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1.1 Seaweeds

Seaweeds, also known as marine macroalgae, are a diverse group of photosynthetic organisms that grow in
aquatic environments. Despite their name, seaweeds are not plants. They belong to several different groups of
algae, which are evolutionary diverse and distinct from true plants. Seaweeds can be classified into three main
groups based on their pigmentation: red algae (Rhodophyta), brown algae (Phaeophyceae), and green algae
(Chlorophyta).

Marine macroalgae play a vital role as foundation species and ecosystem engineers in coastal ecosystems
around the world. They provide food, shelter, and habitat for higher trophic levels and are responsible for a ma-
jor part of the total primary productivity (Tuya et al. 2008, Pessarrodona et al. 2022). In addition, they provide
essential ecosystem services, including nutrient cycling, coastal protection, oxygenation, and carbon sequestra-
tion (Hurd et al. 2022, Cotas et al. 2023). From an economic perspective, seaweeds can be used as sustainable
biomass feedstocks for the food and biotech industries, and play a role in integrated aquaculture systems and
bioremediation (Bolton et al. 2016, Duarte et al. 2021, Kotta et al. 2022).

Worldwide, more than 11,000 species of macroalgae can be found and a large proportion of the biodiver-
sity likely remains undescribed (Appeltans et al. 2012, Stiger-Pouvreau and Zubia 2020). One of the most com-
mon and most ubiquitous groups of species are the green seaweeds belonging to the genus Ulva. Ulva species
occur worldwide from tropic to arctic ecosystems, and their high tolerance to environmental variables such as
light, salinity, and temperature allows them to thrive in diverse habitats (Mantri et al. 2020). Ulva species have
been proposed as model organism for various research areas, including the study of morphological develop-
ment, host-bacterial interactions, and aquaculture (Wichard et al. 2015, Blomme et al. 2023, Buck and Shpigel
2023). Ulva is therefore the perfect candidate for this PhD thesis.

1.2 The genus Ulva

1.2.1 Morphology and taxonomy

The genus Ulva (Chlorophyta, Ulvophyceae, Ulvales, Ulvaceae) was erected by the Swedish botanist Carolus
Linnaeus in 1753 in his Species Plantarum. In this work, Linnaeus described nine species in the genus Ulva, of
which the names U. compressa, U. intestinalis, U. lactuca (later assigned as the generitype of the genus Ulva), and
U. linza are still in use today. Linnaeus’ morphological descriptions included terms such as “tubulosa simplex”
(simple tubes), “tubulosa ramosa” (branched tubes), “membranacea” (membranous), and “fronde oblonga” (ob-
long blades) (Linnaeus 1753). To the present day, Ulva species are commonly called sea lettuces or gut weeds
due to these typical shapes. In the nineteenth century, the genus Ulva was split into several genera, including
Enteromorpha Link, Monostroma Thuret, and Ulvaria Ruptecht (Mantri et al. 2020). In general, the genus Ulva
included the blade-like thalli composed of two cell layers, whereas Enteromorpha comprised the branched or
unbranched monostromatic tubes (Fig. 1.01) (Tran et al. 2022). The genus name Enteromorpha had been in use
for almost 200 years, until Hayden et al. (2003) used molecular methods to show that Enteromorpha and Ulva
were not distinct genera after all. Indeed, there are several Ulva species that display both foliose and tubular
morphologies. Ulva compressa, for example, occurs as attached, branched tubes in the North Sea, while in the
lower saline regions of the Baltic Sea and estuaries like the Westerschelde (the Netherlands) and Olhao (Portu-

gal), it takes the form of unattached, foliose thalli (Steinhagen et al. 2019b).
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Currently, over a 100 taxonomically accepted Ulva species are listed in AlgaeBase (Guiry and Guiry
2023). These species display a tremendous amount of morphological variation and cryptic diversity (Fig. 1.02)
(Steinhagen et al. 2023). Morphological identifications of Ulva species are based on characteristics such as
colour, texture, the presence of perforations, cell size, chloroplast shape, the number of pyrenoids, etc., but these
characteristics are far from reliable. Not only is there a lot of morphological variation within species, there are
also a lot of overlapping characteristics between species. In addition, Ulvaceae morphology overlaps with foliose
and tubular species from other families (e.g., Kornmanniaceae, Monostromataceae; Fig. 1.02). Consequently, Ulva
species are extremely difficult to identify based on morphology. In the recent 20 years, molecular work has sig-
nificantly improved our understanding of Ulva diversity (Text box 1) (see e.g., Hughey et al. 2019, 2020, 2021).
Yet, there is still considerable confusion, as DNA analyses can only provide a correct identification if based on
a solid reference database. After sequencing the lectotype material of Ulva rigida, for example, it was discov-
ered that every sequence deposited under that name in public databases was incorrect. Instead, the majority of
those sequences were identical to the lectotype of Ulva lacinulata (Hughey et al. 2021). This shows that a better
characterisation of type material through gene sequencing is necessary to avoid the continued misapplication of

names.

FIGURE 1.01 Morphology of Ulva. (A) A typical foliose Ulva, (B) A typical tubular Ulva (previously Enteromor-

pha), (C) Cross-section of bistromatic blade (picture by Mart Karremans).
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FIGURE 1.02 Overview of the morphological variation that can be found in Ulvales. A) Blidingia minima,

B) Blidingia minima, C) Ulva australis, D) Kornmannia leptoderma, E) Ulva sp. 4, F) mix of Ulva prolifera and
Blidingia marginata, G) Ulva australis, H) Ulva flexuosa subsp. pilifera, 1) Ulva compressa, ]) Ulva compressa,
K) Ulva linza, L) Ulva intestinalis, M) Ulva torta, and N) Ulva sp. 4.
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Text box 1 Sequencing techniques

Over the past few decades, advancements in sequencing techniques and cost reductions have greatly
enhanced the accessibility of DNA sequencing. From the first-ever completion of the human genome
sequencing in 2003 after 13 years of dedicated effort, we have progressed to the point where new tech-
nologies can now sequence a human genome in a matter of hours. The work in this thesis heavily relies
on molecular methods. Both for the identification of Ulva species (which are hard to distinguish based
on morphology only) and the characterisation of microbes (which are rather small and therefore hard to
study based on morphology as well), these molecular methods are extremely useful. Here, we provide a
summary of the sequencing techniques used in this thesis.

Genetic information is present in all living organisms, and the entirety of this genetic data is re-
ferred to as a genome. The human genome for example is approximately 3.1 Gbp (gigabasepair) in size
(Collins et al. 2003), while the Ulva genome is considerably smaller at around 100 Mbp (De Clerck et al.
2018). A typical bacterial genome measures around 5 Mbp (but can vary from 0.1 Mbp to 15 Mbp) (Land
etal. 2015), and viral genomes can be as small as 1-2 kbp (Rosario et al. 2017).

Traditional sequencing methods are generally limited to sequencing shorter fragments of DNA.
Sanger sequencing, which was developed in 1977, for example sequences DNA fragments that are about
300 to 1,000 bp in length (Pervez et al. 2022). For taxonomic purposes, it is not always necessary to se-
quence an entire genome. Instead, specific segments (markers) of the genome are targeted using primers
and amplified by PCR (Polymerase Chain Reaction) before sequencing. A good DNA barcoding marker is
taxonomically informative (i.e., it needs to be able to differentiate between species) and at the same time
should be conserved enough for primers to be able to bind to the DNA of all the targeted species (Carugati
et al. 2015). In green seaweeds, we often use the plastid markers tufA (a 600 bp fragment of a gene that
encodes the elongation factor Tu) or rbcL (a 1,400 bp fragment of a gene that encodes ribulose 1,5-biphos-
phate carboxylase) (Manhart 1994, Vieira et al. 2016). For the taxonomic identification of bacteria, the
16S rRNA gene is used (a 1,600 bp fragment) (Park and Won 2018). In each case, the obtained sequence is

compared to a reference database for taxonomic identification.
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Sanger sequencing is only suitable for samples containing a single species (e.g., a single Ulva strain
or a single bacterial isolate). However, when dealing with samples containing a mixture of various species,
like the entire bacterial community associated with an Ulva thallus, alternative methods are needed. One
of the most widely adopted next-generation sequencing (NGS) techniques for this purpose is [llumina
sequencing technology. [llumina sequencing employs a sequencing-by-synthesis approach and enables
high-throughput parallel sequencing. This results in reads with high read accuracy (>99.9%) but with
relatively short read lengths (150-300 bp) (Pervez et al. 2022). More recently, Oxford Nanopore Technolo-
gies (a third-generation sequencing technology) has gained popularity. This technique relies on nanopores
and detects changes in the ionic current, allowing for significantly longer reads, with the current record
standing at a single read of 4 Mb. Although the initial read accuracy was relatively low, recent reports
indicate a raw read accuracy exceeding 99% (Wang et al. 2021). Both of these sequencing methods can be
applied to amplicon sequencing, where specific DNA marker products are sequenced after amplification,
or they can be employed for metagenomic sequencing and whole-genome sequencing purposes. Whole-
genome sequencing aims to analyse the whole genome of a single species, while metagenomic sequencing
focuses on analysing genetic material from a complex mixture of organisms, such as a microbial communi-
ty or environmental sample. In both cases, the genomes are assembled by identifying overlapping regions
between DNA reads to create a contiguous representation of the organism's genome. Comprehensive ge-
nome analysis extends beyond mere taxonomic classification, enabling the exploration of functional gene
groups, including functions like carbohydrate metabolism, cofactors and vitamins metabolism, and the
synthesis of secondary metabolites (Kanehisa et al. 2008). Metagenomic sequencing of an Ulva-associated
bacterial community for example gives an overview of the functional potential of this community:.

In this thesis, Sanger sequencing was used for the identification of Ulva species (Chapter 2, 4, 5, and
7). Oxford Nanopore long-read sequencing was used for the taxonomic composition of bacterial communi-
ties based on 16S amplicons (Chapter 2, 3, and 4) and for whole-genome sequencing of bacterial isolates
(Chapter 6). Finally, metagenomic and metatranscriptomic (RNA-based) sequencing with Illumina tech-

nology were used for the functional profiling of bacterial and viral communities (Chapter 5 and 7).
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1.2.2 Life cycle and reproduction

Ulva has an isomorphic biphasic life cycle, meaning that it has two multicellular phases that are morphologically
indistinguishable (Fig. 1.03). During sexual reproduction, the haploid gametophytes produce haploid biflagel-
late gametes through mitosis. When gametes of different mating types are fused, a zygote is formed. The zygote
develops into a diploid sporophyte and these in turn produce haploid quadri-flagellate zoospores through
meiosis that develop into gametophytes. Asexual reproduction can also occur at every stage. Unfused gametes,
for example, can regrow into gametophytes (Balar and Mantri 2020).

The reproductive cycle of Ulva is affected by several abiotic factors (including temperature, light, and
desiccation), as well as biotic factors (including tissue age, algal-bacterial interactions, and the concentration of
swarming inhibitors) (Kalita and Tytlianov 2003, Gao et al. 2017, Balar and Mantri 2020). The life cycle of the
lab strains of Ulva compressa [in the literature often mentioned under its synonym Ulva mutabilis] has been ex-
ceptionally well studied (Stratmann et al. 1996, Wichard and Oertel 2010). Gametogenesis or sporogenesis can
be induced by fragmentation of the thalli and washing the small fragments to remove sporulation inhibitors SI-1
and SI-2 from the medium. After 36 hours, the vegetative cells start to convert into gametangia or sporangia. On
the morning of the third day after induction, the release of the gametes or zoospores can be triggered by light
and the removal of swarming inhibitor SWI from the medium. Similar methods have been demonstrated for
Ulva linza (Vesty et al. 2015). With Ulva fenestrata cultures, gametogenesis or sporogenesis is often induced by
punching discs from older parts of the thalli (similar to the fragmentation method, but with larger fragments).
Fertile parts, which are often visible after 5-7 days, are exposed to a desiccation shock and rehydrated in fresh
medium, after which the reproductive cells are released (Steinhagen et al. 2021b).

Both Ulva gametes and zoospores are phototactic during their motile phase, swimming either towards
the light or in the opposite direction (Haxo and Clendenning 1953). This phototactic behaviour plays an import-
ant role both in the mass-collection of reproductive cells for aquaculture and in obtaining bacteria-free individ-

uals (see section 1.5.2) (Spoerner et al. 2012, Steinhagen et al. 2021b).

1.3 Ulva and the environment

The ubiquitous distribution of Ulva is not without reason: Ulva species are known to be highly tolerant to
changing environmental conditions and can be found in a wide range of habitats (Beer 2022). These plastic
species have the ability to combine rapid growth during optimal conditions with high persistence and survival
during stress periods (Vermaat and Sand-Jensen 1987). Although a high abundance of Ulva is usually associated
with shallow water and eutrophic conditions (Ho 1981, Lavery et al. 1991, Anderson et al. 1996), Ulva has been
reported from the supralittoral zone down to 85 m depth (Spalding et al. 2016). Studies on Ulva lactuca collect-
ed in Denmark [with the recent taxonomic advances, this is more likely to be Ulva fenestrata] showed that the
minimum light requirements for growth and photosynthesis were as low as 2.5 pmol photons m? s!, which cor-
responded to only 0.5% of the surface light of Danish water in Summer (Sand-Jensen 1988). Ulva species have
even been reported to survive over 40 days in the dark whilst maintaining chlorophyll content and low growth
rates if supplied with external glucose and acetate (Markager and Sand-Jensen 1990). Optimal irradiance for
the northern hemisphere Ulva fenestrata reportedly ranges between 55-100 pmol photons m s (Sand-Jensen
1988, Toth et al. 2020). Growth saturation irradiance for several strains from the Yellow Sea is frequently higher,
e.g., 136 pumol photons m? st in Ulva linza (Kim et al. 2011), and 200 umol photons m s* in Ulva prolifera (Luo
et al. 2012). However, the effect of irradiance on Ulva performance often depends on other parameters, such as

nutrient concentrations, temperature, and salinity (Xiao et al. 2016).
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FIGURE 1.03 Typical Ulva life cycle. Ulva species alternate between gametophytic (haploid) and sporophytic
(diploid) life phases. Mating types are indicated by (+) and (-). Asexual reproduction can also occur (indicated

by dashed arrows).

Salinity is a major driver of biodiversity and species composition of invertebrate (Boulton et al. 2007),
microbial (Lozupone and Knight 2007), and macroalgal communities (Snoeijs 1999). Interestingly, Ulva is one
of the only genera in the green lineage that includes both freshwater and marine species (Rybak 2018, Mantri et
al. 2020). Ulva species can be found across the entire salinity spectrum, and while a few species grow exclusive-
ly in freshwater (salinity < 0.5 PSU), e.g. Ulva limnetica (described from Japan) (Ichihara et al. 2009) and Ulva
shanxiensis (described from China) (Chen et al. 2015), the majority of the species occurs in marine or brackish
habitats (salinity 0.5-45 PSU). Many Ulva species are very tolerant to fluctuating salinity conditions. Ulva intes-
tinalis and Ulva linza, for example, can be found from 3 PSU to 34 PSU, spanning the entire Atlantic Ocean-Baltic
Sea salinity gradient (Steinhagen et al. 2023). More surprisingly, experimental work on U. limnetica showed
that this freshwater species can survive in water with a salinity ranging from 0 to 30 PSU (Ichihara et al. 2013),
indicating that this species has not lost its acclimation potential. The acclimation mechanisms of Ulva to fluctu-
ating salinity are not well understood. Transcriptomic studies showed that genes related to photosynthesis and
glycolysis pathways (e.g., malate dehydrogenase, soluble starch synthase, and chloroplast ascorbate peroxidase
genes) are upregulated in lower salinity conditions, as well as processes related to ion transportation and os-
molytes metabolism (Ichihara et al. 2011, Xing et al. 2021). Under hypersaline conditions, Ulva rapidly accumu-
late the organic osmolyte proline (Kakinuma et al. 2006) and is known to upregulate antioxidant enzymes (Sung
et al. 2009). A deeper understanding of these mechanisms will help us understand why Ulva has such a remark-

able tolerance.
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Light, temperature, nutrients, and salinity collectively affect Ulva abundance. In coastal ecosystems, Ulva
is an important food source for herbivores (Green and Fong 2016, Storero et al. 2022). However, Ulva species
are also notorious for developing extensive blooms, known as green tides (Fig. 1.04) (Fletcher 1996, Ye et al.
2011). The sudden beaching of huge masses of algae poses significant ecological and economic hazards. In
Brittany (France), for example, each year over 100,000 m? of landed algae smother the coast, resulting in an
estimated cost of €2.4 million for cleaning and disposal (Charlier et al. 2007, 2008). In China, the largest green
tides have covered ~1/8 of the area of the Yellow Sea, and more than 1.44 million tons of algae have report-
edly landed in Qingdao during the year 2021 (Chen et al. 2022). The decomposition of these huge amounts of
beached green algae causes extreme anoxic conditions and the release of gaseous sulphur compounds, resulting
in sulphide poisoning and reduced biodiversity (Ye et al. 2011, Wan et al. 2017). Green tide events happen with
increasing frequency and scale worldwide (Li et al. 2021, Ren et al. 2022). Eutrophication is attributed a major
causal role in the development of green tides and contributes to the observed increasing occurrences (Smetacek
and Zingone 2013, Xing et al. 2015). In addition, the interplay of sea surface temperature, precipitation, irra-
diance, and the availability of “seed” material from neighbouring aquaculture can trigger a green tide event as
well as influence the scale of the triggered event (D. Li et al. 2022). Due to the complex interactions of environ-

mental triggers, preventing and mitigating green tides will be no small undertaking.

FIGURE 1.04 Ulva species are notorious for their role in the occurrence of green tides. A) Large masses of

washed-up seaweeds in the Netherlands. B) Forbidden trespassing sign at a beach in Brittany warning against

the fumes of rotting green algae.

1.4 Cultivating Ulva

The seaweed cultivation industry is currently undergoing exponential growth, driven by the search for alterna-
tive sustainable food sources and other valuable products. Seaweed production accounts for ~51% of the total
global mariculture production, amounting to nearly 35 million tonnes in volume and a value of 14.7 billion USD
in 2019 (Duarte et al. 2021, Cottier-Cook et al. 2022). The majority of the cultivated biomass consists of only a
few genera: Saccharina and Undaria (brown seaweeds), and Kappaphycus/Eucheuma, Gracilaria and Porphyra
(red seaweeds) (Cai et al. 2021). Cultivation of green seaweeds (e.g., Monostroma in Japan) is small and current-
ly contributes merely 0.05% of the total biomass production. Nevertheless, cultivation of Ulva is also gaining
attention (Bolton et al. 2016, Steinhagen et al. 2022b, Buck and Shpigel 2023, Harsha Mohan et al. 2023). Ulva
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grows fast, even under high stocking densities, and its tolerance to environmental conditions makes it relatively
easy to grow (Al-Hafedh et al. 2015, Steinhagen et al. 2022b). It can be cultivated both out at sea and in land-
based systems (Steinhagen et al. 2021b). In addition, Ulva has the potential to be used as biofilter in Integrated
Multi-Trophic Aquaculture systems, as Ulva is generally very efficient in absorbing and removing nitrogen (Co-
pertino et al. 2009, Nederlof et al. 2022). To establish a commercially viable Ulva aquaculture industry, various

methods for large-scale biomass cultivation are currently being developed.

1.5 Ulva as an own ecosystem

[This part of the introduction has been adapted from L.M. van der Loos, B.K. Eriksson & |. Falcdo Salles. 2019.
The macroalgal holobiont in a changing sea. Trends in Microbiology. 27:635-650]

1.5.1 The seaweed holobiont: a functional unity

Seawater contains vast numbers of microorganisms, with up to 107 viruses, 10° bacteria, and 103 microalgae
per mL (Cole 1982). Many of these microbes form biofilms on a range of eukaryotic organisms, such as corals,
sponges, and macroalgae. The microbial communities associated with different hosts contain a diverse assem-
bly of organisms (including archaea, bacteria, fungi, microalgae, protozoa, and viruses), but differ markedly
from the assemblages in seawater (Longford et al. 2007). In fact, together the host and the associated microbes
are increasingly regarded by some authors as a functional unity called holobiont [for authoritative reviews

on the holobiont concept and evolutionary perspective, see Bordenstein and Theis (2015), McFall-Ngai et al.
(2013), Rosenberg and Zilber-Rosenberg (2016), and Agler et al. (2016)]. This single ecological unitis a
complex entity with highly specialized symbiotic interactions that are regarded to be important in the function-
ing of all organisms involved (Barott et al. 2011).

Microbes often play a crucial part in macroalgal health, functioning, and development during the host’s
various life cycle stages (Wahl et al. 2012, Egan et al. 2013). The interactions between macroalgae and the
microbiota are extremely diverse. Ranging from mutualistic, to commensal and parasitic, the microbiota can be
fundamental or detrimental to the functioning of the host (Egan et al. 2013). The interplay of macroalgae with
their microbial component affects — among others — nutrient exchange, defence mechanism, morphology, re-
production, and settlement (Brock and Clyne 1984, Goecke et al. 2010, Bengtsson et al. 2011). The algal surface
is a habitat that is ideal for the growth of the microbiota, as it is rich in organic carbon, oxygen, and nutrients
(Brock and Clyne 1984, Goecke et al. 2010, Bengtsson et al. 2011, Lage and Graga 2016). In turn, the microbio-
ta, for example heterotrophic bacteria and nitrogen fixing cyanobacteria, may provide the algal host with CO,,
nitrogen, and vitamins (Croft et al. 2006, Egan et al. 2013, Hollants et al. 2013b). However, the functioning of the
holobiont extends far beyond exchanging key nutrients.

Microbial communities form a biofilm on the host, which acts as both a physical and a physiological barri-
er between the host and the environment (Wahl et al. 2010, 2012). This barrier can modulate the availability
of resources for the host, having an ‘insulating’ effect. The insulating effect can also be positive, as the biofilm
can protect the host against toxins, heavy metals, and ultraviolet radiation, by adsorption or even transforming
the toxins to less harmful compounds (Riquelme et al. 1997, Goecke et al. 2010, Wahl et al. 2012). Microbes are
an important factor in the early phases of macroalgal life-history as well. The amount of bacteria in the biofilm
on surfaces (e.g., rocks) has a positive effect on the number of zoospores settling on the substrate (Joint et al.

2000), as does the age of the biofilm (Patel et al. 2003), thus facilitating the successful colonisation of new sur-
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faces by macroalgae and the formation of new holobionts (Goecke et al. 2010). In addition, the release of spores
can be influenced by biofilms due to the secretion of secondary metabolites that act as a cue (Weinberger et

al. 2007, Singh et al. 2011). Finally, the biofilm has an important chemical function. Certain algae-associated
bacteria may play a part in the host defence strategies against unwanted microbes and biofouling by outcom-
peting other bacteria. They can for instance secrete antifouling chemicals and antibiotics, thus maintaining the
health of the host (Goecke et al. 2010).

