances) from its associated Ignicoccus hospi-
talis. We hypothesize that the nanoarchaeum
in V. pourtalesii is likewise directly associated
with the abundant Crenarchaeota and re-
ceives, e.g., lipids and DNA via cell attachment
and using pilus-like structures to maintain cell-



cell contact (see, e.g., small cells attached to
larger cells in Fig. 2E) (37, 60, 63). In turn, they
might provide carbon to the microbial consor-
tium by anaerobic CO; fixation. Patescibacteria
could take up required nutrients from their mi-
croenvironment, also utilizing pili equipped
with a pilT motor protein and comEC enabling
the uptake of DNA for the recycling of nucle-
otides (64) that they cannot build themselves.

Interestingly, we detected copies of
the luxS gene, the proposed Al-2 synthetase, in
patescibacterial and SAR324 genomes. There is
strong evidence that Al-2E family homologues
function as an Al-2 exporter in E. coli cells to
control biofilm formation. Al-2 is a proposed
signaling molecule for interspecies communi-
cation in bacteria (reviewed in reference 65).
Autoinducer production plays a crucial role in
Vibrio fischeri colonization of (and mainte-
nance in) the light organ of the host squid
Euprymna scolopes (66) and was recently
detected in sponge-associated Vibrio species
(67). Microbial quorum-sensing processes
(such as biofilm formation, bioluminescence,
motility, virulence factor secretion, antibiotic
production, sporulation, and competence for
DNA uptake) (68) may display symbiosis-rele-
vant features additional or alternative to the
ones described before for sponge-associated
microbes (e.g., arylsulfatases, TPRs, and
CRISPR-Cas).

Conclusions.

The present study aimed to characterize the di-
versity and function of microbes residing in the
glass sponge Vazella pourtalesii. A general pat-
tern emerged in that the V. pourtalesii symbi-
onts displayed smaller genome sizes and
lower GC contents than bacterial relatives from
seawater or from demosponge symbionts.
Genomic analysis revealed two putative
functional strategies: the givers (SAR324 and
Crenarchaeota) producing and most likely
providing required amino acids and vitamins to
the microbial community and the takers
(Patescibacteria and Nanoarchaeota) depend-
ing on the provision of compounds like lipids
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and DNA that they likely take up via pilus-like
structures. Their localization within biomass
patches together with the environmental
low-oxygen conditions could serve as an
explanation for the unique compositional and
functional properties of the microbial
community of V. pourtalesii.

MATERIALS AND METHODS

Sampling and assessment of microbial com-
munity composition.

Sampling was performed on a cruise to the
Scotian Shelf off Nova Scotia, eastern Canada,
in August-September 2017 onboard CCGS Mar-
tha L. Black (MLB2017001). Here, we selected
a subset of all samples received during this
cruise (see Table S2 in the supplemental
material) to study the lifestyle strategies of the
dominant members of the microbial commu-
nity. For details on sampling of sponges as well
as seawater and sediment controls, DNA ex-
traction, and amplicon sequencing, see refer-
ence 20, where we cover the complete data set
to study the microbial diversity inside V. pour-
talesiiin response to anthropogenic activities.
Briefly, sponge individuals were collected for
this study from pristine areas by the remotely
operated vehicle (ROV) ROPOS (Canadian Sci-
entific Submersible Facility, Victoria, Canada),
and tissue subsamples were taken, rinsed in
sterile filtered seawater, and frozen at — 80°C.
Samples were collected at an average sampling
depth of 168 m (minimum, 161 m; maximum,
183 m), which coincides with the base of the
euphotic zone. Oceanographic data, such as
temperature, salinity, and oxygen, were col-
lected using conductivity, temperature, and
depth (CTD) rosette casts (sensors by Sea-Bird
Electronics SBE 25). Water samples were taken
during CTD casts and using Niskin bottles of the
ROPOS ROV. Sediment samples were collected
at the same location as sponge and seawater
samples by ROV push corers (Table S2). Addi-
tionally, sponge samples were collected from
an Ocean Tracking Network (OTN) acoustic
mooring located approximately 10 km north-
west of the Sambro Bank Sponge Conservation



Area on the Scotian Shelf (20). The mooring
was anchored ~5 m above the seabed and was
deployed for ~13 months (15 August 2016 to 5
September 2017) prior to its recovery.

DNA was extracted using the DNeasy
power soil kit (Qiagen). After quantification
and quality assessment by NanoDrop spectro-
photometer and by PCR, the V3V4 variable
regions of the 16S rRNA gene were amplified in
a dual-barcoding approach (69) using a one-
step PCR with the primers 5‘-CCTACGG-
GAGGCAGCAG-3‘  (70) and  5“-GGAC-
TACHVGGGTWTCTAAT-3 (71). Samples were
sequenced on a MiSeq platform (MiSeqFGx;
Illumina) with v3 chemistry. The raw sequences
were quality filtered using BBDUK (BBMAP
version 37.75 [72]) with a Q20 and a minimum
length of 250 nucleotides. Sequences were
processed in QIIME2 (versions 2018.6 and
2018.8 [73]), implementing the DADA2 algo-
rithm to determine amplicon sequence vari-
ants (ASVs). Sequences were denoised, and
chimeras, chloroplasts, and mitochondrial
sequences were removed. Taxonomy was
assigned using a naive Bayes classifier (75)
trained on the SILVA 132 99% OTUs 16S data-
base (76). An ASV-based phylogeny was gener-
ated using the FastTree2 plugin (77). The plots
were produced with R (version 3.0.2 [78]),
Inkscape (version 0.92.3 [79]), QGIS (version
2.18.4 [80]), and MATLAB (version R2016b,
including Gibbs Seawater toolbox [81]).

Scanning electron microscopy.

Tissue subsamples of three sponge individuals
(Table S2) were fixed for SEM onboard ship in
6.25% glutardialdehyde in phosphate-buffered
saline (PBS) (Fisher Scientific) in two technical
replicates each. Samples were then washed
three times for 15 min each time in PBS,
postfixed for 2h in 2% osmium tetroxide (Carl
Roth, Germany), and washed again three times
for 15 min each time in PBS. Samples were de-
hydrated in an ascending ethanol (EtOH) series
(ROTIPURAN; Carl Roth, Germany): 1x 15 min
30% EtOH, 2x 15 min 50% EtOH, 2x 15 min 70%
EtOH, 2x 15 min 80% EtOH, 2x 15 min 90%
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EtOH, and 1x 15 min 100% EtOH. Subsequent
dehydration was continued with
carbon dioxide in a critical point dryer
(BalzersCPD 030). After critical point drying,
the samples were manually fractionated and
sputter coated for 3 min at 25 mA with
gold/palladium (Balzers SCD 004). The prepa-
rations were visualized using a Hitachi S-4800
field emission scanning electron microscope
(Hitachi High-Technologies Corporation, Tokyo,
Japan) with a combination of upper and lower
detectors at an acceleration voltage of 3 kV and
an emission current of 10 mA.

Transmission electron microscopy and light
microscopy.

Tissue samples of three sponge individuals (Ta-
ble S2) were fixed onboard ship in 2.5% glutar-
dialdehyde in 0.1 M natriumcacodylate buffer
(pH 7.4; Science Services GmbH) for TEM and
light microscopy in two technical replicates
each. Samples were then rinsed 3x with buffer
at 4°C, postfixed for 2h in 2% osmium tetroxide
(Carl Roth), and washed with buffer three times
for 15 min each time at 4°C. Samples were par-
tially dehydrated with an ascending ethanol
(ROTIPURAN; Carl Roth) series (2x 15 min 30%
EtOH, 1x 15 min 50% EtOH, up to 70% ethanol).
Samples were stored at 4°C overnight before
desilicification with 4% suprapure hydrofluoric
acid (incubation of approximately 5 h; Merck).
Afterwards, samples were washed eight times
for 15 min each time in 70% EtOH (with an
overnight storage at 4°C in between washings).
Dehydration was continued with a graded eth-
anol series (1x 15 min 90% EtOH and 2x 15 min
100% EtOH) followed by gradual infiltration
with LR-White resin (Agar Scientific) at room
temperature (1x 1 h 2:1 ethanol:LR-White, 1x
1 h 1:1 ethanol:LR-White, 1x 1 h 1:2 etha-
nol:LR-White; 2x 2 h pure LR-White). Samples
were incubated in pure LR-White resin at 4°C
overnight before being transferred into fresh
resin and polymerized in embedding capsules
at 57°C for 2 days.

Semithin sections (0.5 um) were cut (in
technical replicates) using an ultramicrotome



(Ultracut E; Reichert- Jung) equipped with a di-
amond knife (Diatome, Switzerland) and were
stained with Richardson solution (ingredients
from Carl Roth; prepared as described in refer-
ence 82). Semithin sections were then
mounted on SuperFrost Ultra Plus microscopy
slices (using Biomount medium produced by
Plano; Carl Roth) and visualized with an Axio
Observer.Z1 microscope (Zeiss, Germany). Ul-
trathin sections (70 nm) were cut (in technical
replicates) with the same ultramicrotome,
mounted on pioloform coated copper grids (75
mesh; Plano), and contrasted with uranyl ace-
tate (Science Services; 20-min incubation fol-
lowed by washing steps with MilliQ water) and
Reynold’s lead citrate (ingredients from Carl
Roth; 3-min incubation followed by washing
steps with  MilliQ water). The ultrathin prep-
arations were visualized at an acceleration volt-
age of 80 kV on a Tecnai G2 Spirit Bio Twin
transmission electron microscope (FEI Com-

pany).
Microbial functional repertoire.