1.5.2 Ulva, its microbiome, and morphogenesis

Ulva in particular is a model organism for the study of morphological development and host-bacterial
interactions (Wichard et al. 2015). Ulva relies on its bacterial symbionts for morphogenesis, and in the

absence of appropriate bacteria merely grows as a loose callus-like aggregate of cells with malformed cell walls
(Fig. 1.05) (Provasoli 1958, Marshall et al. 2006, Spoerner et al. 2012). Only when exposed to certain bacterial
strains, complete morphogenesis is observed. In laboratory experiments, establishing morphogenesis is usually
mediated by exposing Ulva to a specific Roseovarius sp. strain MS2 and a Maribacter sp. strain MS6 (Spoerner et
al. 2012, Weiss et al. 2017), but several other bacteria also have the capacity to induce morphogenesis (Gruen-
eberg et al. 2016). These bacteria release waterborne morphogens (morphogenetic compounds) that induce
blade cell division and thallus elongation (MS2 activity), or rhizoid formation and cell wall development (MS6
activity) (Weiss et al. 2017). To date, only the compound released by MS6 activity strains — thallusin — has
been identified (Matsuo et al. 2005, Alsufyani et al. 2020). Bacteria that exhibit MS2 activity include, amongst
others, Paracoccus, Sulfitobacter, and Halomonas strains, while bacteria that exhibit MS6 activity include several
Maribacter and Zobellia strains (Grueneberg et al. 2016, Wichard 2023). In addition, two strains, an Algoriph-
agus sp. and a Polaribacter sp., exhibit the capability of independently triggering complete morphogenesis
without requiring the presence of complementary strains (Grueneberg et al. 2016).

In its natural environment, Ulva harbours a microbial biodiversity that extends far beyond the
well-studied morphogenesis-inducing bacteria, with reported bacterial operational taxonomic units (OTUs)
ranging from 224 to 413 per sample (Roth-Schulze et al. 2018). The majority of these microbes inhabit the
surface of Ulva thalli (Gemin et al. 2019), given Ulva’s relatively simple morphology of being only 1-2 cell layers
thick, although a few endophytic bacteria have been identified as well (Deutsch et al. 2023). Interestingly, Ulva’s
reproductive cells do not appear to inherit bacteria from their parents (i.e., no vertical transmission), as demon-
strated by the absence of bacteria on freshly released spores (Syukur et al. 2023). This indicates that Ulva gam-
etes and spores rely on horizontal acquisition of their symbionts from the environment. Thus, the environment
has a large potential to influence the composition of Ulva-associated microbial communities. On the other hand,
studies thus far have shown that the taxonomic composition of the Ulva microbiome is highly variable across
individuals (Tujula et al. 2010, Burke et al. 2011b, Roth-Schulze et al. 2018), suggesting that neutral or stochas-
tic processes likely play a role in driving microbial community structure. The question remains to what extent
Ulva can “garden” its own microbiome, for example by attracting beneficial microbes and deterring unwanted
colonisers from the environmental source pool (Saha and Weinberger 2019).

The availability of truly axenic gametes and zoospores was an important element in advancing the under-
standing of the symbiotic interactions within the Ulva holobiont. Obtaining strictly axenic cultures proves to be
challenging for many macroalgal species. Conventional methods, such as antibiotic treatments and sonication
(disruption based on sound waves), are effective in eliminating the majority of biofilm, but typically leave be-

hind a residual population of bacteria. Spoerner et al. (2012) were able to effectively obtain axenic Ulva cultures
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by leveraging the gamete’s phototactic behaviour. Due to the gametes’ strong attraction to light and their high
swimming speed, they can be harvested separately from their accompanying bacteria by passing them through
glass pipettes equipped with a light source at the tips. The presence of axenic cultures enables researchers to
assess the impact of individual bacteria on Ulva growth, physiology, and biochemical composition. For ecological
relevance, however, it is equally important to understand how the holobiont as a whole responds to alterations

in the microbial community and environmental changes.

FIGURE 1.05 A) Normal development of Ulva germlings (2-week-old culture), with rhizoids and cell walls.

B) Axenic Ulva culture. Note the malgrowth in the absence of bacteria and the colourless protrusions.

1.5.3 Changing communities in changing environments

Without their associated microbiota, macroalgae cannot function optimally. However, microbes can also induce
diseases, especially under changing environmental conditions, such as increasing seawater temperatures and
ocean acidification (Egan et al. 2014, Kumar et al. 2016). Here, environmental stressors alter the microbial com-
munities and disturb the symbiotic relation, which results in holobiont break-up (De Fouw et al. 2016, Egan and
Gardiner 2016). With the cascading effects of a holobiont break-up and dysbiosis, the results of these chang-
ing conditions may be more severe than predicted. However, we also know that interactions between species
may shift from negative to positive during increasing amounts of stress (Menge and Sutherland 1987). Thus,
an increasing positive importance of mutualisms, facilitative interactions and cooperative behaviour, may also
provide holobionts with additional resilience to changing conditions (stress gradient hypothesis; sensu Maestre
et al. 2009). In the context of environmental changes, especially those human-induced, the holobiont concept
becomes increasingly important.

Environmental change interacts with the holobiont on three basic levels (summarised in Fig. 1.06):
(i) direct effect on microbiota; (ii) direct effect on host physiology; and (iii) direct effect on host-microbiota
interactions. For example, shifting of environmental conditions expected under climate change scenarios might
lead to fluctuations in the microbial composition in the seawater column (Hengst et al. 2010, Krause et al. 2012,
Minich and Dinsdale 2015). This will in turn affect the microbial community that can colonise the host and the
functional traits associated with those (e.g., microbial communities might shift in terms of absolute abundance,

relative abundances, and species richness, ultimately resulting in different functional guilds). Environmental
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change may also have a modifying effect on the interactions between host and microbes, as microbial communi-
ties with a different functional potential affect the host differently, and vice versa a host with a changed physi-
ology provides a different kind of niche to microbes. For example, an environmentally induced shift towards an
epiphytic community with a higher abundance of pathogenic microbes (Mensch et al. 2016, Minich et al. 2018),
may subsequently be detrimental to the host. In turn, reduced photosynthetic activity due to a decreased pH,
and thus a lower production of oxygen by the algal host (Nunes et al. 2016), could potentially lead to the algal
surface being an unfavourable habitat for aerobic bacteria. These are just two of many hypothetical examples
that could be given of how climate change can have a transforming effect on host-microbe interactions, and this
illustrates the complexity of studying the response of the holobiont to changing environments.

Several studies have shown that the bacterial communities associated with macroalgae change under
the influence of temperature (Webster et al. 2011, Saha et al. 2014, Mensch et al. 2020), ocean acidification
(Qiu etal. 20193, Barakat et al. 2021), and salinity (Stratil et al. 2014, Dittami et al. 2016). Such environ-
mentally-induced alterations of the microbial communities have been observed both in terms of taxonomic
composition (based on 16S rRNA gene sequencing; Text box 1) and functional gene composition (based on
metagenomic sequencing; Text box 1). In Ulva fasciata, for example, increased pCO, levels induced a shift from
a Halomonas-dominated bacterial community to a Vibrio-dominated community (Barakat et al. 2021). Micro-
bial communities of calcified rhodoliths along an environmental gradient in the Great Amazon Reef System
contained more genes related to iron acquisition and photosynthesis in the southern region of this gradient,
whereas the microbial communities in the central and northern area were enriched in respiration and sulphur
metabolism, concordant with higher nutrient concentrations in these areas (Calegario et al. 2020). Conversely,
rholodith-microbial communities remained stable under elevated pCO, conditions (Cavalcanti et al. 2018). The
ocean acidification treatment did not negatively affect calcium carbonate biomass of the host, suggesting that a
stable microbiome is important for host resilience.

The question remains whether microbial communities can help their macroalgal host acclimate — or
even adapt — to short-term and long-term changes in the environment and what mechanisms are involved in
these interactions. Deciphering the complex interactions between the environment and all the components
that together form the macroalgal holobiont will require a mix of laboratory and field experiments, as well as
descriptive and manipulative studies. Due to the large amounts of interactions between the environment, the
host, and the bacterial communities, it will be very complex to clearly establish causality. However, understand-
ing the mechanisms through which the environment interacts with the holobiont and the magnitude of impor-

tance of each component will be essential in understanding the effects of environmental change.

1.6 Research objectives and thesis outline

The general objective of this PhD thesis is to assess how the Ulva holobiont acclimates to environmental change.
As argued before, Ulva is an excellent candidate for seaweed holobiont research. Not only is Ulva a model system
to study algal-bacterial interactions, its widespread distribution, growing importance in aquaculture, and the
availability of a reference genome also make it a highly relevant choice.

To address the general objective, we used a combination of different techniques, including 16S rRNA se-
quencing, metagenomic sequencing, and whole-genome sequencing (for an overview of sequencing techniques,
see Text box 1), and we conducted both field studies and manipulative laboratory experiments. To provide a
comprehensive overview of the Ulva microbiome, we studied natural populations as well as cultivated strains,

and aimed to characterise not only bacteria, but understudied components of the holobiont as well.
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This thesis contains six research chapters (chapter 2-7):

Chapter 2 describes a pipeline to monitor Ulva-associated bacterial communities using long-read
Oxford Nanopore sequencing.

Chapter 3 analyses seasonal fluctuations and succession patterns in the bacterial communities of
natural Ulva populations and cultivated Ulva.

Chapter 4 characterises the taxonomic composition of the Ulva microbiome across a natural and stable
salinity gradient in the Baltic Sea.

Chapter 5, using the same Atlantic-Baltic Sea salinity gradient, explores how the functional potential of
the bacterial communities changes using metagenomic techniques.

Chapter 6 tests whether bacteria isolated from high and low salinity environments can affect Ulva
growth under varying salinity conditions using laboratory experiments.

Chapter 7 explores the Ulva microbiome beyond bacteria and characterises novel viruses associated
with healthy and bleached Ulva.

To conclude, Chapter 8 provides a comprehensive overview of the findings of this thesis, integrating the results

from the individual research chapters and delving into future perspectives within in a broader context.

holobiont

microbial communities

(i) direct effect on
microbes

(iii) mediated effect

on interactions environmental
4.......-.......-...... change

(ii) direct effect on
host physiology

FIGURE 1.06 Overview of the interactions between the host, the microbial community, and environmental

change. Environmental change (e.g., stressors or changes in environmental conditions) will separately have an

effect on (i) the microbes associated with the host and (ii) the host itself, causing changes in host physiology

and microbial community traits. This will affect the interactions between the host and the microbial communi-

ties (iii) and thus the outcome of the symbiotic relation.
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— Alt], in: Dissolve Me (An Awesome Wave)
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Abstract

Microbes are vitally important for seaweed growth, functioning, and reproduction, and are likely to have a big
impact on aquaculture. Algae-associated bacteria, however, remain mostly unmonitored in aquaculture. Here,
we studied the microbiomes of Ulva australis and Ulva lacinulata, three natural populations and an aquaculture
set-up, based on full-length 16S rRNA gene sequences. The microbiome of cultivated Ulva was pronouncedly
different from natural populations, and was specifically associated with higher relative abundances of known
growth-promoting bacteria Sulfitobacter and Roseobacter. On a smaller scale, there were species-specific
differences as well. In general, Ulva-associated communities were highly distinct from environmental seawater
and sediment reference samples. We demonstrated a workflow generating full-length 16S rRNA sequences in
real-time using Oxford Nanopore sequencing. We compared 3 different reference databases to assign taxonomy
with KRAKEN2 (SILVA, Greengenes and NCBI). In addition, we used Nanopore’s cloud-based EPI2ZME workflow
for comparison. All four methods yielded comparable results in terms of relative abundances on phylum and
order level, but differed widely in alpha diversity indices at genus level. Using the NCBI 16S database, especially
in combination with the EPI2ZME workflow, resulted in a high proportion of false identifications of cyanobacteria
due to chloroplast contamination. Based on our results, we recommend assigning taxonomy of Nanopore-
derived long-reads with KRAKEN2 and the SILVA database in seaweed-microbiome studies. The protocols used

in this study provide results within 24 hours and may be applicable for rapid microbial surveys in aquaculture.

2.1 Introduction

Recent decades saw a spectacular growth of coastal and onshore aquaculture as a sustainable alternative to
food and feed procurement. Seaweed aquaculture in particular has grown faster than any other marine food
production sector in the last 20 years (FAO 2020). Seaweeds, however, would not be able to attain proper
growth without microbial partners that colonise their surfaces, rhizoids, and in some cases also the cytoplasm
itself. Both the microorganisms (including archaea, bacteria, fungi, microalgae, protists, and viruses) and their
interactions are extremely diverse, ranging from mutualistic to parasitic. Many of the microbes play a crucial
role during the host’s various life cycle stages, affecting nutrient exchange, defence mechanisms, morphology,
reproduction, and settlement (Weinberger et al. 2007, Goecke et al. 2010, Bengtsson et al. 2011, Wahl et al.
2012, Egan et al. 2013, van der Loos et al. 2019).

A species that is particularly amenable for aquaculture is Ulva (Bolton et al. 2016). Ulva is relatively easy
to grow and can be integrated in multi-trophic land-based systems where it removes excessive nutrients (biore-
mediation), while the biomass can serve as a direct feed component for co-cultivated animals or be processed
as a sustainable biomass feedstock for the food and biotech industries (Neori et al. 2004, Alsufyani et al. 2014,
Bikker et al. 2016, Reisky et al. 2019). The Ulva thallus is relatively simple, being a blade that is two-cells thick
or a tube that is one-cell thick. These morphologies, however, are only established in the presence of appro-
priate bacterial communities (Spoerner et al. 2012). In axenic culture conditions (cultured in the absence of
microbes), Ulva grows as a loose callus-like aggregate of cells with malformed cell walls. Only when exposed to
certain bacterial strains, complete morphogenesis is observed. In laboratory experiments, establishing mor-
phogenesis is usually mediated by exposing Ulva to a specific Roseovarius and a Maribacter strain (Wichard et
al. 2015), but several other bacteria also have the capacity to induce morphogenesis (Grueneberg et al. 2016,
Ghaderiardakani et al. 2017). Apart from morphology, these bacteria can also promote Ulva growth (Gemin et al.
2019), stimulate settlement of zoospores (Joint et al. 2002, Marshall et al. 2006), and alter the biochemical com-

position (Polikovsky et al. 2020). For example, certain growth-promoting bacterial isolates have been shown
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to singly increase Ulva growth by 81% (Gemin et al. 2019), increase glucose and glycerol content, and alter the
rhamnose/xylose/glucuronic acid ratio (Polikovsky et al. 2020). It is clear that the impact of bacteria on host
physiology can have cascading effects on biomass production and biomass quality in aquaculture. It is therefore
important to compare the Ulva-associated microbiome in wild and aquaculture populations from an economic
perspective as well.

Contrary to fed aquaculture species (e.g. finfish, molluscs, shrimp), in seaweed aquaculture the associat-
ed microbiomes are not routinely screened (Bentzon-Tilia et al. 2016, Rajeev et al. 2021). Microbe-monitoring
in aquaculture is often targeted toward specific pathogens (e.g., Aeromonas and Vibrio strains) and is tradition-
ally performed using culture techniques on agar plates (Ganesh et al. 2010). Although culturing bacteria and
subsequent identification with Sanger sequencing or MALDI-TOF MS is a highly specific method, it does not
provide information on the non-cultivable fraction of the microbiome. Other approaches to assess microbial
diversity and communities in aquaculture include flow cytometry (Props et al. 2016) and high-throughput
sequencing technologies based on marker genes (Infante-Villamil et al. 2021). Especially high-throughput
sequencing, however, has been a labour-intensive and time-consuming method, but this has changed with the
recent development of the MinlON sequencer by Oxford Nanopore Technologies (ONT), enabling real time long
read sequencing (Santos et al. 2020).

Oxford Nanopore sequencing technology directly detects nucleotides based on ionic current shifts that
occur as the nucleotides of a single DNA strand pass through a protein nanopore (Jain et al. 2016). This allows
for the sequencing of long stretches of DNA, including full-length amplicons of the16S rRNA gene, which is uni-
versally used as a marker in taxonomic profiling of prokaryotic species (Santos et al. 2020). A MinION flow cell
contains up to 512 nanopore channels and typically produces between 10-30 Gb sequence data. Reads obtained
from this hand-sized device (which is simply plugged into a computer) can be basecalled and analysed in real
time (Mitsuhashi et al. 2017). Apart from the speed of sequencing and the length of the reads, other advantages
include portability (allowing in situ sequencing at remote locations), low costs, and user friendliness’. A current
trade-off is the relatively low read accuracy compared to other platforms that employ sequencing-by-synthesis
such as Illumina technology. Modal raw read accuracy of ONT is currently >97% (Oxford Nanopore Technol-
ogies 2021), but is constantly improving due to both enhanced flow cell chemistry and improved basecalling
algorithms (Deamer et al. 2016, Karst et al. 2021). Despite lower read accuracy, using the full 16S rRNA gene
(~1,500-1,600 bp) has been shown to result in greater taxonomic resolution of microbial communities com-
pared to the use of high-accuracy, partial 16S rDNA fragments (~100-500 bp) (Johnson et al. 2019, Nygaard et
al. 2020, Kerkhof 2021). The potential to use MinION derived 16S rDNA reads has been demonstrated in recent
studies focusing on, amongst others, coral microbiomes (Carradec et al. 2020, Wijgerde et al. 2020), seawater
communities (Curren et al. 2019), mouse gut microbiota (Shin et al. 2016), and building-dust microbiomes
(Nygaard et al. 2020). Concerning macroalgae, ONT has only been employed in a single publication in which the
hologenome of the green alga Caulerpa ashmeadii was characterised using metagenomics (Sauvage et al. 2019).

Few bioinformatics tools and protocols are available for the processing of 16S rDNA Nanopore sequenc-
es, especially compared to the number of tools available for the processing of [llumina short-read sequencing
technologies (Santos et al. 2020). Existing tools that were specifically designed for shorter, high accuracy reads
are in many cases not suitable to analyse long reads with lower accuracy, due to the larger number of errors
that accumulate in longer reads. Nanopore’s own cloud-based tool EPI2ZME is very user friendly and provides
end-to-end data analysis service. However, users can only modify initial parameters (including read length and
quality) while other parameters are set by default. The FASTQ 16S workflow, for example, assigns taxonomy
using BLAST and the standard NCBI 16S database (with >77% identity and >30 coverage as default settings,
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although these parameters can also be adjusted in the latest EPI2ZME 16S workflow release). Results are visible
as a web report and can be downloaded as CSV file. In seaweed microbiome analyses, chloroplast contamina-
tion may pose an additional problem. Due to the cyanobacterial origin of the chloroplast, universal 16S rDNA
primers may lead to amplification of plastid DNA, resulting in >90% chloroplast-derived reads in some samples
(Thomas et al. 2019). To be able to distinguish between real cyanobacteria and plastid sequences, the reference
database is of enormous importance. As the EPI2ZME platform only works with the NCBI database, other classifi-
er tools such as KRAKEN2 (Lu and Salzberg 2020), Centrifuge (D. Kim et al. 2016), and Minimap2 (Li 2018) need
to be utilised in order to use other traditional and curated 16S rDNA databases, including SILVA (Quast et al.
2013) and Greengenes (DeSantis et al. 2006).

Here, we studied the diversity of bacteria associated with Ulva australis and Ulva lacinulata in natural
and aquaculture populations as a test case to demonstrate a workflow to screen algal-associated bacteria using
Oxford Nanopore MinlON sequencing technology covering the whole 16S rRNA region. In addition, we com-
pare three different 16S rDNA reference databases to assign taxonomy: SILVA, Greengenes and NCBI, as well as

Nanopore’s EPI2ZME tool.

2 km

North Sea

Eastern Scheldt

NJD

FIGURE 2.01 Map showing sample sites in Zeeland, the Netherlands. The three sample sites included an

exposed, rocky shore (N]D), a floating pontoon (NJP), and a sedimentary bay (JCH). Additional samples were
received from aquaculture facilities (YER; not on the map). (Map modified from Lencer (2011). Photo credits
(left to right): Mick Otten, Frank Perk, Luna van der Loos, Lander Blommaert (NIOZ).
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2.2 Materials and methods

2.2.1 Sampling

Ulva individuals were collected in February 2020 at three neighbouring localities in the Netherlands: 1)
an exposed rocky shore on the North Sea coast of the storm surge barrier Neeltje Jans (N]JD; 51°37°22.0"N,
3°40°'15.9”E), 2) a floating pontoon in a sheltered bay on the North Sea coast (NJP; 51°37°05.1”N, 3°40°'55.4"E),
and 3) rocky substrate in the sedimentary, sheltered bay Jacobahaven in the Eastern Scheldt Delta (JCH;
51°35'52.4"N, 3°41°05.0”E) (Fig. 2.01; Electronic Supplementary Materials S2.01). At each site, five Ulva individ-
uals were collected, as well as seawater samples (n = 3, ~500 mL per sample) and sediment samples if possible
(n =3, ~2 mL per sample) as environmental references. All samples were collected at low tide and immediately
transported on ice to the laboratory (approximately 1 hour drive). From each Ulva individual, a tissue sample
(1 cm?) and a swab sample (by rubbing a cotton swab for 30 seconds on the tissue) were processed for microbi-
ome analyses. Seawater was filtered on a MF-Millipore MCE membrane filter with 0.22 pm pore size. All samples
were preserved at -80 °C. All Ulva specimens were identified using the tufA and/or rbcL. DNA barcoding marker,
and included U. australis and U. lacinulata (see Electronic Supplementary Materials S2.01 for NCBI accession
numbers). Species were identified according to the latest taxonomic revisions by Hughey et al. (2021).

In addition to natural Ulva populations, we included six samples from algal aquaculture facilities at the
Royal Netherlands Institute for Sea Research, located in Yerseke (YER). These samples included two strains
that originated from Jacobahaven (Ulva australis) and the Wadden Island Texel (Ulva lacinulata), but had been
in culture for over one year. The land-based aquaculture facilities receive sediment-filtered seawater from the

Eastern Scheldt.

2.2.2 DNA extraction, PCR amplification, and sequencing

Microbial DNA was extracted with the Qiagen PowerSoil kit following the manufacturer’s protocol, from a total
of 53 samples (including a negative extraction control and the ATCC microbial standard MSA-1002 as positive
control). The full length 16S rRNA gene was amplified by PCR using the following primers: 27F_BCtail-FW
(TTTCTGTTGGTGCTGATATTGC_AGAGTTTGATCMTGGCTCAG) and 1492R_BCtail-RV (ACTTGCCTGTCGCTC-
TATCTTC_CGGTTACCTTGTTACGACTT), each containing a 5’ extension allowing for subsequent barcoding by
PCR. 16S rDNA amplification PCRs, including two negative PCR controls, were performed using the Phire Tissue
direct PCR Master Mix (Thermo Fisher) with the following thermal profile: 3 min at 98 °C, 30 cycles of 8 s at
98 °C; 8 s at 60 °C; 30 s at 72 °C, final extension of 3 min at 72 °C. Amplicons for each sample were barcoded
using the Oxford Nanopore “PCR Barcoding Expansion Pack 1-96 (EXP-PBC096)”, and subsequently pooled

in equimolar ratios and purified using Agencourt AMPure XP beads. The final library was prepared with the
ligation-based sequencing kit SQK-LSK109 according to manufacturer’s protocol (Oxford Nanopore Technol-
ogies), and sequenced on a MinlON with an R9.4.1 flow cell for 48 hours. Bases were called with Nanopore’s
command line-based tool GUPPY, resulting in a total of 3,407,210 reads. See Fig. 2.02 for an overview of the

methodological pipeline. The sequences are archived at SRA (accession number PRJNA742225).
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FIGURE 2.02 Pipeline for characterising the seaweed associated microbiome with Oxford Nanopore
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2.2.3 Read processing, taxonomic assignment, and statistical analyses

Data quality and length were visually inspected with NANOPLOT (De Coster et al. 2018) and data were demul-
tiplexed with QcAT (ONT, https://github.com/nanoporetech/qcat). Chimeric reads were removed with YACRD
(Marijon et al. 2020) and the remaining reads were filtered on length (1,000-2,000 bp) and quality (Q-score >8)
with NANOFILT (De Coster et al. 2018). The resulting 2,611,265 high-quality reads were used to assign taxonomy
at genus level in four different ways: 1) KRAKENZ2 in combination with the SILVA 16S database (138.1 release)
(Quast et al. 2013, Lu and Salzberg 2020), 2) KRAKENZ in combination with the Greengenes 16S database

(13.5 release) (DeSantis et al. 2006), 3) KRAKENZ2 in combination with the NCBI 16S database (Agarwala et al.
2018), and 4) Nanopore’s cloud-based platform EPI2ME that uses the NCBI 16S database (version 2020.03.11,
Metrichor, Oxford, UK; https://EPI2ME.nanoporetech.com)? In the graphs in this manuscript, we use the most
recent phylum nomenclature as implemented in the SILVA database. After taxonomic assignment, all chloroplast
reads and unidentified reads were removed from the dataset. One sample (swab sample, N]JD) was discarded
due to contamination. In addition, rare taxa not seen more than two times in at least 10% of the samples were
discarded. This protects against OTUs with small mean and trivially large coefficient of variation. As chloroplast
removal resulted in reduced read count in tissue samples (varying from only 0.1% to 87.8% loss of reads),
DESEQZ2 was used to normalize read count for sequencing depth (Love et al. 2014).

To assess differences in beta diversity (between-sample diversity) with sample site and sample type,
Bray-Curtis dissimilarities were calculated (Bray and Curtis 1957). Metrics were visualised with a Principal Co-
ordinates Analysis (PCoA) plot and compared in a permutational analysis of variance (PERMANOVA) with 9,999
permutations. All data conformed to the underlying assumptions of PERMANOVA, with multivariate spread
being equal among groups (similar to homogeneity of variances in an ANOVA) (Anderson 2017). Genera that
showed significant differences in abundance between sample types and sample sites were determined using the
DESEQ2 package (Love et al. 2014) with Benjamini-Hochberg corrected p-values. Data visualisation and sta-
tistical tests were performed using the VEGAN (Oksanen et al. 2020), GGpLOT2 (Wickham 2016), and PHYLOSEQ
(McMurdie and Holmes 2013) packages in R.

The full bioinformatics pipeline for each of the four taxonomic assignment methods was validated with
the use of a positive control (ATCC microbial standard MSA-1002) (Fig. S2.01). The script, detailing system
requirements and specific command line execution from raw reads to taxonomic assignment, is provided in the

Electronic Supplementary Materials S2.02.

2.3 Results

2.3.1 Comparing reference databases: alpha diversity

The largest richness (number of identified genera) was found with KRAKENZ in combination with the NCBI
database (a total of 1,177 genera across all samples, of which 886 associated with Ulva samples), followed by
SILVA (626 genera, of which 463 in Ulva samples), and Greengenes (367 genera, of which 289 in Ulva samples).
EPI2ME in combination with NCBI found the lowest diversity (265 genera, of which 202 associated with Ulva).
Based on the validation with the positive control, KRAKEN2+NCBI may have overestimated the diversity. The
ATCC microbial standard MSA-1002 contains 18 genera and while 5 taxa that should have been identified were
missing using KRAKEN2+NCBI, 10 additional taxa were assigned that are not part of the positive control (Fig.
S2.01). Using EPI2ZME+NCBI and KRAKEN2+Greengenes, 3 genera were missing, and, respectively 2 and 6 addi-
tional taxa were found (Fig. S2.01). KRAKEN2+SILVA is the only method that did not report any additional taxa,
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but 2 genera (Bifidobacterium and Schaalia) were missing (Fig. S2.01). The genera Bifidobacterium and Schaalia,
which should have been assigned in the positive control, were assigned a few reads each using all four different

taxonomic assignment methods, but were removed from the dataset during the filtering of rare taxa.

2.3.2 Comparing reference databases: relative abundance

According to all databases included in this study, the highest average relative abundance of bacteria associated
with Ulva samples (swab and tissue samples) belonged to the phyla Proteobacteria, Bacteroidota, and Deino-
coccota (Fig. S2.02). In general, Greengenes classified fewer reads to Actinobacteriota compared to SILVA and
NCBI, and EPI2ZME classified fewer Deinococcota and Firmicutes compared to KRAKEN2. Seawater and sediment
samples contained mostly Proteobacteria and smaller fractions of Bacteroidota as well.

At order level, Ulva samples contained a relatively higher percentage of Chromatiales (mainly due to
the presence of Granulosicoccus), Flavobacteriales, Saprospirales, and Thiotrichales compared to seawater
and sediment samples (Fig. 2.03). Seawater and sediment on the contrary contained more Campylobacterales,
Pseudomonadales, and Pelagibacterales. Aquaculture samples (YER) contained a very high relative abundance
of Rhodobacterales compared to natural Ulva populations. The results based on the SILVA and NCBI databases
are comparable. Greengenes classified fewer reads to Chromatiales in the Ulva samples and no reads to Pelagi-
bacterales in seawater samples.

SILVA assigned 9.9% of all total reads to chloroplasts, and Greengenes 9.8%. The majority of the chloro-
plast reads (83%) was found in tissue samples and represented host contamination. A smaller percentage in-
cluded microalgae. Using the NCBI database, not a single read was identified as chloroplast. Instead, 2.4-23.7%
of the reads in tissue samples were classified as Cyanobacteria (Fig. S2.02). Both KRAKEN2 and EPI2ME there-
fore showed a relatively high abundance of Cyanobacteria (and specifically Oscillatoriales at order level; Fig.

2.03) in tissue samples when using the NCBI 16S database.

2.3.3 The Ulva microbiome and environmental microbiome

The following results describing the environmental and Ulva microbiome were based on taxonomic assign-
ments with KRAKEN2+SILVA. A principal coordinates analysis (PCoA) based on Bray-Curtis distances showed
a clear distinction in microbial community composition (genus level) between sediment samples, seawater
samples, and Ulva samples (Fig. 2.04; p < 0.01 for all comparisons, PERMANOVA and Permutative Tukey). Whilst
microbial community composition of the environmental samples (seawater and sediment) displayed high sim-
ilarity within sample site (p > 0.05, Permutative Tukey), microbial communities associated with Ulva showed
more variation, especially between sample sites. Post-hoc tests revealed that bacterial communities from Ulva
sampled at N]JD and JCH (both intertidal areas, but a rocky shore versus a sedimentary bay, respectively) were
highly similar (p > 0.05, Permutative Tukey), but differed significantly from NJP (floating pontoons) and YER
(aquaculture samples). Communities also differed between NJP and YER (p < 0.01, Permutative Tukey). In addi-
tion, the two Ulva species collected (Ulva australis and U. lacinulata) harboured marginally different microbial
communities (p = 0.03, Permutative Tukey). Swab and tissue samples from the same individual were statistical-
ly similar (p > 0.05, Permutative Tukey, corrected for repeated measures).

DESEQ2 identified 152 OTUs that differed in abundance between Ulva samples and sediment (p < 0.01,
Benjamini-Hochberg corrected), of which 122 OTUs were more abundant in sediment and 30 more abundantly

associated with Ulva. Between Ulva and seawater communities, 218 OTUs were differentially abundant
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(p < 0.01, Benjamini-Hochberg corrected). Of these, 144 OTUs were more abundant in seawater and 72 in Ulva
samples. OTUs assigned to unidentified genera of the Clade Ia (Pelagibacterales), the SUPO5 cluster (Pseudo-
monadales), and the OM43 clade (Burkholderiales) were most abundant in seawater, whereas Woeseia, Sulfur-
ovum, and Sulfurimonas were characteristic for sediment communities (Fig. 2.05). Granulosicoccus was typically
associated with Ulva communities. Other abundant components of the Ulva microbiome that were not found in
environmental samples included Truepera, Postechiella, Flavobacterium, and Algitalea. The aquaculture samples
contained especially high relative abundances Sulfitobacter (4.1-14.1%, compared to 1.3% in natural popula-
tion samples) (Fig. 2.05). In addition, the cultivated Ulva lacinulata strain contained high relative abundances of
Roseobacter (8.1-10.5%, compared to an average of 0.009% in non-cultivated Ulva) and Methylotenera (2.92-
3.8%, compared to 0.01% in natural populations) (Fig. 2.04).
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FIGURE 2.04 PCoA plot of the microbial communities (genus level, Bray-Curtis dissimilarities) associated with
seawater, sediment, and Ulva samples (swab and tissue). Taxonomic assignment was based on KRAKEN2+SILVA.
Symbols represent sample type and colours represent sample site. For Ulva samples, species identifications us-
ing the tufA barcoding marker are labelled (samples belonging to the same Ulva species within one sample site
are marked with oval shapes). The 15 most differentially abundant genera (identified with DESEQ2) have been

projected a posteriori as weighted averages (labelled with a grey cross).

<« FIGURE 2.03 (left page) A comparison of average relative abundance (order level) for each sample type
(seawater, sediment, swab, tissue) and sample site (JCH, N]JD, NJP, YER). Panel A) KRAKEN2+SILVA, B) KRAKEN2
+Greengenes, C) KRAKEN2+NCBI, and D) EPI2ZME+NCBI. The 13 most abundant orders are shown in different
colours, all other orders are grouped together (black bars). In this plot, we used the most recent phylum
nomenclature as implemented in the SILVA database. As some genera are placed in different orders depending
on the database, we have grouped several orders (e.g. Chromatiales, Granulosicoccales, and Steroidobacterales)

for comparability and readability of this plot.
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2.4 Discussion

2.4.1 Sequencing the seaweed microbiome with Oxford Nanopore Technologies

This study showed long-reads obtained with the MinION device are a promising and time-efficient tool to
characterise the seaweed microbiome. The short time span from sample to sequences, coupled with the abil-
ity to perform all work in remote locations, allows for very flexible screening. However, the use of Nanopore’s
cloud-based EPI2ZME service is currently not suitable for the analysis of seaweed microbes, as it allows no
control over the removal of host-derived chloroplasts. In addition, analyses based on EPIZME resulted in lower
retrieved diversity compared to KRAKEN2. As KRAKEN2 in combination with the NCBI database resulted in an
overestimation of the diversity, and the Greengenes database has not been updated since 2013, we obtained the
best results using KRAKENZ2 in combination with the SILVA database. We therefore recommend using KRAKEN2
with the SILVA database for seaweed-microbiome studies. In addition, as chloroplast contamination makes up
a large proportion of reads in tissue samples, and we found no significant differences in microbial composi-
tion between swab and tissue samples, we recommend to use swabs in the future to characterise the seaweed
microbiome. In other species, for example for siphonous green seaweeds, in which endophytic bacteria play an
important role (e.g., Bryopsis; Hollants et al. 2011, 2013b), this is likely not possible. One solution is to design
new primer combinations that minimize chloroplast contamination (Thomas et al. 2019); these primers, how-
ever, have as of yet only been developed for partial fragments of the 16S rRNA gene. For Nanopore sequencing,
to circumvent the problem of host-contamination in those samples where using tissue is necessary, real-time
selective sequencing may be a solution.

Adaptive sampling, recently developed by ONT and known as ReadUntil, allows users to enrich target
strands of interest (e.g., specific endophytic bacteria) and selectively reject individuals strands that are of no
interest (e.g., host chloroplasts) in real-time by mapping the reads to a reference dataset during the sequenc-
ing process (Payne et al. 2020). This way, every single pore in the MinION flow cell can eject the strand it is
sequencing if it is identified as a molecule of no interest, and start sequencing a new strand instead. When a
strand is rejected, the motor on the read is removed such that it will not attach to other pores anymore. ReadUn-
til works best with longer reads, as a MinION flow cell can sequence at 450 bp/s and it takes typically <1 second
to reject a read. Rejecting long reads in an early stage is therefore more effective. A disadvantage of adaptive
sequencing is the decreased overall yield per flow cell. The reduced yield can partly be attributed to the fact that
pores are empty more often if they reject a high number of reads, but pores may also have a higher chance of
getting blocked when ejecting reads. In addition, most adaptive sampling methods require basecalling and this
in turns requires computational power. For the basecalling to keep up with the flow cell’s sequencing real time,
a computer with GPUs is necessary. However, UNCALLED has recently been published as an alternative mapper
and, instead of basecalling, relies on matching nanopore current signals to reference sequences. UNCALLED
can therefore be used on computers containing CPUs only (Kovaka et al. 2020). This is another example on how

MinION sequencing may benefit seaweed microbial research in future studies.

2.4.2 Variability of the Ulva microbiome

Whilst the replicates from, respectively, sediment and seawater samples were highly similar, the Ulva microbi-
ome showed considerably more variation. This high variation is in accordance with other Ulva microbial results
based on different sequencing techniques, such as Roche pyrosequencing and Illumina technologies (Burke et
al. 2011b, Roth-Schulze et al. 2018, Comba Gonzalez et al. 2021).
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Part of the microbial communities’ variability in this study could be explained by differences between
sample sites, which in turn are likely caused by environmental factors. Interestingly, the Ulva specimens collect-
ed at the two intertidal sites (N]JD and JCH) harbour very similar microbial communities, whereas the artificial
sites that are not influenced by tidal differences (site NJP; floating pontoons, and site YER; aquaculture facilities)
are different. The intertidal zone is a stressful environment and may amongst others influence the biodiversi-
ty of the microbiome through higher competition at reduced levels of disturbance (Brodie et al. 2016). When
sampling 38 sympatric macroalgal species along an intertidal transect, Lemay et al. (2020) found that samples
collected from different tidal heights clustered consistently together for most species. In Ulva, however, there
was a lack of consistency and samples from the low and mid tidal regions were not highly similar. Environ-
mental effects caused by tidal actions may thus play a strong role in the variability and composition of the Ulva
microbiome.

Within sampling sites, there also seems to be variation in the microbial composition associated with
different Ulva species. The aquaculture facilities, for example, contained mixed cultures of Ulva australis and
Ulva lacinulata (Fig. 2.04), which formed two separate clusters within the PCoA plot, and a similar pattern is
observed in the cluster with samples collected at NJP. Ulva species are morphologically very similar. Differences
in microbial communities caused by host phylogeny may therefore be related to heterogeneity in the thalli on
a micro-scale or to differences in biochemical composition. Recent studies showed that microbial diversity and
composition differ between anatomical regions in the thalli of Laminaria (lhua et al. 2020, Lemay et al. 2021),
Taonia (Paix et al. 2020), and Fucus (Lemay et al. 2021). In general, a ‘maturation-gradient’ was observed in
these brown macroalgae, with the older regions supporting higher alpha diversity. Morphological complexity
was found to play a major role in epibiotic diversity as well (Lemay et al. 2020). These brown macroalgae, how-
ever, show considerably more differentiation in thallus structure (holdfast, stipe, meristem, blade, etc.) than the
typical Ulva thallus. In this study, all Ulva samples were collected from the margins of the blade. Future studies
can show whether distinct microbial communities may be associated with different regions of the Ulva thalli as
well, and how much microbial variation is typically contained within a single blade.

Whether host phylogeny or habitat matters more in determining microbial communities has been a
much studied topic. Several studies (e.g., Lachnit et al. 2009, Nylund et al. 2010, Bondoso et al. 2014) showed
microbial communities are predominantly influenced by host phylogeny, as the microbiome can be highly
species-specific across different habitats, whereas coexisting different species of macroalgae clearly harbour
distinct communities. However, these findings are likely scale-dependent and studies often investigated several
evolutionary different algal species belonging to the Rhodophyta, Chlorophyta, and Phaeophyceae, which makes
the differences between species more pronounced. Closely related host species often share more similar micro-
biomes (Lachnit et al. 2009). When comparing closely related species, such as the different Ulva species in this
study, the high variability among individuals and the environmental influence may become more evident. In our
study, between-site effects appear to be more important than between-species effects, as U. lacinulata collected
at NJP is more similar to U. australis from NJP than to U. lacinulata collected at the aquaculture facilities, and U.
australis collected at NJD and JCH form a separate cluster from U. australis collected at NJP and YER, despite the

very short geographical distances between sample sites in this study.
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FIGURE 2.05 Heatmap of the 15 most differentially abundant genera identified by mapping 16S rRNA gene

amplicons sequenced on a Nanopore MinlON against the SILVA reference database. The clustering order of both

samples (rows) and microbial taxa (columns) was based on Bray-Curtis distances.
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2.4.3 Defining a core microbiome

Defining a core microbiome of a specific seaweed species has been the goal of many sequencing studies. For
Ulva, it is generally thought that the taxonomic composition is too variable to describe a core community (Burke
etal. 2011b, Roth-Schulze et al. 2018). Instead, a functional core of enriched genes can be identified (Burke et al.
2011a, Roth-Schulze et al. 2018). However, certain similarities in microbial taxa reported to be typically associ-
ated with Ulva can be identified across different studies, despite large spatial distances between sample sites.
Roth-Schulze et al. (2018), for example, showed that the genus Granulosicoccus, as well as the families Flavobac-
teriaceae and Rhodobacteraceae, were highly abundant in both Ulva australis, Ulva rigida [possibly U. lacinulata
following the latest taxonomical revisions by Hughey et al. (2021)], and Ulva ohnoi collected in Australia and
Spain. In another study, Comba Gonzalez et al. (2021) identified a high relative abundance of Algitalea (5%),
Granolusicoccus (4.9%), Aquimarina (4.5), Litorimonas (4%), and Truepera (4%) associated with Ulva lactuca
from the Colombian Caribbean. In addition, these taxa showed little temporal fluctuations in relative abundance
during a two-year sampling campaign. The same taxa were found to be enriched in Ulva samples collected in the
Netherlands during this study. Nevertheless, functional composition analyses are essential to reveal the effect
of the associated bacteria on host performance. Nanopore’s MinlON has been used in several metagenomic
studies, e.g., in characterising glacier microbiota (Edwards et al. 2016), pathogens in river water (Hamner et

al. 2019), and the human gut microbiome (Maghini et al. 2021), indicating the potential use of the MinION for

future seaweed metagenomic studies.

2.4.4 The microbiome of cultivated versus natural Ulva

The microbiome associated with cultivated Ulva is distinctly different from the microbiome associated with nat-
ural Ulva populations in our study. The Ulva microbiome has rarely been studied in aquacultural settings. An ex-
ception is a study located at an integrated fish and Ulva farm, in which the macroalgae receive lagoon water that
has first entered the nutrient rich fish tanks (Ghaderiardakani et al. 2019). In the latter study, Ghaderiardakani
et al. showed that the abundance of bacteria that are known to induce morphogenesis in Ulva (e.g., Maribacter,
Roseobacter, Roseovarius, and Sulfitobacter) was enriched in the algae-tanks compared to control lagoon water
and water from the tanks containing the fish. These findings support the hypothesis that Ulva ‘garden’ their own
beneficial microbiota (Califano et al. 2020, Saha et al. 2020a), for example using surface metabolites and chemo-
attractants such as dimethylsulfoniopropionate (Kessler et al. 2018). As the bacteria are present in low abun-
dance in the natural lagoon water, the lagoon would act as a reservoir for these growth-promoting bacteria and
as such contribute to the large biomass production in the Ulva farm. Our results similarly showed that cultivated
Ulva (which received sediment-filtered water from the Eastern Scheldt) were associated with increased levels
of growth-promoting bacteria such as Sulfitobacter and Roseobacter, compared to natural Ulva populations (Fig.
2.05). The microbial-gardening hypothesis, however, does not explain why cultivated Ulva would ‘garden’ more
growth-promoting bacteria than natural Ulva populations. An alternative hypothesis could be that cultivated
Ulva samples have a higher abundance of growth-promoting bacteria simply because unhealthy Ulva cultures

(lacking growth-promoting bacteria) are discarded or removed from the culture tanks.
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2.5 Conclusions and perspective

In this study we showed that the MinION is a useful tool in bacterial screening of both cultivated and natural
seaweed populations. From an aquaculture-perspective, it is interesting that the microbiome of cultivated Ulva
is very different from naturally occurring Ulva. As it becomes more evident that the microbiome is of utmost im-
portance for growth and functioning of seaweeds (van der Loos et al. 2019, Menaa et al. 2020), many questions
are raised on how the presence or absence of certain components of the microbiome may affect growth, repro-
duction, resilience, and biochemical composition of cultivated Ulva and if these can be manipulated. Land-based,
closed-system Ulva cultivation set-ups that use artificial seawater (instead of natural seawater that contains a
reservoir of beneficial bacteria) may benefit from adding growth-promoting bacteria. ‘Microbiome engineering’
— the manipulation of the microbiome of cultivated crops by inoculating certain microbes — is increasingly
gaining in popularity in land-based agriculture (Timmusk et al. 2017, Qiu et al. 2019b, Berg et al. 2021) and
preformulated microbial-based fertilisers are even available (e.g., ExploGrow™). In-depth studies on the inter-
actions between microbes and seaweeds may also result in the development of ecological ‘biofertilisers’ for
seaweeds. The development of a rapid and cost-effective screening using MinlON will most likely contribute to

the implementation of microbial monitoring in Ulva cultivation.
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Notes

1 Amplicon sequencing can be performed using both [llumina sequencing and Oxford Nanopore Technologies.
These sequencing technologies differ significantly in the following key aspects: 1) sequencing read length, 2)
raw read accuracy, 3) speed of results, and 4) costs. Nanopore sequencing easily accommodates full-length am-
plicon sequencing of the 16S rRNA gene (1,600 bp), while Illumina sequencing typically yields amplicons of up
to ~300 bp, often targeting the V1-V2 region of the 16S rRNA gene. On the other hand, Illumina raw read accu-
racy boasts higher raw read accuracy at 99.9% compared to Nanopore’s >97%. Sequencing read length and raw
read accuracy in turn affect taxonomic resolution. Previous research showed that the taxonomic resolution of
Nanopore-derived data is higher due to the larger read length, despite the lower accuracy (Johnson et al. 2019,
Nygaard et al. 2020). Also note that Nanopore’s raw read accuracy has currently (February 2024) increased to
99.5% since the publication of this chapter in 2021.

Furthermore, Nanopore sequencing is time-efficient and cost-efficient. Many research groups can afford
their own MinION sequencing device with starter costs of 1,900 EUR (including all consumables necessary for
the first sequencing run), whereas an Illumina MiSeq incurs a minimum cost ten times higher at 19,000 EUR.
In-house sequencing with Nanopore eliminates the need to outsource DNA to companies, facilitating faster
troubleshooting in the laboratory. Additionally, the calculated costs for 16S metabarcoding are less than 9 EUR
per sample for Nanopore sequencing (including barcoding, library prep, and sequencing) compared to 39 EUR
per sample for [llumina sequencing (including barcoding, library prep, and sequencing on a MiSeq), based on
quotations from 2020.