For metagenomic sequencing, DNA was ex-
tracted from the seven sponge samples (four
from natural Vazella grounds and three from
the mooring to optimize for differential cover-
age binning) and five seawater controls (Table
S2) with the Qiagen AllPrep DNA/RNA minikit.
Two washing steps with buffer AW2 were em-
ployed during DNA extraction. DNase and pro-
tease-free RNase A (Thermo Scientific) were
used to remove remnant RNA from the DNA ex-
tracts. For seawater controls, DNA was ex-
tracted from half of a polyvinylidene difluoride
membrane filter (seawater filter; described
above), while the other half of the filter was
used for amplicon analyses. The DNA was con-
centrated by precipitation with 100% ethanol
and sodium acetate buffer and reeluted in 50
ul water. For all extracts, DNA quantity and
quality were assessed by NanoDrop meas-
urements and Qubit assays, and 30 ul (diluted
in water, if necessary) was sent for meta-
genomic lllumina Nextera sequencing (HiSeq
4000, 2x 150-bp paired ends) at the Institute of
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Clinical Molecular Biology (IKMB) of Kiel Uni-
versity. The sequence quality of all read files
was assessed with FastQC (83).

The raw reads were trimmed with
Trimmomatic v0.36 (ILLUMINACLIP:NexteraPE-
Pe.fa:2:30:10 LEADING:3 TRAILING:3 SLID-
INGWINDOW:4:15 MINLEN:36) and coassem-
bled with megahit v1.1.3 (84). The metaWRAP
v1.0.2 pipeline was implemented for binning as
follows (85). Initial binning was performed with
metabat, metabat2, and maxbin2 (86—88)
within metaWRAP. The bins were refined with
the metaWRAP bin_refinement module and
further improved, where possible, with the re-
assemble_bins module. This module uses the
genome assembler SPAdes v3.12.0 (89) on two
sets of reads mapped to the original bin with
strict and more permissive settings and then
compares the original bin with the two newly
assembled genomes. Which of the three ver-
sions of the MAG was the best in each respec-
tive case and, thus, was used for further anal-
yses is indicated by the trailing letter in the
names (o, original; p, permissive; s, strict) in Ta-
ble S1. The MAGs that were further analyzed in
detail were renamed, indicating their phylum-
level affiliation and their bin number.

MAG taxonomy was determined by
GTDB-Tk based on whole-genome information
and by following the recently published,
revised microbial taxonomy by Parks and
colleagues (26, 90, 91). The phylogenomic trees
produced by GTDB-Tk (77, 92, 93) were visual-
ized on the Interactive Tree Of Life (iTOL) plat-
formv4.3 (94). MAG abundance in the different
metagenomic data sets was quantified with the
metaWRAP quant_bins module and used to de-
termine which MAGs were enriched in which
sample type by calculating LDA scores with
LEfSe v1.0 (95) in two ways: (i) “V. pourtalesii”
versus “water” and (ii) “pristine V. pourtalesii’
versus “mooring V. pourtalesii” versus “water.”
We identified MAGs belonging to the bacterial
candidate phyla Patescibacteria and SAR324
and the archaeal phyla Crenarchaeota and
Nanoarchaeota that were enriched in V. pour-



talesii over seawater or in one of the V. pourta-
lesii subsets. The MAGs were compared to each
other within their taxonomic groups using ANI
of the pangenomic workflow of anvi'o v5.2 (96,
97), and they were compared to seawater and
other host sponge-derived reference genomes
(Table S3) regarding their genome sizes and GC
contents. For functional annotations, inter-
proscan v5.30-69.0, including GO term and
pathway annotations, was used (98, 99). The
resulting EC numbers were converted to K
terms with an in-house R script using the KEGG
Orthology (KO) reference hierarchy to apply
the online tool Reconstruction Pathway in
KEGG mapper (https://www.ge-
nome.jp/kegg/mapper.html). Additionally,
manual search in the annotation tables
(https://doi.org/10.6084/m9.figshare.1228031
3) allowed the identification of several en-
zymes completing some pathways. Potential
transporters were identified in the above-de-
scribed annotation and using the online tool
TransportDB 2.0 (100).

Data deposition.

Detailed sample metadata was deposited in
the PANGAEA database (https://doi.pan-
gaea.de/10.1594/PANGAEA.917599). Am-
plicon and metagenomic raw read data were
deposited in the NCBI database under BioPro-
ject PRINA613976. Individual accession num-
bers for assembled MAGs are listed in Table S1.
Interpro annotation output is available on figs-
hare at
https://doi.org/10.6084/m9.fighare.1228031.
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