2 An extensive and well-curated reference database is essential for correct taxonomic identifications. However,
many microorganisms found in marine environments are poorly characterised and remain undescribed. This
raises the question: how do we cope with the unidentified majority? High-accuracy Illumina sequencing offers a
solution by enabling analyses at the level of amplicon sequence variants (ASVs). Even when taxonomic assign-
ments are not feasible, ASVs provide a means of differentiation. In contrast, ASVs are generally not utilised with
Nanopore data due to the lower accuracy of the reads. Instead, analyses with consensus sequences serve as an
alternative approach with Nanopore data. Various tools are available for generating consensus sequences, in-
cluding MEDAKA (Oxford Nanopore Technologies Ltd. 2018) and RAcoN (Vaser et al. 2017), as well as pipelines

such as DECONA (Doorenspleet et al. 2021) and AMPLICON_SORTER (Vierstraete and Braeckman 2022).
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Abstract

The seaweed production industry is rapidly expanding worldwide. The green seaweed Ulva is increasingly rec-
ognised as an excellent sustainable feedstock, due to its high growth rates, its wide tolerance to environmental
conditions, and its potential in bioremediation and integrated multi-trophic aquaculture. Seaweed associated
microbes could play an important role in the optimisation of the Ulva-crop-system, by increasing host growth,
changing biochemical composition, and fending off pathogens that cause disease. In order to be successfully
implemented, however, microbiota manipulation requires fundamental knowledge on the successional dynam-
ics of the cultivated Ulva microbiome. In this study, we monitored the dynamics of Ulva-associated bacterial
communities over a time-period of eleven months, from the nursery phase and outplanting in the field up to
the harvest. We compared microbial dynamics in land-based tanks and an offshore seafarm, as well as natural
populations of Ulva fenestrata and Ulva linza. Our results showed that Ulva hatchlings in the nursery phase
harboured a distinct microbiome compared to outplanted Ulva. The hatchling communities were dominated
by 1-3 genera, several of which have been identified as growth-promoting bacteria before (e.g., Sulfitobacter,
Algitalea). In addition, we found that the nursery conditions played a larger role in the microbiome composition
than host specificity, suggesting that the nursery environment is a crucial microbial source pool. The bacterial
composition underwent a swift transformation following outplanting, differing significantly from the nursery
samples within only seven days. Our results demonstrated that the bacterial communities in the nursery phase
remain susceptible to newly introduced microbiota. Controlled nursery conditions could therefore provide the
ideal opportunity for microbiota manipulation, but the acquired microbes might not endure the transition to

open-water conditions.

3.1 Introduction

The seaweed aquaculture sector is currently experiencing a rapid and global expansion, with a global value
amounting to 14.7 billion USD (US Dollar) (Cottier-Cook et al. 2022). Seaweed is increasingly viewed as an
important and sustainable feedstock for a wide range of applications. Currently, Europe’s increasing demand
for macroalgae is met primarily through imports from Asia, predominantly sourced from China and Indonesia,
which together produce 90% of the world’s algae (Mendes et al. 2022, Zhang et al. 2022). At present, Europe’s
contribution to the global seaweed production stands at 0.8%. Out of this, approximately 96% of seaweeds are
obtained by harvesting natural resources, while less than 4% of the European seaweed biomass is derived from
cultivation (Zhang et al. 2022). However, the European Union (EU) has identified seaweed aquaculture as an
important contribution to serve the future nutrition that can contribute to a green transition which has been
reflected in the EU’s “Farm to Fork” and “Green Deal” strategies. In response to the sustainability objectives set
by the United Nations (UN General Assembly, 2015), the European Union is addressing the urgent need for sus-
tainable seaweed biomass through aquaculture that holds the potential to be transformed into nourishing food,
renewable materials, and innovative biomolecules (Duarte et al. 2021).

Especially the green seaweed Ulva — widely known as sea lettuces or gut weeds — receives increas-
ing attention by the aquaculture sector due to its compelling traits (Buchholz et al. 2012, Lawton et al. 2013,
Bolton et al. 2016, Steinhagen et al. 2021b, 2022b, 2022a). The genus Ulva stands out because it possesses a
combination of valuable characteristics, such as a ubiquitous distribution across different regions (Hayden et
al. 2003, Tran et al. 2022, Steinhagen et al. 2023), a wide environmental acclimatisation potential, and resis-
tance to changing abiotic factors (Steinhagen et al. 2019b, Cardoso et al. 2023). In addition, Ulva exhibits high
growth rates (Lawton et al. 2013, Sebok et al. 2019, Stedt et al. 2022) and can thrive easily under high stocking
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densities (Mata et al. 2010, Al-Hafedh et al. 2015). This makes Ulva an excellent sustainable future resource and
many recent studies have focused on optimisation of its cultivation potential (Bolton et al. 2009, Carl et al. 2014,
Califano et al. 2020, Lawton et al. 2021, Steinhagen et al. 2021b, 2022b, 2022a, Cardoso et al. 2023) and the
sustainable exploitation of its high-value compounds (Reisky et al. 2019, Olsson et al. 2020b, Toth et al. 2020,
Wahlstrom et al. 2020b, Trigo et al. 2021).

To support an industrially viable Ulva aquaculture industry, different methods for the large-scale cultiva-
tion of biomass are being developed. Cultivation of Ulva spp. in Europe has previously primarily taken place in
coastal near-shore areas using on-shore tanks, and basin- or pond infrastructures (e.g., Hiraoka and Oka 2008,
Buchholz et al. 2012, Lubsch and Timmermans 2018, Sebok et al. 2019, Califano et al. 2020). However, there is a
growing focus on developing methodologies for large-scale offshore cultivation of European strains (Steinhagen
etal. 2021b, 2022a, 2022b).

With the increasing demand for Ulva biomass, optimisation of the Ulva-crop-system is becoming of
higher value. A key topic under discussion revolves around the role of Ulva as a holobiont, as the performance
of Ulva is intricately linked to its synergistic and symbiotic microbiome (Wichard 2015, 2023, Alsufyani et al.
2020). Ulva depends on its associated bacteria for morphological development (Wichard 2015), but bacteria
have also been shown to increase growth (Gemin et al. 2019, H. Wang et al. 2022), and have an effect on bio-
chemical composition of the tissue (Polikovsky et al. 2020).

Plant growth-promoting microorganisms (PGPMs) — acting as biofertilisers, biostimulants, and
biocontrol agents — have been shown to enhance crop production in terrestrial plants [e.g., in tomato (Guo et
al. 2004), rice (Ashrafuzzaman et al. 2009), and cucumber (Kang et al. 2015)]. Similar to PGPMs in agriculture,
seaweed beneficial microorganisms (SBMs) can promote seaweed growth or provide protection against diseas-
es in an aquaculture setting (Li et al. 2023). Microbiota manipulation (i.e., altering the members or functions
of a microbial community) in a commercial setting, however, is not always successful, likely due to prevention
of colonisation of the new microbes by the existing microbial community (Ke et al. 2021, Wichard 2023). Ulva-
associated bacterial communities have been studied in both natural ecosystems (Roth-Schulze et al. 2018, Com-
ba Gonzalez et al. 2021, van der Loos et al. 2022) and in aquaculture (Ghaderiardakani et al. 2019, Califano et al.
2020, van der Loos et al. 2021). Little is known, however, about seasonal and successional patterns in microbial
communities associated with aging Ulva tissue, especially within a cultivation setting.

Understanding Ulva-microbial dynamics is key to successful microbiota manipulation and microbe lever-
aging in aquaculture. In this study, we compare 1) Ulva fenestrata growth, fertility, and the associated bacterial
composition over time in a land-based system under different nutrient conditions, and 2) seasonal fluctuations
in the bacterial community of an Ulva fenestrata natural population, and cultivated U. fenestrata and U. linza in

an offshore seafarm.

3.2 Materials and methods

3.2.1 Experimental design land-based system: nutrient experiment

To assess the effect of nutrients on Ulva growth, fertility, and bacterial communities, Ulva fenestrata was cul-
tivated in a land-based flow-through system situated within a greenhouse at the Tjarné Marine Laboratory,
University of Gothenburg, Sweden (58°52'36.4"” N, 11°6'42.84" E). The aquaculture set-up consisted of nine 45
L tanks that continuously received 45 pm filtered natural seawater pumped from 45 m depth with a salinity of

33 PSU using a flow-through system (10-14 L h'). The tanks were exposed to three different nutrient condi-
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tions: 1) filtered seawater from the nearby Kosterfjord (control; SW), 2) seawater enriched with 1x Provasoli’s
Enriched Seawater (1x PES) (Provasoli 1968) (see Supplementary Materials & Methods S3.01 for details regard-
ing the composition of the medium), and 3) seawater enriched with 3x elevated PES (3x PES). Each nutrient
treatment was replicated in three tanks. The PES medium was added twice a week to the respective treatment
tanks by pausing the flow-through system for 60 minutes in all tanks. Permanent water motion was provided by
aeration.

Ulva fenestrata was cultivated in the land-based system for a duration of 32 weeks (8 April-17 November
2020), simulating a standard cultivation period (Steinhagen et al. 2021b, 2022a). A week before the start of the
experiment, the seaweeds were acclimated to the culture conditions in the greenhouse by adding 140 g Ulva tis-
sue to every tank. At the start of the experiment, the biomass in each tank was standardized to 250 g. Through-
out the experiment, the biomass was consistently cut down to 250 g at the start of every week to exclude any
density-dependent effects. The replicate in tank 8 (3x PES) was stopped earlier, after week 20, due to extreme
fouling of diatoms.

Each week, the Ulva fenestrata wet weight biomass and the percentage of fertile tissue were measured
following a standardized protocol. The seaweed biomass was taken from the tanks, excess water was removed
with a salad spinner (spinning 20x), and the wet weight biomass was subsequently determined by a lab scale.
Fertility was assessed by taking photos of five randomly selected individuals which were then analysed for fer-
tile thallus tissue in Image] (Schneider et al. 2012) following the protocol described by Steinhagen et al. (2021b,
2022a). In addition, a swab sample and tissue sample (1-2 cm?) were taken for microbial analyses and stored at
-80 °C. In total, 99 measurements and samples were processed in both the SW treatment and the PES treatment
(3 replicates per week, plus 3 acclimation samples), and 87 measurements and samples were processed in the
3x PES treatment (3 replicates per week in week 1-20, 2 replicates per week in week 21-32, plus 3 acclimation

samples) (Electronic Supplementary Table S3.01; Fig. 3.01).

3.2.2 Sample collection offshore seafarm and natural populations

To assess the seasonal and species-specific host effect on the microbiome alteration of two economically and
ecologically relevant Northern Hemisphere Ulva species, both natural populations and offshore cultivated bio-
mass of U. fenestrata and U. linza were investigated.

Mature gametophytic material of U. fenestrata and U. linza was taken from long-term cultivation stocks
located at the Tjarno Marine Laboratory, University of Gothenburg, Sweden (58°52'36.4" N, 11°6'42.84" E).
Fertility was induced by mincing the material and removal of sporulation and swarming inhibitors following the
protocol described by Steinhagen et al. (2021b). Subsequently, the density of swarmers was calculated with the
help of a hemocytometer and gamete solutions of both U. fenestrata and U. linza were diluted to 10,000 gametes
mL!respectively before being further used. The collection, concentration, and application of immobilized gam-
etes on PVC seedling spools that were coiled with nylon cord (¢ = 1-2 mm) followed the process described in
detail by Steinhagen et al. (2021b). The inoculated spools were submersed in 14 L aquaria supplied with sterile
filtered (0.2 um + UV, 9 L h™!) seawater at an average irradiance of 90-110 pmol m2 s~ under a 12:12 h L:D light
regime (light source: OSRAM Lumilux Cool daylight L 58W/865). The settled gametes were allowed to grow in
the seedling nursery for six weeks between August to October 2021 in a temperature-controlled room (10 °C).
Water changes and growth medium addition of Provasoli Enriched Seawater (PES) were conducted once per
week following the concentration specifications of Provasoli (1968). To minimize potential diatom growth, 1 mg

L' GeO, was added to the aquaria. After a six-week seedling nursery period, the juvenile thalli were deployed in
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land-based system
Ulva fenestrata
April - November
285 samples

ﬁm:m\ ]

offshore seafarm .

Ulva fenestrata & Ulva linza
September - July
66 samples

FIGURE 3.01 A) Experimental overview (showing the number of samples collected within the land-based
system, natural populations, and the offshore seafarm), B) Land-based cultivation set-up at the Tjarné Marine

Laboratory (Sweden), C) Offshore seafarm in the Koster archipelago (Sweden).
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an offshore seafarm (2 ha a 100 x 200 m) located in the Koster archipelago (Skagerrak), Sweden (58°51'54.6" N,
11°4'5.32" E) (for details on the seafarm infrastructure see Steinhagen et al. 2021b). The nylon cords maintain-
ing the juvenile thalli of U. fenestrata and U. linza were transferred to the offshore infrastructure on 21 Septem-
ber 2021 and 18 October 2021, respectively. Cultivation of U. fenestrata took place from September 2021 to July
2022, whereas U. linza was cultivated from October 2021 to March 2022.

Microbial swab samples (n = 3) were taken before the transplant of the seedlings to the seafarm, one
week after the seedlings transplant, and then subsequently every month (see Electronic Supplementary Table
S3.02 for exact sampling dates). For collection of microbiome swab samples, sterilised disposable gloves and
sterilised equipment were used throughout the sampling procedure to minimize contamination. Before micro-
biome collection, each individual was rinsed with ~30-50 ml sterile water to remove dirt, subsequently a cotton
swab sample for microbiome analyses was generated by rubbing for 30 s on the thallus tissue. The samples
were stored on ice until being transferred to —80 °C in the laboratory. A total of 36 samples were collected for
U. fenestrata and 30 samples for U. linza. In addition to the microbial samples from cultivated U. fenestrata, the
microbiomes of natural populations of U. fenestrata within a vicinity of < 5 km of the seafarm were monthly

investigated as well (a total of 39 samples) (see Electronic Supplementary Table S3.02; Fig. 3.01).

3.2.3 Molecular characterisation and bioinformatics

The bacterial communities were characterised following the methods in van der Loos et al. (2021, 2022). Total
microbial DNA was extracted using the QIAamp DNA mini kit (Qiagen) following the manufacturer’s protocol.

A bead beating step was included before lysis using zirconium oxide beads (RETCH Mixer mill MM400) for 5
minutes at 30 Hz. The full-length 16S rRNA gene was amplified using the primers 27F_BCtail-FW (TTTCTG TTG-
GTGCTGATATTGC_AGAGTTTGATCMTGGCTCAG) and 1492R_BCtail-RV (ACTTGCCTGTCGCTCTATCTTC_CGGT-
TACCTTGTTACGACTT), each containing a 5’ extension enabling barcoding in subsequent PCR steps. 16S rDNA
PCRs were performed using the Phire Tissue direct PCR Master Mix (Thermo Fisher) and amplicons for each
sample were barcoded using the Oxford Nanopore PCR Barcoding Expansion Pack 1-96 (EXP-PBC096). The fi-
nal libraries were prepared with the ligation-based sequencing kit SQK-LSK109 according to the manufacturer’s
protocol (Oxford Nanopore Technologies). The libraries were subsequently sequenced on a MinlON (with R9.4.1
flow cells, Oxford Nanopore Technologies) for 72 h each.

The land-based nutrient experiment included 285 samples, as well as ten negative extraction samples,
four negative PCR controls, and four positive controls (ATCC microbial standard MSA-1002). The seasonality
effects study included 105 samples, as well as two negative PCR controls, and two positive controls (ATCC mi-
crobial standard MSA-1002). In addition, one randomly chosen sample (sample #148 for the land-based study
and sample #60 for the seasonality study) was included in every sequencing run to verify comparability. See
Electronic Supplementary Table S3.01 for an overview of all the samples included in the land-based nutrient
experiment, and Electronic Supplementary Table S3.02 for an overview of samples included in the seasonality
study.

The resulting raw FAST5 reads were basecalled and demultiplexed with GUPPY (version 5.0.7, sup model,
Oxford Nanopore Technologies). Data quality and length were visually inspected with NANOPLOT (De Coster
et al. 2018). Subsequently, high-quality reads were obtained using chimaera removal with YACRD (Marijon et
al. 2020), and by filtering the data set on quality (Q-score >8) and length (1,000-2,000 bp) with NANOFILT (De
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Coster et al. 2018). The resulting 31,468,650 (land-based nutrient experiment) and 13,995,801 (seasonality
study) high-quality reads were used to assign taxonomy at the genus level with KRAKEN2 in combination with
the SILVA 16S database (138.1 release) (Quast et al. 2013, Lu and Salzberg 2020).

After taxonomic assignment, all chloroplast reads (7% of the high-quality reads) were removed from the
data set. In addition, rare taxa were discarded (optimal settings were based on the positive controls and re-
tained operational taxonomic units [0OTUs] that were found more than 70 times in at least 20% of the samples)
to protect against OTUs with small mean and trivially large coefficients of variation. Finally, DESEQ2 was used to
account for sequencing depth with a variance stabilising transformation (Love et al. 2014). The sequences are
archived at SRA (BioProject PRJNA994710).

3.2.4 Statistical analyses

The effect of nutrients and time on Ulva growth and fertility was tested using a linear mixed-effects model

with the R packages LME4 (Bates et al. 2015) and LMERTEST (Kuznetsova et al., 2017). Differences in bacterial
alpha diversity (calculated as the observed genus richness) with succession through time and nutrients were
assessed using a generalised linear mixed model based on a negative binomial family (in which random vari-
ation between the individual tanks was included as random effect to account for repeated measures) (Bates
etal. 2015). Bacterial community composition was visualised with an Non-metric Multidimensional Scaling
(NMDS) ordination and Bray-Curtis dissimilarities (Bray and Curtis 1957). A permutational analysis of variance
(PERMANOVA) with 9,999 permutations was used with the R-package VEGAN to test the effect of nutrients and
succession through time on bacterial communities (Anderson 2017, Oksanen et al. 2020). Pairwise differences
were calculated with the R-package PAIRWISEADONIS (Martinez Arbizu 2020). The percentage of variation in the
abundance of bacterial genera explained by the measured variables was calculated with the R-packages VARIAN-
CEPARTITION (Hoffman and Schadt 2016) and DREAM (Hoffman and Roussos 2021). In the land-based aquacul-
ture dataset, a linear mixed-effects model was used (in which random variation between the individual tanks
was included as random effect to account for repeated measures). In the seasonality study, a linear model was
used. All statistical tests were performed in R (R Core Team 2020) and data were visualised using the GGPLOT2

(Wickham 2016), METACODER (Foster et al. 2017), and PHYLOSEQ (McMurdie and Holmes 2013) packages.

3.3 Results

3.3.1 Ulva fenestrata growth and fertility in land-based nutrient experiment

Ulva biomass gradually decreased throughout the experiment (F-value = 63.4, p-value < 0.0001, Linear mixed-
effects model) from on average 27.8% in week 1 to -15.7% in week 32 across all tanks (Fig. 3.024, Fig. S3.01).
The percentage of fertile thalli showed a quadratic curve: it increased from week 1 to week 16, and decreased
from week 16 to week 32 after spore release (F-value = 1.1, p = 0.30, Linear mixed-effects model with quadratic
term) (Fig. 3.02B). The nutrient treatment did not affect growth (F-value = 0.2, p = 0.82, Linear mixed-effects
model) (Fig. 3.02A, Fig. S3.01), but the percentage of fertile tissue was higher in the PES and 3x PES treatments
compared to the SW treatment (3x PES > PES > SW, F-value = 3.04, p = 0.049, Linear mixed-effects model with
quadratic term) (Fig. 3.02B; Fig. S3.02).
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3.3.2 Changes in Ulva-associated bacterial communities over time

Ulva-associated bacterial community composition in the land-based aquaculture experiment was not affect-
ed by nutrient treatment (pseudo-F = 1.85, p = 0.99, PERMANOVA), but was significantly different over time
(pseudo-F = 31.69, p = 0.0001, PERMANOVA; Fig. 3.02C, Fig. S3.03). All pairwise contrasts between weeks 0-8
versus week 8-16 versus week 16-24 and versus week 24-32 were significant (p < 0.001 for all comparisons,
pairwise Adonis test) (Fig. 3.03). However, the changes in bacterial community composition were more pro-
nounced during the first 16 weeks (Fig. 3.03). Both succession over time and random differences between the
individual tanks explained a considerable part of the variation in the abundance of bacterial genera, while the
effect of nutrients was negligible (Fig. 3.04A). Succession over time explained on average 16% (ranging from
0.002%-80%) of the variation in abundance of the individual bacterial genera (Fig. 3.04A). Random variation
between tanks explained on average 10% of the variation in bacterial abundance (ranging from 0-41%) (Fig.
3.04A). On the contrary, nutrient treatments explained on average only 0.01% in bacterial abundance (ranging
from 0-2%).

During the initial weeks of Ulva fenestrata growth in the land-based nutrient experiment, the following
eight bacterial families were most abundant: the Phormidesmiaceae, Microtrichaceae, Micavibrionaceae, Sphin-
gomonadaceae, Hyphomonadaceae, Colwelliaceae, Nitrincolaceae, and Saccharospirillaceae. On the contrary, the
families Pirellulaceae, Bdellovibrionaceae, Bacteriovoracaceae, Rhizobiaceae, Trueperaceae, Rubritaleaceae, and
the order Synechococcales were more abundant after the first eight weeks of the experiment.

The Granulosicoccaceae were most abundant during week 8-16, and the Arenicellaceae were mostly
absent during week 16-24. More specifically, Fuerstiella (69% of the variation in abundance explained by time),
an uncultured Microtrichaceae (46% of the variation explained), and Silicimonas (27% of the variation ex-
plained) were most abundant at the start of the experiment, but decreased in abundance after the first 8 weeks
(Fig. 3.05). Mesorhizobium (29% of the variation in abundance explained by time) was abundant at the start of
the experiment, decreased during week 5-10, and peaked again around week 25 (Fig. 3.05). Sulfitobacter (22%
of the variation in abundance explained by time) was highly abundant throughout the experiment, but most
abundant during week 5. Pseudahrensia (63% of the variation in abundance explained by time), Rubidimonas
(34% variation explained), Truepera (35% variation explained), and an uncultured Rhizobiaceae (61% variation
explained) were virtually absent during the initial 12 weeks and became more abundant towards the end of the
experiment (Fig. 3.05).

NMDS plots likewise showed a fluctuation with seasons of Ulva-associated bacterial communities in the
natural population and offshore seafarms (Fig. 3.06). Bacterial communities differed with time (in months)
in the natural population of U. fenestrata (pseudo-F = 4.6, p = 0.001; PERMANOVA), the U. fenestrata offshore
seafarm (pseudo-F = 2.3, p = 0.02; PERMANOVA), and the U. linza offshore seafarm (pseudo-F = 5.1, p < 0.0001;
PERMANOVA). Seasonal fluctuation explained between 20-84% of the variation in abundance of the bacterial
genera in the natural population, between 28-95% in the U. fenestrata offshore seafarm, and between 19-76%
in the U. linza offshore seafarm. For example, an uncultured Saprospiraceae was abundant throughout the year
in the natural population, but in both the offshore seafarms only abundant in October-January. During Febru-
ary-May, Granulosicoccus abundance peaked in the U. fenestrata natural population and seafarm, whereas an
uncultured Rhodobacteraceae was mainly abundant in June-July. The OM27 clade was present in relatively low
abundances, but completely absent from Jan-April. In general, the families Micavibrionaceae and Phormidesmia-
ceae were mainly present from Sep-Nov and peaked again during June-July. The Rhodobacteraceae were highly
abundant throughout the year, with a peak throughout Oct-Dec and in June-July. The Granulosicocceae were

especially abundant in March-May and the Flavobacteriaceae during Dec-May.
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<« FIGURE 3.02 (left page) Ulva fenestrata growth (%, panel A), fertility (%, panel B) and bacterial community
composition (NMDS ordination, panel C) in a land-based aquaculture set-up (which consisted of nine experi-
mental tanks) throughout a period of 32 weeks. Colour indicates nutrient treatment in the growth and fertility
plots (blue = SW, red = 1x PES, green = 3x PES). Colour indicates time in weeks in the NMDS plots. Curves in
panel A and B were fitted with Local Polynomial Regression Fitting (LOESS) using the R package GGPLOT2.

Shaded areas represent the 0.95 confidence interval.
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FIGURE 3.03 Pairwise comparisons of phylogenetic heat trees depicting the bacterial families associated with
Ulva fenestrata in a land-based aquaculture set-up (which consisted of nine experimental tanks) throughout

a period of 32 weeks. The larger, grey tree on the lower left functions as a taxonomic key for the smaller unla-
belled trees. The smaller trees provide contrasts between the cultivation weeks (week 0-8 versus week 8-16
versus week 16-24 versus week 24-32). The colour (brown to green) of the nodes and edges corresponds to
the log2FoldChange (only significant differences are coloured, p < 0.05, Benjamini-Hochberg corrected). Taxa
coloured brown were enriched in the cultivation period in columns, whereas taxa coloured green were enriched
in the cultivation period in rows. For example, the Phormidesmiaceae, Microtrichaceae, and Colwelliaceae were

enriched in the first 8 weeks (brown) compared to the rest of the experimental period (green).
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FIGURE 3.04 Variance partitioning plots, showing the amount of variance in abundance of Ulva-associated
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bacterial genera explained (%) by time, nutrients (land-based aquaculture only), and the variation between the
individual culture tanks (land-based aquaculture only). A) Ulva fenestrata land-based aquaculture facilities; B)
Ulva fenestrata offshore seafarm; C) Ulva fenestrata natural population; and D) Ulva linza offshore seafarm. Only

the 20 genera explaining most of the variation are shown here.
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FIGURE 3.05 Abundance (DESeq transformed read counts) of nine bacterial taxa over time (in weeks) through-

out April-November in the Ulva fenestrata land-based aquaculture system. A) Fuerstiella, B) uncultured Micro-

trichaceae, C) Silicimonas, D) Mesorhizobium, E) Sulfitobacter, F) uncultured Rhizobiaceae, G) Rubidimonas, H)

Pseudahrensia, and 1) Truepera. These taxa were selected as examples based on the high amount of variation in

abundance explained by succession through time. Curves were fitted with Local Polynomial Regression Fitting

(LOESS) using the R package GGPLOTZ2. Shaded areas represent the 0.95 confidence interval.
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3.3.3 From acclimation to aquaculture

The bacterial communities associated with the Ulva nursery culture during the acclimation phase (i.e., the
samples collected before the Ulva thalli were relocated to either the land-based flow-through system or to the
offshore seafarms) were very different from the rest of the samples (Fig. 3.02C, Fig. 3.06). This contrast became
evident within the span of a single week. For example, the Ulva fenestrata seedling samples from the hatchery
were collected on 21 September 2021 right before they were transferred to the offshore location and the first
samples in the seafarm were collected on 28 September 2021. Although these sampling occasions were merely
7 days apart, their bacterial community composition exhibited substantial dissimilarity (Fig. 3.06B).

Bacterial communities in the acclimation phase were dominated by Algitalea, Flavobacterium, Sulfi-
tobacter, and Pseudomonas. The culture stock (thalli 10-15 cm in width) that was moved to the land-based
flow-through system, for example, contained especially high relative abundances of Algitalea (on average 29%
compared to 0% throughout week 1-32) and Flavobacterium (12% in the culture stock versus 2% throughout
the experiment) (Fig. 3.07A). The U. fenestrata hatchlings that were moved to the offshore seafarm typically
contained high relative abundances of Sulfitobacter (on average 12% compared to 2% throughout Sep-July in
the seafarm) and Pseudomonas (23% versus 2.1% throughout Sep-July in the seafarm) (Fig. 3.07B). Bacterial
communities of Ulva linza hatchlings were likewise dominated by Sulfitobacter (8.2% in hatchlings versus 0.9%
in the seafarm) and Pseudomonas (25.6% hatchlings versus 1.2% in seafarm) (Fig. 3.07C). Algitalea, Flavobac-
terium, Sulfitobacter, and Pseudomonas were present in the natural U. fenestrata population as well, but only in
very low abundance (ranging from 0.4-2.0% relative abundance). See Electronic Supplementary Table S3.03 for
an overview of the relative abundance of each bacterial taxon in the collected samples.

The acclimation phase in the hatchery was also characterised by the absence of certain bacteria. An un-
cultured Saprospiraceae, for example, was nearly absent in the microbial communities of the acclimation culture
stock and hatchlings, but very common in the land-based flow-through system (up to 60% relative abundance
in the final weeks of the experiment), in the natural U. fenestrata population (up to 60% relative abundance in
June), in the U. fenestrata seafarm (up to 80% relative abundance in May/June), and in the U. linza seafarm (up
to 65% relative abundance in November) (Fig. 3.07). Similar patterns, albeit less extreme, were observed for
Granulosicoccus and Leucothrix. In general, the observed alpha diversity was lower during the nursery stage and
during week 1 of the experiment (on average 97 genera) compared to the rest of the experiment (on average

110 genera) (p = 0.02; negative binomial model) (Fig. S3.04).
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FIGURE 3.06 NMDS ordination of the microbial communities (genus level, Bray-Curtis dissimilarities) associat-
ed with Ulva throughout September-July in A) natural population of U. fenestrata, B) U. fenestrata offshore sea-
farm, and C) U. linza offshore seafarm. Taxonomic assignment was based on the SILVA rRNA database. Colours
represent sample month. The acclimation samples (seedlings from the hatchery stock) have been indicated in

bright yellow.
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FIGURE 3.07 The mean relative abundance of bacterial taxa during the nursery phase (light green) and during
the outplanted phase (dark blue), in the A) Ulva fenestrata land-based aquaculture facilities; B) Ulva fenestrata

offshore seafarm; and C) Ulva linza offshore seafarm. Data are shown for the 25 most abundant bacterial genera.
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3.4 Discussion

Microbiota manipulation or microbiome engineering could play an important role in sustainable and cost-effec-
tive seaweed cultivation, by supporting increased yield of biomass and desired bioactive compounds, as well as
supporting disease control and seaweed fitness (Ke et al. 2021, Li et al. 2023). However, manipulation of micro-
biota requires fundamental knowledge on the dynamics of natural seaweed-associated bacterial communities,
and the development of methods to increase the successful colonisation of seaweed beneficial microorganisms
on the host. Identifying which bacteria are naturally part of the seaweed bacteriome [see e.g., Bolinches et al.
(1988), Comba Gonzalez et al. (2021), van der Loos et al. (2021)], understanding community assembly dynam-
ics [including its resistance and resilience, see e.g., Nemergut et al. (2013), Coyte et al. (2021)], and deciphering
what factors influence host-microbe interactions [see e.g., Witherden et al. (2017), Gilbert and Lynch (2019),
van der Loos et al. (2019)] are key to the development of such methods. In addition, this fundamental knowl-
edge is necessary in order to discover potential new SBMs (Li et al. 2023).

Our results demonstrated that Ulva-associated bacterial communities are far from static, but are con-
stantly changing. These successional patterns are likely caused by an interplay of seasonal changes in environ-
mental factors, such as irradiance, dissolved inorganic nitrogen, and seawater temperature, as well as the phys-
iological state of the seaweed host (Roleda and Hurd 2019, Juhmani et al. 2020, Jansen et al. 2022). Temporal
variation has been observed before in bacterial communities associated with, e.g., Ulva lactuca in the Caribbean
Sea (Comba Gonzalez et al. 2021), Ulva rigida in Spain (Bolinches et al. 1988), and Ulva intestinalis in Germa-
ny (Lachnit et al. 2011). In Sweden, natural Ulva populations typically start to develop at the end of Summer
(September-October) with very reduced growth during Winter, while blooming throughout Spring until early
Summer. When the seawater temperatures start to increase, the Ulva thalli tend to overgrow with epiphytes
and decay. Offshore cultivation therefore generally takes place from September-June. As Ulva growth follows
seasonal patterns (Steinhagen et al. 2021b, 2022a), the effect of the environmental variables versus the age of
Ulva thalli on bacterial communities is hard to separate.

Older seaweed tissue has experienced a higher exposure to microbes, both in terms of bacterial abun-
dance and diversity. Perennial and annual kelp species, for example, support different bacterial communities
(Lemay et al. 2018), and the older apices of the kelp blades host a distinct and more abundant microbial biofilm
than the younger tissue at the meristematic base (Ramirez-Puebla et al. 2022, Burgunter-Delamare et al. 2023).
Ulva, which does not grow from a localised meristem, exhibits less variation across its blade, but more variation
over time (Lemay et al. 2020). Bacterial communities associated with older seaweeds have had more time to
establish, which over time could result in less dynamic bacterial communities. Indeed, in our land-based culti-
vation set-up, the bacterial community changed more pronounced during the first 16 weeks of the cultivation
period than during the last 16 weeks. Similarly, Ulva growth was generally higher in the first 16 weeks of the
experiment, and decreased after fertility reached a peak around week 16. This highlights the need for rejuvena-
tion of culture stocks to maintain high yield.

We also showed that both Ulva fenestrata and Ulva linza hatchlings in the nursery stage harboured a
very distinct bacterial composition compared to thalli grown in land-based tanks and offshore lines. Bacteri-
al communities in the nursery stage were often dominated by 1-3 genera with very high relative abundance
(mainly Algitalea, Flavobacterium, and Sulfitobacter). Several of these have been identified as growth promoting
bacteria in previous studies (Amin et al. 2015, Califano et al. 2020), and are known to occur especially abundant
in aquaculture (Ghaderiardakani et al. 2019, van der Loos et al. 2021). Similar results were observed in studies
of cultivated kelp, including Saccharina japonica (Q. Han et al. 2021), Saccharina latissima, and Alaria esculenta

(Davis et al. 2023), revealing a distinct microbiome during the nursery stage. In addition, we observed lower
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diversity during the nursery stage and the first week compared to the rest of the experiment, similar to the
lower diversity associated with young meristematic kelp tissue (Weigel and Pfister 2019, Lemay et al. 2021).
Bacterial communities of different Ulva species reared in the same nursery (e.g., Ulva fenestrata and U. linza
hatchlings reared for offshore cultivation during September-October 2022) were more similar than the bacteri-
al communities of the same Ulva species reared in different nurseries (e.g., Ulva fenestrata grown in April 2020
for onshore cultivation and U. fenestrata grown in September 2022 for offshore cultivation). This suggests that
the nursery itself is an important source pool for bacteria, in accordance with previous results indicating that
Ulva acquires its bacterial symbionts through horizontal transmission rather than vertical transmission (Syukur
etal. 2023).

The introduction of beneficial microorganisms onto a host does not always result in successful coloni-
sation, particularly when the native microbiota has already established a relatively stable community. Prior
disruption of the existing communities may be necessary to enable effective microbiota manipulation. Antibi-
otic treatments, such as those demonstrated in the case of brown algae Ectocarpus to illustrate the seaweed’s
reliance on bacteria for acclimation to salinity changes (Dittami et al. 2016), are often employed for this pur-
pose. Other options include the use of chemicals such as essential oils and povidone-iodine (Burgunter-Dela-
mare et al. 2021), or physical methods (Fernandes et al. 2011). Nappi et al. (2022) used a sonication treatment,
resulting in the successful colonisation of Ulva australis tissue by the inoculated bacteria. Once the hatchling in
our experiments were translocated to either onshore tanks or offshore lines, the bacterial composition rapidly
changed in as little as seven days. This indicates that the bacterial community at this stage is still susceptible to
new microbiota and that these controlled nursery conditions could provide the ideal opportunity for microbiota
manipulation. The questions remain, however, whether the newly-acquired SBMs will persist the transition to

larger cultivation settings.

3.5 Conclusions and perspective

In this study we characterised successional and seasonal dynamics in cultivated and non-cultivated Ulva-asso-
ciated bacterial communities. Our findings highlight that the taxonomic composition of these communities con-
stantly changes throughout the year or the cultivation period. The most pronounced differences were observed
between the nursery stage and the outplanted thalli that were transferred to onshore tanks or offshore lines.
The nursery stage was generally characterised by lower bacterial diversity and the dominance of 1-3 genera.
However, as the hatchlings were exposed to natural conditions, their bacterial communities rapidly diversified,
with fluctuating abundances of different bacteria over the course of the year. The controlled nursery conditions
and the susceptibility of the bacterial biofilm to the acquisition of new bacteria could provide the ideal opportu-

nity for microbiota manipulation to enhance seaweed production in aquaculture.
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Supplementary Materials & Methods S3.01 Provasoli’s Enriched Seawater Medium (PES)
To create 1L PES, add the following solutions together:

Solution I: Base solution 599 mL
Solution II: Fe 200 mL
Solution III: PIl metals 200 mL
Solution IV: vitamins 1 mL
Solution I

Deonised water 599 mL
Tris buffer 4g
NaNO, 28¢g
Na, glycerophosphate 04¢g
Thiamine-HCl (vitamin B,) 0.004 g

Solution II

Deonised water 1L
Fe(NH,),(S0,), * 6H,0 0.700 g
Na,EDTA 0.600 g
Solution III

Deonised water 1L
Na,EDTA 1lg
H,BO, 1.140 g
FeCl, * 6H,0 0.049¢g
MnSO,* H,0 0.130¢g
CoSO0, * 7H,0 0.005¢g
ZnSO, * 7H,0 0.022 g
Solution IV

Deonised water 25 mL
Vitamin B,, 0.002 g
Biotin 0.001g
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FIGURE S3.01 Ulva fenestrata growth (%) in a land-based aquaculture set-up (which consisted of nine exper-
imental tanks) throughout a period of 32 weeks. Colour indicates nutrient treatment (blue = SW, red = 1x PES,
green = 3x PES).
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FIGURE S3.02 Ulva fenestrata fertility (%) in a land-based aquaculture set-up (which consisted of nine exper-
imental tanks) throughout a period of 32 weeks. Colour indicates nutrient treatment (blue = SW, red = 1x PES,
green = 3x PES).
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FIGURE S3.03 NMDS ordination of the microbial communities (genus level, Bray-Curtis dissimilarities) asso-
ciated with Ulva fenestrata in a land-based aquaculture set-up (which consisted of nine experimental tanks)
throughout a period of 32 weeks. Colour indicates time in weeks. Taxonomic assignment was based on the
SILVA rRNA database.
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FIGURE S3.04. Observed alpha diversity (bacterial genera) over time (in weeks) of the bacterial communities

associated with Ulva fenestrata in a land-based aquaculture set-up (which consisted of nine experimental tanks)

throughout a period of 32 weeks.
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“How inappropriate to call this planet Earth, when it is quite clearly Ocean.”

— Arthur C. Clarke
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Abstract

The green seaweed Ulva is a model system to study seaweed-bacteria interactions, but the impact of envi-
ronmental drivers on the dynamics of these interactions is little understood. In this study, we investigated the
stability and variability of the seaweed-associated bacteria across the Atlantic-Baltic Sea salinity gradient. We
characterised the bacterial communities of 15 Ulva sensu lato species along 2,000 km coastline in a total of
481 samples. Our results demonstrate that Ulva-associated bacterial composition was strongly structured by
both salinity and host species (together explaining between 34-91% of the variation in the abundance of the
different bacterial genera). The largest shift in the bacterial consortia coincided with the horohalinicum (5-8
PSU, known as the transition zone from freshwater to marine conditions). Low salinity communities especial-
ly contained high relative abundances of Luteolibacter, Cyanobium, Pirellula, Lacihabitans, and an uncultured
Spirosomaceae, whereas high salinity communities were predominantly enriched in Litorimonas, Leucothrix,
Sulfurovum, Algibacter, and Dokdonia. We identified a small taxonomic core community (consisting of Paracoc-
cus, Sulfitobacter, and an uncultured Rhodobacteraceae), which together contributed to 14% of the reads per
sample, on average. Additional core taxa followed a gradient model, as more core taxa were shared between
neighbouring salinity ranges than between ranges at opposite ends of the Atlantic-Baltic Sea gradient. Our
results contradict earlier statements that Ulva-associated bacterial communities are taxonomically highly vari-
able across individuals and largely stochastically defined. Characteristic bacterial communities associated with

distinct salinity regions may therefore facilitate the host’s adaptation across the environmental gradient.

4.1 Introduction

Bacteria are of vital importance to marine multicellular organisms and often play a crucial role throughout their
host’s life (McFall-Ngai et al. 2013, Bordenstein and Theis 2015). Seaweeds — important primary producers

in coastal ecosystems worldwide — likewise depend on their associated microbiota for optimal functioning,
including nutrient exchange, defence mechanisms, and reproduction (Weinberger et al. 2007, Egan et al. 2013).
The algal host and its associated microbiome are often referred to as a holobiont: a single ecological unit (Egan
et al. 2013). The members of these ecological units are connected through complex interactions on multiple lev-
els (Pita et al. 2018). The dynamics of the seaweed holobiont, however, are little understood — especially with
regards to environmental drivers (Egan et al. 2013, van der Loos et al. 2019).

The green seaweed Ulva is a model to study algae-bacteria interactions (Wichard et al. 2015, Kessler et
al. 2018, Califano et al. 2020). Ulva relies on specific bacterial partners to obtain its typical morphology (e.g., a
blade that is two-cells thick or a tube that is one-cell thick). In the absence of these specific bacteria, Ulva merely
grows as a loose aggregation of cells without rhizoids or proper cell wall development. In addition to morpho-
genesis, bacteria are known to promote Ulva growth (Gemin et al. 2019), induce settlement of zoospores (Joint
etal. 2000, Patel et al. 2003), and affect biochemical composition of the seaweed (Polikovsky et al. 2020).

As with other seaweeds, the entire spectrum of interactions between Ulva, its associated microbiome,
and the environment remains largely unknown. Studies so far have only addressed variation in Ulva-associated
bacterial diversity across small and larger geographical scales (see e.g., Tujula et al. 2010, Burke et al. 2011Db,
Roth-Schulze et al. 2018), but not across environmental gradients. In the absence of an explicit environmental
gradient, neutral or stochastic processes are more likely to drive microbial community structure, thus causing
high among-individual variation (Adair and Douglas 2017). In the presence of an environmental gradient, de-
terministic mechanisms (i.e., environmental selection) could govern variation in microbial composition (Mar-

tiny et al. 2006, Adair and Douglas 2017). Indeed, previous studies of Ulva-associated bacteria with samples
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taken from one or a few locations have highlighted high levels of inter-individual variation (Burke et al. 2011b,
Roth-Schulze et al. 2018). Other studies, however, found distinct differences among sampling habitats and Ulva
host species (Comba Gonzalez et al. 2021, van der Loos et al. 2021).

Closely related to questions on the variability of the Ulva microbiome across environmental gradients,
is the question on its stability (the ‘core’ microbiome). Identifying stable key microbes is important in order
to define ‘healthy’ microbial communities and — especially with regard to spatial and temporal distribution
— gain insight in ecological functions (Risely 2020). Bonthond et al. (2020) for example identified various
prokaryotic and eukaryotic core taxa associated with the red alga Gracilaria vermiculophylla on a global scale
in both native and introduced populations. This implies that Gracilaria’s core taxa either have a worldwide
distribution, or have been co-introduced with their host during the invasion process. The bacterial communities
of the introduced Mediterranean Caulerpa taxifolia likewise showed high similarity to the communities of the
native populations in eastern Australia (Meusnier et al. 2001, Arnaud-Haond et al. 2017). Core microbes may
even facilitate successful introductions (Bonthond et al. 2021). Bacteria likely play an important role in acclima-
tisation and adaptation of Ulva to environmental changes, as has been demonstrated in the filamentous brown
alga Ectocarpus, which depends on bacterial communities for acclimatisation to salinity changes (Dittami et al.
2016). Incorporating an environmental gradient can, therefore, inform us on the stochastic versus deterministic
mechanisms controlling the variability and stability of microbial composition in general.

A study on the global, environmental distribution of bacterial diversity marked salinity as the most
important driver of bacterial community composition, surpassing the effects of temperature and pH (Lozupone
and Knight 2007). Salinity gradients are often studied in estuaries, but estuarine environments are dynamic
and the constant mixing of water bodies causes unstable gradients. The Baltic Sea is the world’s largest inland
brackish sea and one of the most widely studied coastal areas. This area represents a relatively young (8,000
years), semi-enclosed postglacial sea that stands out by a successive transition from fully marine conditions of
the North Sea (North-east Atlantic) towards a near freshwater state in its innermost parts (Reusch et al. 2018).
The lack of tides, as well as the freshwater influx on one side of the gradient combined with limited exchange
with North Sea water, allow for stable salinity regions over a large geographical distance. In addition, water
retention time in the brackish central Baltic is high (between 3 to 30 years), especially compared to the more
dynamic estuaries formed at river mouths (Herlemann et al. 2011). This makes the Baltic Sea an excellent area
to study salinity gradients.

The steepest salinity change in the Baltic Sea can be observed at the Danish Straits (Johannesson et al.
2020), and species diversity and distribution are strongly defined by the prevailing salinity regime (Ojaveer et
al. 2010). Marine species diversity generally decreases with decreasing salinity, while simultaneously fresh-
water species increase in number and abundance (Ojaveer et al. 2010). Consequently, only few marine species
successfully establish along this entire environmental gradient (Johannesson et al. 2020). Although salinity
does not affect bacterial species richness in seawater- and sediment-associated communities in the Baltic, it is a
strong driving force behind bacterial community structure and composition (Herlemann et al. 2011, Klier et al.
2018). Work on bacterial communities in the Baltic region has been limited to bacterioplankton, bacterioben-
thos, and bacteria as components of animal diets (Herlemann et al. 2011, Klier et al. 2018, Skrodenyté-Arbaci-
auskiené et al. 2021), while host-associated bacteria have rarely been investigated across the entire salinity gra-
dient. The question therefore remains how host-associated bacterial communities are influenced by a gradual
environmental transition, and whether the host itself or the prevailing salinity conditions have a larger effect on

the associated microbiomes.
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This study aims to 1) characterise the dynamics of seaweed-associated bacterial communities as a func-
tion of both host and a stable salinity gradient, and 2) assess whether we can define a taxonomical core com-
munity across the Atlantic-Baltic Sea gradient. We sampled 481 Ulva sensu lato individuals along 2,000 km of
coastline, spanning the full 3.5-36 PSU salinity gradient in the Baltic Sea and adjacent areas. To examine to what
extent the ecological dynamics of the Ulva associated bacterial communities are driven by ecological factors and
host species, we generated full-length 16S rRNA gene amplicon sequences with Oxford Nanopore Technologies.
Previous studies on Ulva-associated bacteria indicated that between-site effects were more important than
between-species effects, likely due to the high morphological similarity and close phylogenetic relatedness be-
tween Ulva species (van der Loos et al. 2021). We therefore hypothesise that Ulva-associated bacterial commu-
nity composition in the Baltic Sea is primarily established under the influence of the prevailing salinity gradient

and secondarily affected by host species.

4.2 Materials and methods

4.2.1 Study area, field collection, and sample preparation

Samples of Ulva sensu lato individuals (n = 481, including Ulva, Blidingia, and Kornmannia) used in the present
study were collected along the full salinity gradient present in the Baltic Sea and adjacent areas such as the Kat-
tegat, Skagerrak, and the eastern North Sea (Fig. 4.01). Ulva species are commonly found in the Baltic Sea and
on the North-east Atlantic coast, and are known for their high tolerance towards fluctuations in salinity (Rybak
2018). Under high nutrient conditions, some species are known to cause nuisance blooms (Smetacek and Zin-
gone 2013). Ulva species are difficult to identify based on their simple morphological characteristics due to the
high plasticity within species and high morphological similarities among species. Over ten species of Ulva have
previously been identified based on genetic markers in the Baltic area (Steinhagen et al. 2019a). Many of these
species occur in sympatry and can be found in a wide variety of habitats (Leskinen et al. 2004, Steinhagen et al.
2019a). Ulva has an isomorphic diplohaplontic life cycle. Morphologically, the gametophytic and sporophytic
phases cannot be reliably distinguished (Wichard 2015). The life stage of the individuals sampled in this study
was therefore not checked.

In total 146 sampling sites, of which 63 in Denmark, 53 in Sweden, 25 in Norway, and 5 in Germany, were
visited during summer 2020 (June-September; see also Electronic Supplementary Table S4.01). The salinity
ranged from 3.5 to 36 PSU and is presented in the figures in this study either on a continuous scale (0-36) or in
salinity zones defined according to the Venice classification system (0.5-5 = oligohaline, 5-8 = horohalinicum,
8-18 = mesohaline, 18-30 = polyhaline, and 30-36 = euhaline) (Alves et al. 2009, Bleich et al. 2011, Hu et al.
2016). In addition, both water temperature (°C) and oxygen levels (mg L!) were measured at each site (Fig.
S4.01, S4.02).

A variety of habitats, such as, rock pools, harbours, estuaries, fjords, drain channels, as well as exposed
and sheltered coastal areas were visited. The different substrates (organic and inorganic) of the attached thalli
were recorded. Sampling was performed in the supra- and mid-littoral zones using waders, which allowed for
sampling to a depth of ~1.5 m below mean sea level. Additional samplings of the mid- and infralittoral zones of
chosen sites were conducted via snorkelling. At each site, representative specimens of each morphotype and all
observed populations were collected from the supralittoral to the sublittoral (in horizontal transects of ca. 50 m
depending on site accessibility), including drifting and epiphytic green algae. All sampling work in the respec-

tive countries was conducted by a single person to ensure repeatability among sites. Sterilised disposable gloves
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and sterilised equipment were used throughout the sampling procedure to minimize contamination. After
rinsing each individual with ca. 30-50 mL sterile water to remove dirt, a cotton swab sample for microbiome
analyses was generated by rubbing for 30 s on the tissue.

Furthermore, to enable DNA barcoding of the host, clean and epiphyte-free tissue samples (ca. 1 cm?)
of the respective individuals were collected. All samples were stored in a portable freezer (-20 °C) until trans-

ferred to -80 °C in the laboratory.

4.2.2 Molecular identification of the algae host

Genomic DNA was extracted from lyophilised host tissue using the Invisorb Spin Plant Mini Kit (Stratec, Birken-
feld, Germany) following the manufacturer’s protocol and stored at -80 °C. The tufA gene was used for species
identification of the host. PCR amplicons were successfully generated for 461 samples following (Steinhagen
etal. 2019a). The PCR products were first assessed by gel electrophoresis and subsequently purified using the
QIAquick PCR Purification Kit, Qiagen (Hilden, Germany). Sanger sequencing of the purified amplicons was
performed by Eurofins Genomics (Konstanz, Germany). Forward and reverse sequence reads were assembled in
SEQUENCHER (V. 4.1.4, Gene Codes Corporation, Ann Arbor, MI). Using the BLAST function in GenBank, first iden-
tifications via the specimens’ tufA sequences were made. To better resolve species identities, a set of peer-re-
viewed and annotated reference sequences downloaded from GenBank were used in subsequent phylogenetic
analyses. Host species were identified according to the latest taxonomic revisions by Hughey et al. (2021). A
multiple sequence alignment was constructed using MAFFT (Katoh et al. 2002). An optimal substitution model
(GTR+G+I) was determined using MRMODELTEST software version v. 2.2. (Nylander 2004). Subsequently, a
maximum likelihood analysis was performed using RAXML (v. 8; (Stamatakis 2014) with 1,000 bootstrap itera-
tions. All sequences are publicly available in GenBank (see Electronic Supplementary Table S4.01 for accession

numbers).

4.2.3 Molecular characterisation of the microbial communities

Bacterial communities were characterised with Oxford Nanopore sequencing following van der Loos et al.
(2021). In short, total microbial DNA was extracted with the Qiagen DNeasy mini kit following the manufac-
turer’s protocol, with the addition of a bead beating step before lysis using zirconium oxide beads (RETCH
Mixer mill MM400; 5 minutes at 30 Hz). The full length 16S rRNA gene was amplified using the 27F_BCtail-FW
(TTTCTGTTGGTGCTGATATTGC_AGAGTTTGATC MTGGCTCAG) and 1492R_BCtail-RV (ACTTGCCTGTCGCTC-
TATCTTC_CGGTTACCT TGTTACGACTT) primers, each containing a 5’ extension allowing for subsequent barcod-
ing by PCR. 16S rDNA PCRs were performed using the Phire Tissue direct PCR Master Mix (Thermo Fisher) and
amplicons for each sample were barcoded using the Oxford Nanopore “PCR Barcoding Expansion Pack 1-96
(EXP-PBC096)". A total of 481 Ulva-associated samples were processed in nine PCRs and the final libraries were
prepared with the ligation-based sequencing kit SQK-LSK109 according to manufacturer’s protocol (Oxford
Nanopore Technologies). The libraries were subsequently sequenced in six separate sequencing runs on a Min-
ION (with R10.3 flow cells, Oxford Nanopore Technologies) for 72 h each. Six negative extraction samples were
included in this study, as well as nine negative PCR controls, and four positive controls (ATCC microbial stan-
dard MSA-1002). In addition, two randomly chosen samples (DK043 from Denmark and NO118 from Norway)
were included in all PCRs and divided over the six sequencing runs to verify comparability across PCRs and

sequencing runs.
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FIGURE 4.01 Geographic distribution of all 146 sampling sites in the Baltic Sea and adjacent areas (eastern
North Sea, Skagerrak, and Kattegat) where 481 Ulva sensu lato samples were collected. The colour of the sites

corresponds to the measured salinity. Major rivers are projected in blue.
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The resulting raw FAST5 reads were basecalled and demultiplexed with GupPPY (version 5.0.7, sup model,
Oxford Nanopore Technologies). Data quality and length were first visually inspected with NANOPLOT (De Coster
et al. 2018). Subsequently, high-quality reads were obtained using chimaera removal with YACRD (Marijon et
al. 2020), and by filtering the dataset on quality (Q-score >8) and length (1,000-2,000 bp) with NANOFILT (De
Coster et al. 2018). The resulting 23,955,915 high-quality reads were used to assign taxonomy at genus level
with KRAKENZ in combination with the SILVA 16S database (138.1 release) (Quast et al. 2013, Lu and Salzberg
2020). In the presented results and figures, we use the nomenclature as implemented in the SILVA database.
The sequences are archived at SRA (BioProject PRJNA781821).

After taxonomic assignment, all chloroplast reads (3% of the high-quality reads) were removed from the
dataset. In addition, rare taxa were discarded (optimal settings based on the positive controls retained OTUs
found more than 70 times in at least 20% of the samples) to protect against OTUs with small mean and trivially
large coefficient of variation. Finally, DESEQZ2 was used to account for sequencing depth with a variance stabilis-

ing transformation (Love et al. 2014).

4.2 .4 Statistical analyses

To assess genus level differences in bacterial composition, Bray-Curtis dissimilarities were calculated and visu-
alised with an NMDS ordination (Bray and Curtis 1957). Smooth surface lines were fitted to the ordination with
the ORDISURF function (VEGAN package) based on the correlation with salinity. The effect of salinity, host species,
temperature, oxygen levels, and habitat (substrate from which the host was collected, being either rock, sand,
concrete, epiphytic/epizoic, metal, plastic, wood/rubber/rope, or drift samples) on community composition
was tested using the ENVFIT function of the VEGAN package with 9,999 permutations (model included all factors,
with p < 0.05 considered significant) (Oksanen et al. 2020). Multivariate comparisons with 9,999 permutations
were made with PAIRWISEADONIS (Martinez Arbizu 2020) among all salinity zones and among all host species.
A Mantel test was subsequently used to evaluate the correlation between the bacterial community dissimilari-
ty matrix (at genus level) and the phylogenetic host species distance matrix. Alpha diversity was calculated as
observed genus richness, as well as by using the Shannon Index, Simpson Index, and Chaol Index (Jost 2007,
Willis 2019). Differences in alpha diversity with salinity were assessed using a generalised linear mixed model
based on a negative binomial family (p < 0.05 considered significant). The model included salinity, host species,
and habitat, as well as the interaction between salinity and host. All categorical variables (host and habitat)
were included as random effects.

Significantly differential abundant bacterial genera (p < 0.01, Benjamini-Hochberg corrected) were
identified with DESEQ2 (model included salinity, host species, and habitat, as well as the interaction between
salinity and host) (Love et al. 2014). The amount of explained variation in abundance was quantified using the
LME4 (Bates et al. 2015) and VARIANCEPARTITION (Hoffman and Schadt 2016) packages with a generalised linear
mixed model fitted to a negative binomial family (model included salinity, host species, and habitat, as well as
the interaction between salinity and host, and all categorical variables were included as random effects).

There are many different ways to define and calculate the core microbiome of a given dataset (Shade and
Handelsman 2012, Risely 2020). Both core composition and size differ with relative abundance and prevalence
(the number of samples in which the taxa were encountered) threshold settings, and as such defining a “core”
microbiome remains relatively arbitrary. Here, the variation in core size (number of core taxa) was calculated
for a range of different relative abundances (0.1-100%) and prevalences (50-90%) using the MICROBIOME R
package (Lahti and Shetty 2017).
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All statistical tests were performed in R (R Core Team 2020) and data were visualised using the GGPLOT2

(Wickham 2016), METACODER (Foster et al. 2017), and PHYLOSEQ (McMurdie and Holmes 2013) packages.

4.3 Results

4.3.1 Taxonomic identification of host species

A total of 461 Ulva sensu lato samples were processed for species discrimination and identification based on
tufA sequence data. The full dataset was subject to phylogenetic analyses to allow for robust identification of
host species (see Electronic Supplementary Table S4.01). The phylogenetic analyses separated the investigated
specimens into 15 well-delimited taxonomic entities, including members of the genera Blidingia, Kornman-

nia, and Ulva. Eight entities of the genus Ulva could be resolved based on peer-reviewed reference sequences
provided by GenBank. Five entities (represented by a total of 25 samples), could not be resolved to species level
due to the absence of any similar GenBank entries.

More specifically, the taxa were identified as Blidingia minima (N&gli ex Kiitz.) Kylin; see also (Steinhagen
etal. 2021a) (n = 25 samples), Kornmannia leptoderma (Kjellmann) Bliding (n = 14), Ulva australis Areschoug
(n = 2), Ulva compressa Linnaeus (n = 48), Ulva fenestrata Postels & Ruprecht (n = 36), Ulva intestinalis Linnaeus
(n =116), Ulva lacinulata (Kiitzing) Wittrock (n = 32), Ulva linza Linnaeus (n = 128), Ulva prolifera O.F. Miiller
(n=7), Ulva torta (Mertens) Trevisan (n = 28), and unidentified Ulva sp. 1 (n = 1), Ulva sp. 2 (n = 15), Ulva sp. 3
(n=2),Ulva sp.4 (n=4),and Ulva sp. 5 (n = 3).

Distinct distribution patterns across the salinity gradient were recorded for the host species. Corrobo-
rating previous studies focusing on different taxa, most of the green algal species investigated were absent east
of the Danish Straits. Ulva intestinalis and U. linza showed the widest distribution and were present across the
whole salinity gradient (present from 3.5 to >30 PSU). For details on the species distribution see Electronic

Supplementary Table S4.02.

4.3.2 Bacterial alpha diversity associated with Ulva sensu lato

After filtering out rare taxa (using optimal settings based on the positive controls), we identified 96 bacterial
genera, belonging to 28 families and 24 orders, associated with Ulva, Blidingia, and Kornmannia. Highly abun-
dant orders across all Ulva sensu lato species included the Rhodobacterales, Sphingomonadales, Rhizobiales,
and Flavobacteriales. Alpha diversity did not change with salinity when calculated as either observed richness
(p =0.09,z = 1.71; negative binomial model), or a Shannon Index (p = 0.55, z = 0.59; negative binomial model),
Simpson Index (p = 0.89, z = 0.14; negative binomial model), or Chaol Index (p = 0.27, z = 1.11; negative bino-

mial model).
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FIGURE 4.02 NMDS plots (stress = 0.01, k = 4) of Ulva sensu lato associated bacterial community composition
(based on Bray-Curtis dissimilarities and genus level identifications). The first panel shows the full dataset (n

= 481 samples). The remaining panels are split by host species (Ulva compressa, Ulva fenestrata, Ulva intestina-
lis, Ulva lacinulata, Ulva linza, Ulva prolifera, Ulva torta, Ulva sp. 2, Ulva sp. 4, Ulva sp. 5, Blidingia minima, and
Kornmannia leptoderma). Note that separate plots for Ulva australis, Ulva sp. 1, and Ulva sp. 3 are not shown due
to the few data points collected for these species. Colours represent salinity and symbols represent the habitat
of the host species. The contour lines (smooth surface lines) are fitted to the ordination based on the correlation

with salinity.
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4.3.3 Effect of environment and host species on bacterial community

Bacterial community composition differed significantly with salinity (p < 0.001, R2 = 0.48) and host species

(p <0.0001, R? = 0.34). While pairwise comparisons showed that the oligohaline (0-0.5 PSU) and horohalini-
cum (5-8 PSU) shared similar bacterial communities (p = 0.816, F = 1.77; pairwise Adonis test), pairwise con-
trasts among all other salinity zones showed significant differences in bacterial communities (with p < 0.001 for
all comparisons; pairwise Adonis test, Electronic Supplementary Table S4.03). Pairwise comparisons among all
host species indicated that, amongst others, U. linza and U. intestinalis were associated with different bacterial
communities (p = 0.01, F = 25.97; pairwise Adonis test), as well as U. compressa versus U. fenestrata (p = 0.01,
F = 6.09; pairwise Adonis test), and U. compressa versus U. lacinulata (p = 0.02, F = 5.03; pairwise Adonis test).
On the contrary, similar bacterial communities were shared between U. compressa versus U. torta (p = 0.24,

F = 3.66; pairwise Adonis test), and U. prolifera versus U. torta (p = 1.00, F = 2.23; pairwise Adonis test). See
Electronic Supplementary Table S4.04 for full statistics.

NMDS plots likewise showed a clear ordination influenced by the salinity gradient as well as host spe-
cies (Fig. 4.02). This salinity effect was not only observed along the larger Atlantic-Baltic Sea gradient, but also
on local scales (e.g., caused by freshwater river input). Sample sites located south in the Oslofjord (Norway,
Skagerrak Strait) near the mouth of the Glomma river, for example, have a lower salinity compared to the pre-
dominantly higher surrounding salinity levels (Fig. 4.01). Bacterial community composition in these sites was
generally more similar to samples collected in distant, low-saline sites in the Baltic Sea than to samples collect-
ed at neighbouring sites in the Skagerrak (Fig. S4.03).

Both habitat (p < 0.0001, R?> = 0.09) and temperature (p < 0.001, R? = 0.05) were found to be significant
as well, but with very low explanatory values. Several outliers in the NMDS plot however can be explained by
habitat. For example, the bacterial communities of two Ulva intestinalis samples collected in high-saline rock
pools located two and ten meters away from the main waterbody, were more similar to lower salinity commu-
nities (Fig. 4.02). The salinity of such rock pools is expected to vary a lot with rainfall and evaporation. Samples
collected from green tides (mass accumulation events, n = 8), belonging to Ulva compressa, Ulva lacinulata, and
Ulva intestinalis, were distinctly different from the general host species patterns (Fig. 4.02). Oxygen levels did

not have a significant effect on bacterial community composition (p = 0.69, R? = 0).

4.3.4 Differentially abundant bacteria

The largest shift in bacterial community composition was observed passing the horohalinicum (salinity 5-8
PSU; Fig. 4.03A). This shift in community composition was attributed mostly to large differences in abundance,
rather than presence/absence patterns. Lower salinity communities were enriched in Cyanobiaceae

(p <0.0001), Rubritaleaceae (p = 0.0002), Sphingomonadaceae (p = 0.0002), and Spirosomaceae (p < 0.0001)
(contrasts between 0-5 PSU versus 30-36 PSU, all p-values Benjamini-Hochberg corrected; Fig. 4.03A). High-
saline communities were characterised by high relative abundances of amongst others Alteromonadaceae

(p < 0.0001), Granulosicoccaceae (p = 0.001), Hyphomonadaceae (p < 0.0001), Sulfurovaceae (p < 0.0001), and
Thiotrichaceae (p < 0.0001) (contrasts between 0-5 PSU versus 30-36 PSU, all p-values Benjamini-Hochberg
corrected; Fig. 4.03A). These differences become more pronounced when comparing oligohaline communities
with increasingly higher salinity communities (i.e., the differences between the euhaline and oligohaline form a

starker contrast than the differences between the mesohaline and oligohaline).
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FIGURE 4.03 Overview of the significantly differential abundant bacterial families and genera associated with
Ulva sensu lato across Atlantic-Baltic salinity ranges.

<« Panel A) on the left page shows the pairwise comparisons of phylogenetic heat trees depicting the 28 bacte-
rial families associated with Ulva, Blidingia, and Kornmannia. The larger, grey tree on the lower left functions
as a taxonomic key for the smaller unlabelled trees. The smaller trees provide contrasts between five salinity
zones: 0-5 PSU (oligohaline), 5-8 PSU (horohalinicum), 8-18 PSU (mesohaline), 18-30 PSU (polyhaline), and
30-36 PSU (euhaline). The colour (brown to green) of the nodes and edges corresponds to the log2FoldChange
(only significant differences are coloured, p < 0.05, Benjamini-Hochberg corrected). Taxa coloured brown were
enriched in the salinity zones in columns, whereas taxa coloured green were enriched in salinity zones in rows.
For example, Rubritaleaceae, Spirosomaceae, and Cyanobiaceae were enriched in the oligohaline (brown) com-
pared to most of the higher salinity zones (green).

A Panels B), C), and D) show bar graphs of the top 10 differentially abundant genera between high and low
salinity, based on (B) the full dataset when controlled for host species, (C) Ulva intestinalis samples only, and (D)
Ulva linza samples only. The log2FoldChange is expressed on the y-axis and genus on the x-axis. Colours of the

bars correspond to family level (similar colours as used in the phylogenetic heat tree).
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A total of 70 bacterial genera were differentially abundant with changing salinity levels (with p < 0.01,
Benjamini-Hochberg corrected; see Electronic Supplementary Table S4.05 for an overview of all log2Fold-
Change and p-values). Low salinity communities especially contained high relative abundances of Luteolibacter
(Rubritaleaceae), Cyanobium (Cyanobiaceae), Pirellula (Pirellulaceae), Lacihabitans (Spirosomaceae), and an
uncultured Spirosomaceae (Fig. 4.03B). High salinity communities were predominantly enriched in Litorimonas
(Hyphomonadaceae), Leucothrix (Thiotrichaceae), Sulfurovum (Sulfurovaceae), Algibacter, and Dokdonia (both
Flavobacteriaceae) (Fig. 4.03B; Fig. S4.04).

As Ulva intestinalis and Ulva linza co-occurred over the entire salinity gradient from the North Sea to
the Baltic Sea (Electronic Supplementary Table S4.02), they provided a good opportunity to assess differences
in host species. Both Ulva species contained high relative abundances of Luteolibacter and Lacihabitans in low
salinity sites, but U. intestinalis’ low-saline communities were further characterised by Pirellula, Rhizobium, and
an uncultured Spirosomaceae, whereas U. linza communities mainly contained Cyanobium, Flavobacterium, and
Pseudorhodobacter (Fig. 4.03C, D). Likewise in high salinity environments, both host species had high abun-
dances of Algibacter, but U. intestinalis had significantly more Litorimonas, Sulfurovum, Rubritalea, and an uncul-
tured Flavobacteriaceae with increasing salinity. U. linza on the other hand typically contained more Leucothrix,
Glaciecola, Dokdonia, and Alteromonas in high salinity (Fig. 4.03C, D).

When comparing the bacterial communities of Ulva species (Ulvaceae) with the more distantly related
Kornmannia leptoderma (Kornmanniaceae), Ulva harboured significantly higher abundances of Algitalea,
Marinagarivorans, and Algibacter compared to Kornmannia leptoderma, whereas the latter typically contained
more Cellulophaga, Sulfurovum, and Altererythrobacter (p < 0.01, Benjamini-Hochberg corrected). Compared to
Blidingia minima (Kornmanniaceae), Ulva was enriched in Rubritalea, Algitalea, and Roseitalea, while Phormide-
smis, Roseibacillus, and Jannaschia were associated with Blidingia (p < 0.01, Benjamini-Hochberg corrected).

Despite host species having a clear effect on the associated bacteria, the correlation between host phylog-

eny and bacterial community composition was very weak (Mantel test, p = 0.004, r = 0.03).

4.3.5 Variance partitioning

Salinity, host species, and habitat together explained between 34-91% of the variation in the abundance of the
bacterial genera (Fig. 4.04; Fig. S4.05). In concordance with the differential abundance analyses (based on log-
2FoldChange), the variation was best explained for Lacihabitans (91% variation explained), Leucothrix (86%),
Algitalea (84%), Dokdonia (84%), Luteolibacter (83%), and Algibacter (81%). For most genera, the interaction
between salinity and host species explained the highest proportion, followed by the single effects of salinity
and host species (Fig. 4.04). Salinity explained a lot of variation for Litorimonas (39%) and Cyanobium (29%),
whereas host species explained a high portion of the variation in Mesorhizobium (49%, especially abundant in
Ulva linza), Roseitalea (47 %, less abundant in Blidingia and Kornmannia), Fuerstia (44%, especially abundant in
U. compressa, U. fenestrata, and U. lacinulata), Ensifer (43%, enriched in Kornmannia), Marinagarivorans (40%,
enriched in Kornmannia), and Jannaschia (31%, enriched in Blidingia).

Habitat explained little of the variation in most genera, except for Roseivivax (61%) and Olleya (21%)
(Fig. 4.04). Additional DESeq2 analysis indicated Roseivivax was especially abundant on algae collected from
sandy habitats and Olleya on algae growing on metal. Although relatively few samples in green tide events were
collected (n = 8), patterns could be distinguished. For example, the green tide in Gryt on the Baltic coast of Swe-
den (salinity = 7.0), consisted of Ulva intestinalis (n = 2 samples). These Gryt green tide algal microbiomes were

mainly characterised by the abundant presence of Rhodopirellula and Rubripirellula (both Planctomycetota)
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compared to the bacterial communities of non-green tide Ulva intestinalis specimens collected at the same site

or neighbouring sites (n = 3 samples) (Fig. S4.06). The green tide in Frederikshavn in Denmark (salinity = 30.0)

was caused by Ulva lacinulata. Compared to U. lacinulata specimens growing attached in the same harbour

(n = 2), the green tide communities (n = 3) were enriched in Thiothrix, Limibaculum, Pseudophaeobacter,

Octadecabacter, and Sulfitobacter (all Proteobacteria) (Fig. S4.06).
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FIGURE 4.04 Variance partitioning plot showing the amount of variance in abundance of Ulva sensu lato asso-

ciated bacterial genera explained (in %) by the interaction between salinity and host species (salinity:host spe-

cies), host species, salinity, and habitat. Based on a generalised linear mixed model (negative binomial family).

Only genera for which >70% of the variation was explained are shown. For a graph containing all genera, see

Fig. $4.05.
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4.3.6 Bacterial core

The number of core taxa and members of the core bacterial community varied tremendously depending on the
threshold settings of relative abundance and prevalence (% of samples in which the taxa occurs) (Fig. 4.05).
When setting the limits to 20.1% abundance and 250% prevalence, >60 genera were considered part of the core
of Ulva sensu lato along the entire salinity gradient. However, with strict thresholds of 21% relative abundance
and 290% prevalence, only two genera were defined as core taxa: an uncultured Rhodobacteraceae and Sulfi-
tobacter. When the prevalence threshold was lowered to 280%, Paracoccus became part of the core bacterial
community as well, and when the prevalence was set to 270%, an uncultured Rhizobiaceae, Yoonia-Loktanella,
and an uncultured Saprospiraceae became additional members.

Across the salinity gradient, a shift in core community composition occurred. Five taxa were considered
core across all species in the oligohaline region (0-5 PSU) and four taxa in the horohalinicum (5-8 PSU) with
275% prevalence and 21% relative abundance (Fig. 4.06A). In addition to the three taxa considered core across
the entire salinity gradient (Sulfitobacter, Paracoccus, and an uncultured Rhodobacteraceae), these low salinity
ranges also shared Luteolibacter as core genus. The mesohaline samples (8-18 PSU) contained five core taxa,
the polyhaline samples (18-30 PSU) six core taxa, and the euhaline samples (30-36 PSU) five core taxa. These
higher salinity regions all shared an uncultured Rhizobiaceae in their core. In addition, the mesohaline and
polyhaline core both included Yoonia-Loktonella, and the polyhaline and euhaline shared an uncultured Sapro-
spiraceae (Fig. 4.06A).

Core membership did not only shift with salinity. The different host species were also associated with
distinct core consortia (Fig. 4.06B). Ulva intestinalis and Ulva linza shared the same geographical range, but the
U. intestinalis core was larger (seven taxa) and included amongst others Yoonia-Loktanella, an uncultured Sphin-
gomonadaceae, Erythrobacter, and Roseovarius, while the U. linza core was smaller (four taxa) and included
only an uncultured Saprospiraceae in addition to the three main core members. Ulva fenestrata, a more typical
marine species, was the only host with Granulosicoccus and Blastopirellula in its core. Blidingia minima shared
a large proportion of its core with Ulva intestinalis, but additionally included Jannaschia and Altererythrobacter.

Kornmannia leptoderma in particular had high relative abundances of core taxon Altererythrobacter as well.

4.4 Discussion

Seaweeds and associated bacteria show interdependent and complex dynamics. Here, we tested stability of
Ulva-associated bacterial communities across a stable salinity gradient in the Atlantic-Baltic Sea. In addition, we
made use of the rich diversity of Ulva species in the study area, with some species covering the entire salinity

gradient, to characterise species-specific responses versus environmentally driven variation.

4.4 Salinity driven seaweed-bacterial interactions

The Baltic Sea is characterised by its strong and stable salinity gradient. Salinity has been identified as the most
important structuring factor on seawater and sediment microbial consortia (Herlemann et al. 2011, Dupont
et al. 2014). This agrees with our study, which showed that Ulva-associated bacterial composition is strongly
structured primarily by salinity and secondarily by host species.

The largest shift in the bacterial consortia of Ulva sensu lato was observed passing the horohalinicum
(5-8 PSU) from low salinity to higher salinity. The brackish to full marine transition has also been termed “criti-

cal salinity region”, as this is the salinity range where many chemical, physical, and biological processes abruptly
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change (Telesh and Khlebovich 2010). For example, the ion Ca/Cl ratio is stable down to 7 PSU, but below this
salinity level the ratio drastically changes. Similar non-linear dynamics are observed for, e.g,, silicon concentra-
tion, suspended matter concentration, and the stability of phosphorus compounds. In the Baltic Sea, the horo-
halinicum coincides with the Darss Sill (situated East of the Danish Straits; Fig. 4.01). This likely explains why
most of the Ulva species’ distribution is limited to the North Sea and Danish Straits. The distribution of bacteria
associated with Ulva sensu lato is clearly affected as well and this study is the first report of a host-associated
bacterial communities changing drastically in the horohalinicum.

The effect of salinity on seaweed bacteria has rarely been investigated in laboratory experiments. Two
exceptions include the long-term mesocosm studies conducted on the red seaweed Gracilaria vermiculophylla
collected at the North Sea coast of Germany (Saha et al. 2020b), and the brown seaweed Fucus vesiculosus
collected in the Kiel fjord in the western Baltic (Stratil et al. 2014). Gracilaria vermiculophylla is non-native in
Europe and has also been introduced in the Baltic Sea where it occurs across a wide salinity range. Both the bac-
terial communities of Gracilaria and Fucus were strongly impacted by salinity. Despite the occurrence of some
shared bacterial taxa in Ulva and Gracilaria microbiomes, for example Dokdonia in higher salinity communities,
the bacterial microbiomes of respective seaweeds are very different. Comparisons between Ulva- and Fucus-
associated bacteria likewise result in very few shared taxa. Although salinity overall had a greater effect than
host species in our study, it is possible that the evolutionary distances between the genera Ulva, Gracilaria, and
Fucus are large enough to overrule salinity (Lachnit et al. 2009).

Our results may suggest that some of the typical low-salinity bacteria in Ulva microbiomes (e.g., Laci-
habitans, Luteolibacter, and Cyanobium), could facilitate acclimation of the host to low salinity in the Baltic. The
effect of specific bacterial taxa on host tolerance to lower salinities has so far only been tested in the brown algal
genus Ectocarpus (Dittami et al. 2016). In Ectocarpus, two bacterial 0TUs — Haliea and an uncultured Sphingo-
monadales — were linked to increased host performance when the algae were first cultivated in seawater medi-
um and subsequently in freshwater medium (Dittami et al. 2016). Axenic (bacteria-free) cultures of an Ectocar-
pus strain originally isolated from a freshwater environment did not survive in freshwater medium, nor did they
survive the change from seawater to freshwater medium. Acclimation to freshwater medium was only possible
if the axenic strain was inoculated with medium containing bacteria of the non-axenic cultures (Dittami et al.
2016). To be able to experimentally test whether characteristic low-salinity consortia in Ulva bacterial commu-
nities likewise stimulate host acclimation to freshwater, isolation and cultivation of the associated bacteria and

subsequent experimental work with axenic Ulva are required.

4.4.2 Disentangling the effects of spatial distance and salinity

In essence, all environmental gradients in the Baltic are spatial gradients in northeast-southwest direction. The
samples in this study were collected on a 2,000 km transect. The shortest route across water from the most
inland sampling site (Skepssmalen, Sweden) to the most outer sampling site (Egersund, Norway) was over
1,670 km. The spatial effect is statistically hard to separate from the environmental salinity gradient. However,
13 samples from five different sampling sites near the mouth of the Glomma river in the Oslofjord (Skagerrak;
Fig. 4.01) provide a good test case. The Glomma is Norway’s longest and most voluminous river. Sampling at the
sites close to the Glomma river mouth took place in early July, right after its discharge flow peak in May-June
(Frigstad et al. 2020). Measured salinity at these sites was between 5.1-13.6 PSU, which corresponds to prevail-
ing central and northern Baltic salinity ranges, whilst the surrounding sites in the Skagerrak are characterised

by salinity levels >20 PSU. As bacterial community composition at the sites influenced by the Glomma discharge
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was in general more similar to central-northern Baltic microbiomes >1,000 km away, than to the Skagerrak
sites only 20-50 km further south or west, salinity seems to overrule spatial distance (Fig. S4.03). The effect of
host species is visible here as well. Regarding Kornmannia leptoderma, for example, the samples at the mouth of
the Glomma river represent the lowest salinity levels in which the species was found in this study, but also the
most northern records in our dataset. The samples were found at least 300 km more to the north than other K.
leptoderma samples collected in the Danish Straits (salinity ~25 PSU), but are more similar to samples collected
in the Baltic Proper (salinity ~7 PSU) that are geographically even further away. For seaweeds to recruit similar
bacterial communities in specific environmental conditions despite large spatial distances, requires the bacteria
to be widely dispersed in the environment. This agrees with the Baas-Becking hypothesis: “everything is every-

where but the environment selects.” (Martiny et al. 2006).
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FIGURE 4.05 Bacterial core size (number of genera) of Ulva sensu lato across the entire Baltic salinity gradient
with different relative abundance (based on read counts) and prevalence (based on the number of samples in

which the taxa was encountered) thresholds.
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FIGURE 4.06 Mean relative abundance of bacterial core taxa of Ulva sensu lato, split by (A) salinity, and (B) host
species. The circle size corresponds to relative abundance, and the dark grey shade indicates whether the taxon

is part of the core community (based on >1% relative abundance and >75% prevalence).
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4.4.3 The Baltic Sea and its multiple environmental gradients

Ulva sensu lato harbours distinct bacterial communities across the different salinity regions along the Atlantic-
Baltic Sea transect. The Baltic, however, is not only characterised by a pronounced salinity gradient. Although
less dramatic than the salinity gradient, the Baltic Sea also accommodates both a horizontal oxygen gradient
(with the Kattegat and North Sea area being in general oxygen rich and the remainder of the Baltic Sea oxygen
poor) and a vertical oxygen gradient (oxygen depletion at >50 m depth) (Villnds and Norkko 2011). In addition,
the Baltic experiences strong seasonal dynamics and is subjected to anthropogenic pressure (e.g., eutrophica-
tion, pollution, fisheries, shipping) (Ojaveer et al. 2010). Whilst both seawater surface temperature and oxygen
levels were measured in this study and explained limited variance of bacterial community composition, the
sample distribution was not designed to capture the full dynamics associated with these environmental factors.

The Baltic temperature gradient co-varies to some extent with salinity. In our study, lower temperatures
were measured on the North Sea coast of Norway, and higher temperatures in the Baltic Proper (Fig. S4.01).

As sampling was only carried out in Summer, yearly seasonal fluctuations were not represented. In addition,
sampling was not restricted to a specific time of the day, hence small variations in the measured temperature
between sites may have been caused by daily fluctuations. In Spring, sea surface temperatures usually increase
earlier in the year in the south and west areas of the Baltic Sea compared to the northern and eastern areas
(Miick and Heubel 2018). Bacterial community composition of seawater, therefore, does not only change with
salinity as primary factor, but secondarily also with seasons (Andersson et al. 2010, Herlemann et al. 2016). In
fact, these bacterioplankton community shifts display repeated patterns between years (Lindh et al. 2015). It
is likely that, across the entire Baltic, Ulva-associated bacterial communities too experience seasonal dynamics,
as has been shown before in local populations in the Kiel fjord (Lachnit et al. 2011), as well as in the Caribbean
(Comba Gonzalez et al. 2021).

Nutrients were not measured during this study but may drive some of the unexplained variation. The
Atlantic-Baltic Sea salinity gradient is caused by freshwater input from sub-arctic rivers on one side of the
gradient and limited water exchange with the marine water body of the North Sea on the opposite side of
the gradient (Seidel et al. 2017). Freshwater river discharge does not only affect salinity, but simultaneously
increases nutrient influx, including nitrate, phosphate, and dissolved organic carbon (Korth et al. 2012, Frig-
stad et al. 2020). Southern, high saline areas in the Baltic are characterised by high levels of autochthonous
DOM (dissolved organic matter derived from e.g., phytoplankton primary production), whereas northern, low
saline areas are richer in allochthonous DOM of terrestrial origin discharged by rivers (Rowe et al. 2018). This
increased nutrient load is a major stimulator of bacterioplankton growth and pelagic productivity (Stepanaus-
kas et al. 2002), and pelagic bacterial growth efficiency is highest in the low saline regions (Rowe et al. 2018).
The community composition of bacteria living associated with Ulva may be impacted by prevailing nutrient
conditions as well, but not necessarily following the same patterns as bacterioplankton, as the Ulva host likely

provides its microbial partners (and other associates) with carbon and nutrients (Hudson et al. 2019).

4.4.4 Green tides: Ulva on the drift

Green tides are mass accumulations of unattached green seaweeds and are often caused by Ulva spp. They have
profound negative effects on the environment, including reduced biodiversity, and smothering of the sea bed

and its inhabitants (Ye et al. 2011, Wan et al. 2017). Decomposition of the Ulva biomass results in anoxic condi-
tions and the release of gaseous sulphur compounds. In the Baltic Sea, where oxygen levels have already deteri-

orated over the past decades due to eutrophication, the anoxic conditions particularly pose a problem (Reusch
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etal. 2018). In the formation of green tides too, eutrophication plays a major role (Smetacek and Zingone 2013).
The microbial communities of green tide-forming ulvoid species have rarely been sequenced, but mass growth
events of seaweeds are likely to induce a change in both the seaweed and environmental microbiome. Qu et

al. (2020) for example demonstrated that sulphate-reducing bacteria and heterotrophic bacteria increased in
abundance in sediment directly under an Ulva prolifera bloom in the Yellow Sea, especially towards the end

of the bloom. In surface seawater samples, the abundance of heterotrophic diazotrophic bacteria increased
likewise during U. prolifera blooms (Zhang et al. 2015). Diazotrophic bacteria are involved in N_-fixation. Hence,
altered microbial communities during green tide events may affect the sulphur and nitrogen cycles (Aires et al.
2019).

In the current study, green tides were encountered at Skive in Denmark (caused by Ulva compressa
and Ulva lacinulata), Frederikshavn in the north of Denmark (caused by Ulva lacinulata), and Gryt in Sweden
(caused by monostromatic Ulva intestinalis). Several of these samples were visible as distinct outliers in the
NMDS plot (Fig. 4.02). In Frederikshavn, particularly high relative abundances of Thiothrix and Sulfitobacter
were observed in green tide samples compared to attached thalli growing in the same harbour. These are
sulphur-oxidising bacteria (SOB), and Sulfitobacter is additionally known to promote Ulva growth (Krishnani
etal. 2010, Grueneberg et al. 2016). Growth-promoting bacteria produce metabolites and chemical compounds
such as thallusin that induce cell division and thallus differentiation, including rhizoid formation and the proper
development of cell walls, in Ulva (Alsufyani et al. 2020). In turn, Ulva can attract growth-promoting bacteria
through the release of the chemoattractant dimethylsulfoniopropionate (DMSP). In some cases, SOB form
visible mats on the sediment or on degrading organic material, such as seaweed tissue (Fenchel et al. 2012).
Depending on the green tide phase, autotrophic as well as mixotrophic SOB could take advantage of degrading
Ulva tissue for carbon and sulphur sources.

In Gryt, green tide samples were enriched in Rhodopirellula and Rubripirellula compared to non-green
tide U. intestinalis thalli in neighbouring sites. Both bacterial genera belong to the Planctomycetota. These bacte-
ria are adapted to life in marine biofilms, as they have a holdfast that accommodates surface colonisation, they
can reproduce by budding, and can quickly adapt to environmental changes (Kallscheuer et al. 2020). In addi-
tion, they have large genomes that often encode for a large number of sulphatase genes. The genome of Rhodop-
irellula baltica, for example, contains 110 sulphatases (Wegner et al. 2013). Sulphatases enable the degradation
of sulphated polysaccharides such as ulvan in the Ulva cell wall. Planctomycetota are known to be abundant on
algal surfaces and their high abundance in green tide samples may simply be caused by the large accumulation
of biomass (Bondoso et al. 2017, Wiegand et al. 2021).

Drifting seaweeds are not always necessarily green tides. All foliose Ulva compressa samples in this study
were collected as unattached specimens, of which most without the occurrence of mass accumulations. Inter-
estingly, all tubular shaped U. compressa were found growing attached to substrates, such as rock and concrete.
The bacterial communities of foliose versus tubular U. compressa were distinctly different. However, all foliose
samples were collected at low salinity (<20 PSU) and the tube-shaped at high salinity (>20 PSU). It is, therefore,
not possible with the current dataset to resolve whether differences in the U. compressa bacterial communities

fundamentally differ with morphology or salinity.
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4.4.5 Ulva core bacterial communities along an environmental gradient

Although the Ulva-associated bacterial communities varied with salinity and host species, a small, stable con-
sortium can be identified as well. The term “core microbiome” was initially used to describe a set of microbes

or genes shared by the majority of host specimens in a given habitat (Turnbaugh et al. 2007). This is often
referred to as a “common core”, but the core concept has since been used in a broader context. Core microbiome
members are, for example, hypothesised to play a key role in ecosystem functioning or may significantly affect
host fitness and resilience to disturbance (Shade and Handelsman 2012). Such “functional cores” are based on
commonly occurring functional genes rather than taxonomical units (Risely 2020). Whether based on taxonomy
or function — the nature of a core can vary from being “substantial” (the majority of individuals/samples share
a large proportion of the microbial consortia), to “minimal” (all individuals/samples only share a few core mem-
bers), or even “non-existent” (no taxa or genes in common across the majority of individuals/samples) (Hamady
and Knight 2009). In addition there are “gradient” core models (in which individuals close to each other on a
gradient share more microbial components than individuals at opposite ends of the gradient) and “subpopu-
lation” core models (distinct subpopulations of host species each have their own, unique core) (Hamady and
Knight 2009).

Following the different core models described in Hamady and Knight (2009), we can define Ulva-associ-
ated bacterial communities across the Baltic as having a “minimal” taxonomic core (only three taxa are shared
across the entire gradient), with in addition a “gradient” core (more taxa are shared between neighbouring
salinity ranges than between ranges at opposite ends of the Atlantic-Baltic Sea gradient). Depending on the
chosen prevalence and relative abundance settings, the minimal core consisted of Sulfitobacter, Paracoccus, and
an uncultured Rhodobacteraceae. Together they made up on average 14% of the reads per sample. Sulfitobacter
and Paracoccus are known growth-promoting and morphogenesis-inducing bacteria of Ulva (Ghaderiardakani
etal. 2017, 2019), and are thus unsurprising core members. Possible beneficial interactions with the uncultured
Rhodobacteraceae are unknown, but several of the reads assigned to this family did have a strong match to se-
quences in the NCBI database extracted from an Ulva prolifera-seawater interface (GenBank accession number
JF769698.1).

Some gradient core taxa were clearly defined by differences in relative abundance. Luteolibacter, for
example, was highly abundant in low salinity levels (7-9% % relative abundance) and scarcely present in higher
salinity (<1% relative abundance), which was also demonstrated by the differential abundance analyses. Other
gradient core taxa were defined predominantly by prevalence. An uncultured Saprospiraceae, for example, was
quite abundant across the entire salinity gradient (5-9% relative abundance), but was only part of the bacterial
core in higher salinities due to low prevalence at lower salinity levels. These varying prevalence levels might be
due to differences among host species, as the uncultured Saprospiraceae was a highly abundant core member
of U. linza, U. compressa, and U. fenestrata, but did not have a high prevalence and abundance in U. intestinalis,
Blidingia minima, and Kornmannia leptoderma.

At host species level, the core consortia were slightly larger, varying from four to nine core members.
Interestingly, the core community of U. intestinalis was more similar to the core of Blidingia minima than to Ulva
linza, despite U. intestinalis and U. linza sharing a similar geographical range. The same pattern was observed in
the NMDS plot, in which U. intestinalis and B. minima samples were clustered to the left of the plot, while the U.
linza cluster was located to the right of the plot. The Mantel test showed that overall bacterial community com-
position did not differ with host phylogeny, indicating that differences in bacterial communities between host

species were caused by intrinsic factors (e.g., biochemical composition and defence mechanism).
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As the definition of a core community is flexible, the decision on which taxa should be considered core
members and whether a core community exists at all remains arbitrary. Some studies define core taxa purely
based on prevalence (Aires et al. 2015), others use both relative abundance and prevalence (Ainsworth et al.
2015), and again others use models (Shade and Stopnisek 2019, Bonthond et al. 2020). The threshold settings
used vary tremendously as well, and rarely have biological justifications, hence the resulting core depends on
the authors (Risely 2020). In Ulva, the taxonomic variability has often been deemed too large to contain a core
consortium. A study on Ulva australis, for example, demonstrated only six bacterial species were consistently
present in all samples (n = 6), and while these did make up on average 15.6% relative abundance per sample,
a core was considered non-existent (Burke et al. 2011b). These results are relatively similar to our dataset,
with three genera contributing up to 14% of the reads per sample. The larger the dataset and the wider the
geographical scale investigated, the less likely it becomes to define a large core microbiome (Turnbaugh et al.
2007). Roth-Schulze et al. (2018) investigated the bacterial communities of three Ulva species in Spain and
Australia, but found only one common OTU representing only 0.33% of the total number of sequences. On the
contrary, >70% of the functional genes were shared across the microbiomes of all three Ulva species indepen-
dent of biogeography, and the remaining 30% could possibly be linked to environmental adaptation. The large
biogeographical scales in the aforementioned study, however, were not associated with obvious environmen-
tal gradients, and bacterial communities may therefore seem to be influenced mostly by stochastic processes.
The results from our study, however, indicate a large deterministic effect of the environment. Future studies
investigating the functional repertoire of bacterial communities across the Atlantic-Baltic gradient could show
whether the Ulva-associated functional core likewise follows a gradient model, and if such functional patterns

could be linked to the taxonomic core.

4.5. Conclusion

In conclusion, salinity and host play a major role in Ulva-associated bacterial community structure. Pronounced
differences between low and high salinity communities manifest themselves through defined patterns in differ-
ential abundance rather than presence/absence patterns of certain bacteria. Deviations from the predominant
pattern at a distinct salinity can often be ascribed to microhabitats (e.g., high saline rock pools, green tides, river
mouths) that differ from the prevailing conditions on surrounding sites. We identified a small taxonomic core
consortium with in addition a few gradient core members that change across the salinity gradient. Future stud-
ies with experimental work could focus on causal relationships between bacteria and host tolerance towards

fluctuating salinity, as well as functional analyses across the entire Atlantic-Baltic salinity gradient.
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manuscript), with colours representing measured salinity, but the Glomma river samples are coloured red. The

red dashes indicate the expected range of the samples with regards to their spatial distribution.

84




Chapter 4. Salinity and host drive Ulva-associated bacterial communities

Relative abundance

Relative abundance

0.8-

0.6-

0.4-

0.2-

0.0-

0.8-

0.6-

0.4-

0.2-

Lacihabitans

o amte

10 20 30

Sulfurovum

Luteolibacter

Dokdonia

Cyanobium

.'
iy o2
10 20 30

salinity

Leucothrix

43

1 1 1
10 20 30

salinity

uncultured
Spirosomaceae

Algibacter

1 1 1
10 20 30

Pirellula
] salinity
[

“‘o 30

10 20 30
20
10

Litorimonas

wenneab.

10 20 30

FIGURE S4.04 Scatterplots showing the relative abundance of the 10 most differentially abundant bacterial

genera over salinity.

85



Chapter 4. Salinity and host drive Ulva-associated bacterial communities

4413‘%%.—"3&1“3(%?23 ] salinity:host species
44198 g__Algitalea q
44213:g__Dokdonia A
46836§ _uteolibacter 4
44189:g__ Algibacter -
26124:g _Rosenalea E
634 g__Roseivivax -
g "Rhodobacter A

44829:g__ Cyano ium_PCC-6307 -
4265:g_ Olleya A
2858 g__uncultured 4

46117:9__uncultured 4
44268:9_Polaribacter 4
26112: esorhizobium -
502 2_ Alteromonas -
461 gD_RubnpweIIuIa-
26091:g__ Allorhizobium-Neorhizobium- Pararhlzo ium-Rhizobium -
0078:g__Sulfurovum o

2620: Pseuﬁhodobacter E
g Cellulophaga 4
44156:g__uncultured 4

4155:9 Taeseokella E
46343§ ‘IVI'etra/Iotenera E
g_ ubritalea 4
376 Thiothrix A

44055:g _uncultured 4
46056: g ycisphaera 4

502 B0

host species

. sallnlty

residuals

g Glaciecola 1
46099:g__ Pirellula A
4611369_Fuerst|a E
Ensifer 4

'Sg aracoccus -

2854 g phingorhabdus -

)clg Roseibacillus 4

240 g__Litorimonas o
2579:9__Jannaschia 4
43305:g__Sva0996_marine_group
46546:g __Granulosicoccus 4
:g__uncultured 4

44052 g_| _Portlbacter E

2600 g1_ uncultured-
44841:g__Schizothrix_TEGE_07164 -
256 Albimonas A
26245 ,\l'ﬁjhrobacter-

44811:g__| Phormldesmls_A 1
2655:9g_Tateyamaria o
50370: arinagarivorans
442271:g__Flavobacterium o
846:g_~Novosphingobium 4
42098:g__uncultured 4
2666:g__uncultured 4
44271: Pseuﬂ?)fulwbacter E
Sphingobium 4
2636:9__Roseobacter_« clade C?—U—YB ineage
9_P|r4 lineage -
g__uncultured 4
’L% S‘hmgo pyxXis -
26240 g I_rerythrobacter-
uncultured

44298 W|nogradskyella -
Sq uncultured A

2852 g__Sphingomonas A
26119:9Pseudahrensia A
2635:g__Roseobacter 4
44436 :g__Peredibacter 1

: Phaeobacter 4

2612 :g__uncultured o
44264:g" Nonlabens 4
44249:9_ Maribacter
44048:9_ Lewinella 4
14661:9__uncultured A
50391:9” Halioglobus 4
2603:9__Octadecabacter 4
“Yoonia-Loktanella -

46168:9
2638:g__Roseobacter, cIad;l%lACﬂ- I|neage-

3300:g__llumatobacter o

11455 d__Planktomarina A
11458:g__Pseudophaeobacter -
11446 A30|d|ace|hab|tans-
Sulfitobacter 4

26 :g__Ruegeria 1

25949 Marivita

2621:g Pseud_ruegera-

51: himia A

2642 Rubelllmlcroblum E

3: g? Silicimonas A
6170:9__Nioella 4

m“|||||||||||||“I\NI\N““\NI!\!“l\““““““\““N““\“||||||||!|!||||||

IS)

0

S
o
~
(4]

0.25
Variance explained (%)

o
o

FIGURE $4.05 Variance partitioning, showing the amount of variance in abundance of bacterial genera ex-
plained (in %) by the interaction between salinity and host species (salinity:host species), host species, salinity,

and habitat. Based on a generalised linear mixed model (negative binomial family).

86



Chapter 4. Salinity and host drive Ulva-associated bacterial communities

(@) Fredrikshavn (Denmark) greentide
salinity = 30.0, species = Ulva lacinulata

n=2 (attached in harbour) n=3 (greentide in harbour)

5.0

257 phylum
Actinobacteriota
Bacteroidota
Planctomycetota

Proteobacteria

log2FoldChange
o
o

Verrucomicrobiota

-2,

o
1

(b) Gryt (Sweden) greentide
salinity = 7.0, species = Ulva intestinalis

n=3 (non-greentide) n=2 (greentide)

8 -
phylum
2] Actinobacteriota
Bacteroidota
“g’; Planctomycetota
@®©
5 Proteobacteria
B 04
E Verrucomicrobiota
N
jo2}
o
44
Ny
8
T
&
S
T
S
.0,/
g
&

FIGURE S4.06 Bar graphs of the top 10 differentially abundant genera between greentide and non-greentide
samples in (A) Fredrikshavn (Denmark), and (B) Gryt (Sweden).



“Zwiepend groen haar, als zeewier, wolkt in de golven.”

— Annet Schaap, in: Lampje

88



Chapter 5.

Osmoregulation underpins functional stability
of Ulva-associated bacterial communities in the
Baltic Sea

LUNA M. VAN DER L00S, SOPHIE STEINHAGEN, WILLEM STOCK, FLORIAN WEINBERGER,
SOFIE D’HONDT, ANNE WILLEMS, OLIVIER DE CLERCK

G
S de Sl
N
o7,

\

& p
o
} ff Y

Iy




Chapter 5. Osmoregulation underpins functional stability of Ulva-associated bacterial communities

Chapter 5. 0smoregulation underpins functional
stability of Ulva-associated bacterial communities
in the Baltic Sea

Luna M. van der Loos'?, Sophie Steinhagen?, Willem Stock!, Florian Weinberger*, Sofie D’hondt!, Anne Willems?,

Olivier De Clerck?

1Phycology Research Group, Department of Biology, Ghent University, Ghent, Belgium
% Laboratory of Microbiology, Department Biochemistry and Microbiology, Ghent University, Ghent, Belgium
$Department of Marine Sciences-Tjarno, University of Gothenburg, SE-452 96 Stromstad, Sweden

* GEOMAR Helmholtz Centre for Ocean Research Kiel, 24148, Kiel, Germany

90



Chapter 5. Osmoregulation underpins functional stability of Ulva-associated bacterial communities

Abstract

Marine macroalgae harbour a diverse and dynamic microbial community that is essential for host functioning.
The green seaweed genus Ulva depends on its associated bacteria for morphogenesis and serves as a model
system to study algal-bacterial interactions, yet we know very little about the functional potential of Ulva-
associated bacterial communities, especially in relation to environmental change. In this study, we analysed the
microbial community of 91 Ulva individuals sampled across a 2,000 km salinity gradient in the Atlantic-Baltic
Sea using metagenomic sequencing. Metabolic reconstruction of 639 metagenome-assembled genomes (MAGs)
revealed a widespread potential for carbon, sulphur, nitrogen, and vitamin metabolism, including amino acid
and vitamin B biosynthesis. Compared to closely related seawater-isolated strains, typical Ulva-associated MAGs
were defined by their ability to degrade the algal cell wall using polysaccharide lyases and glycoside hydrolases.
Taxonomic turnover was substantial across the environmental gradient, with salinity explaining 70% of the ob-
served taxonomic variation. In contrast, salinity accounted for only 17% of the observed functional variation in
microbial communities. Despite prevalent functional redundancy across taxa, we identified salinity-associated
changes in multiple functional pathways. High-salinity bacteria exhibited enrichment in genes related to
thiamine (vitamin B, ), pyridoxal (vitamin B,), and betaine biosynthesis, while low-salinity bacteria were more
likely to contain genes necessary for arginine biosynthesis, D-glucuronate degradation, and phosphatidylcholine
biosynthesis. These metabolic modules likely contribute to oxidative stress mitigation, cellular osmotic homeo-
stasis, and membrane stabilisation in response to salinity variations. Our results emphasise the importance of
conducting functional assessments to understand the seaweed holobiont and its collective response to environ-

mental change.

5.1 Introduction

Microbial communities interact with eukaryotic hosts in every ecosystem, yet we know very little about how
(variation in) microbial metabolisms impact host performance. Seaweeds, or macroalgae, are a group of import-
ant coastal inhabitants. As ecosystem engineers and primary producers, they are an essential source of food and
they provide shelter and habitat for diverse marine organisms (Pessarrodona et al. 2022). Health, reproduction,
and development of the macroalgal host — and indirectly their ecosystem functioning — are strongly depen-
dent on the associated symbionts. Beyond the exchange of key nutrients, vitamins, and secondary metabolites,
the microbial biofilm forms a physical and chemical barrier acting as a “second skin” that protects the host and
modulates its interactions with the environment (Wahl et al. 2012, Egan et al. 2013, van der Loos et al. 2019).
Beneficial bacteria can, for example, shield the host against pathogens (]. Li et al. 2022a), stimulate algal growth
(Gemin et al. 2019), or mitigate the adverse effects of environmental pollution (Riquelme et al. 1997).

Species of the green seaweed Ulva are particularly well-studied and are considered a model system
to study algal-bacterial interactions (Wichard et al. 2015, Wichard 2023). The relation between Ulva and its
symbionts is so indispensable that the seaweed fails to develop its typical leaf- or tube-like morphology in the
absence of particular bacteria (Provasoli 1958, Spoerner et al. 2012). Morphological development is induced by
chemical compounds produced by bacteria that trigger cell wall development, rhizoid formation, and cell divi-
sion (Weiss et al. 2017). Initial studies identified a combination of two complementary strains (a Roseovarius
and a Maribacter strain) that were needed together for full morphogenesis in Ulva mutabilis. Since then, multi-
ple strains have been identified that have the same capacity (Grueneberg et al. 2016). This functional redundan-

cy across taxa is important for the host in relation to shifts in bacterial communities.
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Seaweed-associated bacterial communities are far from static. Although a small core community can
sometimes be identified, the bacteria form a highly dynamic community that fluctuates through time and space
(Chapter 3, Bengtsson et al. 2010, Davis et al. 2023). Abiotic factors, such as temperature, light, and salinity
influence the community composition, as does the host itself (Minich et al. 2018, Paix et al. 2021, Diisedau et al.
2023). Prior research has mainly focused on dynamics in the taxonomic composition of the communities rather
than the functional potential that the community harbours. Taxonomic profiling is based on 16S rRNA amplicon
sequencing that in recent years has become widely accessible due to increased speed and reduced costs.
Genome-wide studies or metagenomic sequencing in comparison are more expensive and the sample size in
those studies is often limited. Metagenomic functional profiling in, for example, Sargassum spp. (Glasl et al.
2021, Dai and Wang 2022), Pyropia haitanensis (J. Wang et al. 2022), and Nereocystis luetkeana (Weigel et al.
2022) highlighted the importance of the bacterial biofilm in terms of vitamin production, polysaccharide degra-
dation, and nutrient cycling. However, to understand how the functional potential of a bacterial community re-
sponds to environmental change and to evaluate the potential consequences for the seaweed host, it is essential
to expand functional profiling on a broader scale across diverse environmental gradients (Rath et al. 2019).

Ulva species are known for their broad salinity tolerance, thriving in environments ranging from freshwa-
ter habitats to highly saline conditions. The Baltic Sea is a particularly interesting area to study Ulva, as it hosts
more than 15 species distributed across its distinctive salinity gradient (Steinhagen et al. 2023). This relatively
stable gradient stretches across more than 2,000 km, transitioning from near freshwater conditions in the
innermost parts towards fully marine conditions on the North Sea side (Reusch et al. 2018). While the distribu-
tion of certain Ulva species is confined to higher salinity levels, other species like U. intestinalis and U. linza can
be found throughout the entire range. Salinity is a major driving force of global bacterial diversity and com-
munity structure too (Lozupone and Knight 2007). Previous studies showed that salinity strongly structures
the taxonomic composition of Ulva-associated bacterial communities (van der Loos et al. 2022). The question
remains, however, if these taxonomic changes across salinity are reflected in the changes in functional profile of
the same bacterial communities as well, or whether functions are conserved (Green et al. 2008).

Here, we investigated the taxonomic and functional composition of Ulva-associated bacteria across the
Baltic-Atlantic salinity gradient using metagenomic sequencing. The aim of this study was twofold: 1) to pro-
vide an overview of the functional profile of the Ulva bacteriome based on a large number of samples (n =91),
and 2) to assess if the functional potential of the microbial community changes across an environmental gradi-

ent.

5.2 Materials and Methods

5.2.1 Sample collection

Samples of Ulva sensu lato individuals (n = 91) were collected during June-August 2020 in the Baltic Sea area
(Electronic Supplementary Table S5.01). Of each individual, a tissue sample was collected to identify the host
species and a swab sample for microbiome analyses was generated by rubbing for 30 s on the tissue. Sterilised
disposable gloves and sterilised equipment were used throughout the sampling procedure to minimize contam-
ination. All samples were stored in a portable freezer (-20 °C) until transferred to -80 °C in the laboratory.

In total, 63 sampling sites were visited along a salinity gradient in the Baltic Sea and adjacent areas such
as the Kattegat, Skagerrak, and the eastern North Sea (Fig. 5.01). The salinity ranged from 5.1 to 34.3 PSU and

is presented in the figures in this study either on a continuous scale (0-35 PSU) or in salinity zones defined
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according to the Venice classification system (5-8 = horohalinicum, 8-18 = mesohaline, 18-30 = polyhaline, and
30-35 = euhaline) (Alves et al. 2009, Bleich et al. 2011, Hu et al. 2016). In addition, water temperature (°C), ox-
ygen levels (mg L), and nutrients concentrations (NO,, NO,; silicate, PO,* in pmol L) were measured at each
site (Table S5.01).

Molecular identification, based on the tufA marker, confirmed the samples in our dataset represented
seven different species: Blidingia minima (Néageli ex Kiitzing) Kylin (n = 8), Ulva compressa Linnaeus (n = 10),
Ulva fenestrata Postels & Ruprecht (n = 8), Ulva intestinalis Linnaeus (n = 29), Ulva lacinulata (Kiitzing) Wittrock
(n=10), Ulva linza Linnaeus (n = 20), and Ulva torta (Mertens) Trevisan (n = 6) [see van der Loos et al. (2022)
and Steinhagen et al. (2023) for detailed molecular methods and additional results concerning Ulva diversity in

the Baltic region]. Throughout this chapter, “Ulva” refers to Ulva sensu lato (including Blidingia).
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FIGURE 5.01 Geographic distribution of all 63 sampling sites in the Baltic Sea and adjacent areas (eastern

North Sea, Skagerrak, and Kattegat) where 91 Ulva sensu lato samples were collected. The colour of the sites

corresponds to the measured salinity. Major rivers are projected in blue.
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5.2.2 DNA extraction and metagenomic sequencing

Total microbial DNA of the swab samples was extracted with the Qiagen DNeasy mini kit following the manu-
facturer’s protocol, with the addition of a bead beating step before lysis using zirconium oxide beads (RETCH
Mixer mill MM400; 5 minutes at 30 Hz). Quantity and quality of the DNA extracts were verified with Qubit (Life
Technologies, Grand Island, USA) and NanoDrop (Thermo Scientific, Wilmington, USA). DNA extracts were sent
to Novogene (Cambridge, United Kingdom) for library preparation and metagenomic sequencing on an Illumina
NovaSeq 6000 (150 bp paired-end). A negative DNA extraction control and a positive control (ATCC microbial
standard MSA-1002) were included. A total of 4,297,091,260 reads were generated (35,622,356 - 78,544,930
reads per sample). The sequences are archived at SRA (BioProject PRJNA1040445).

5.2.3 Bioinformatics and statistical analyses

The metagenomic sequencing data was processed with the ATLAS Snakemake workflow (Kieser et al. 2020),
which integrates quality control, assembly, genomic binning, and annotation. In short, quality control was
performed using the BBTooLs suite (Bushnell 2019). This includes removal of PCR duplicates and adapters,
trimming and filtering of reads based on quality and length, and compressing the raw data files. Host sequences
were removed based on an available Ulva reference genome (De Clerck et al. 2018). The de novo metagenome
assembly was done using MEGAHIT v1.0 (Li et al. 2016). Next, metagenome-assembled genomes (MAGs) were
predicted with binning tools METABAT 2 (Kang et al. 2019) and MAxXBIN 2.0 (Wu et al. 2016). Binning results
were aggregated with DAS TooL (Sieber et al. 2018). Quality assessment of the resulting MAGs was performed
with CHECKM (Parks et al. 2015). MAGs were dereplicated across samples with DREP (Olm et al. 2017), and
taxonomic classification was performed with GTDB-TK (Parks et al. 2018). Finally, genes were predicted with
PRODIGAL (Hyatt et al. 2010), redundant genes were clustered with LINCLUST (Steinegger and S6ding 2018), and
annotated with EGGNOG-MAPPER (Huerta-Cepas et al. 2017). This resulted in a classification of the genes follow-
ing the Carbohydrate-Active EnZymes database (CAZy) (Cantarel et al. 2009) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa and Goto 2000, Kanehisa et al. 2008) databases.

The effect of salinity, NO , and PO, on bacterial community composition at both MAG (taxonomic profile)
and KO (KEGG Orthology; functional profile) levels was assessed using the envfit function from the VEGAN pack-
age with 9,999 permutations (Oksanen et al. 2020). Multivariate comparisons with 9,999 permutations were
subsequently conducted with PAIRWISEADONIS among the different salinity zones (Martinez Arbizu 2020). Func-
tional differences across salinity were visualised with a PCA ordination and smooth surface lines were fitted to
the ordination with the ORDISURF function (VEGAN package) based on the correlation with salinity (Oksanen et
al. 2020). A LINDA linear regression was used to identify which MAGs and which KEGG modules (a set of genes
with a specific reaction within a metabolic pathway) significantly changed across salinity and nutrient concen-
trations (Zhou et al. 2022). P-values were Benjamini & Hochberg corrected. Given the compositional nature of
the data, read abundance values were transformed with the centric log-ratios (CLR) prior to the analyses (Gloor
etal. 2017).

To gain a deeper understanding of what defines the metabolic potential of Ulva microbiomes, we com-
pared the genomes of bacterial taxa isolated from Ulva to those isolated from seawater. In total, we selected 152
MAGs from our metagenomic dataset, representing 33 different genera. We then searched for publicly available
genomes of bacteria from the same genera that were isolated from seawater (resulting in a set of 71 genomes)
(Electronic Supplementary Table S5.02). These originated from a variety of geographical locations and habitats

(e.g., surface water, deep sea, hydrothermal systems, and oceanic gyres). Subsequently, we conducted a com-
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parative analysis based on odds ratios to identify potential enrichments of specific KO terms or CAZy families
within bacteria of the same genus collected from Ulva versus seawater. For each KO term and CAZy family, the
odds ratio was calculated as the number of discordant genome pairs in favour of the Ulva (term/family present
in the Ulva bacterial genome, but not present in the seawater bacterial genome) divided by the number of dis-
cordant pairs in favour of seawater (term/family present in the seawater bacterial genome, but not present in
the Ulva bacterial genome). An offset of 0.5 was added to the number of discordant pairs to prevent dividing by
zero. As multiple genomes were available per genus, pairs were randomly assigned 1,000 times (permutations)
and odds ratios were calculated for each permutation. The median odds ratio was retained. A term/family more
frequent in Ulva bacterial genomes results in an odds ratio larger than one. The opposite results in an odds ratio
smaller than one.

All statistical tests were performed in R (R Core Team 2020) and data were visualised using the GGPLOT2
(Wickham 2016) and PHYLOSEQ (McMurdie and Holmes 2013) packages.

5.3 Results

5.3.1 Taxonomic profile

A total of 639 metagenomic assembled genomes (MAGs) were found to be associated with Ulva in 91 samples
collected across the Baltic-Atlantic salinity gradient, of which 413 had an estimated assembly completeness of
>90% (Electronic Supplementary Table S5.03). The MAGs were classified in 52 different orders and 88 differ-
ent families. The majority of these belonged to the orders Flavobacteriales (106 MAGs), Rhodobacterales (84
MAGs), and Chitinophagales (64 MAGs). The Flavobacteriales were the most abundant in the dataset (22%
total relative abundance across all reads), followed by the Sphingomonadales (15.7%) and the Rhodobacterales
(13.4%)~

At MAG level, there were relatively few core taxa [defined here as taxa that were present in at least 70%
of the samples with a relative read abundance of 0.1% in each sample]. An unidentified Rhizobiaceae was pres-
ent in at least 60% of the samples and a MAG of the genus Sphingorhabdus was present in at least 50% of the
samples (both with a relative abundance of >0.1%). At genus level, a higher number of core taxa could be iden-
tified. Pontixanthobacter (Sphingomonadaceae), JAALLBO1 (Rhizobiaceae), Sphingorhabdus (Sphingomonadace-
ae), Lewinella (Saprospiraceae), and Dokdonia (Flavobacteriaceae) were present in at least 70% of all samples
with a relative abundance of at least 0.1%. Within specific salinity ranges, the number of core taxa increased. 14
core taxa were present in the 5-8 PSU range, 10 core taxa in 8-18 PSU, 5 core taxa in 18-30 PSU, and 4 core taxa
in the 30-36 PSU range. In the higher salinity regions, for example, Litorimonas was a core taxon, and Roseo-
bacter and Alteraurantiacibacter in the low salinity regions.

Salinity had a significant effect on bacterial community composition at MAG level (p = 0.0001, R? = 0.70),
whereas nutrient concentrations only had a limited effect (NO, p = 0.04, R*=0.07; PO,, p = 0.08, R*=0.05) (Fig.
5.02A). Pairwise comparisons showed that the taxonomic composition of Ulva-associated bacteria differed be-
tween all salinity regions (horohalinicum vs mesohaline vs polyhaline vs euhaline, p < 0.01 for all comparisons;
pairwise Adonis test). In total, 294 MAGs changed in relative abundance across salinity (p < 0.01, LinDA linear
regression) (Fig. 5.03) (Electronic Supplementary Table S5.03), of which 126 MAGs decreased with salinity and
168 MAGs increased with salinity. Several MAGs belonging to Dokdonia, Leucothrix, and Litorimonas for example
increased with salinity, while Alteraurantiacibacter, Rubripirellula, and Erythrobacter decreased with salinity
(Fig. 5.04).
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FIGURE 5.02 PCA plot of the A) taxonomic composition (MAG-based), and B) functional composition (KEGG
Orthology-based) of Ulva-associated bacterial communities. Colours represent salinity. The contour lines

(smooth surface lines) are fitted to the ordination based on the correlation with salinity.
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5.3.2 Functional profile

Across 91 Ulva microbiome samples and 639 MAGs, a total of 6,525 KO terms and 399 KEGG modules were
identified (Electronic Supplementary Table S5.04). The MAGs with an estimated completeness of >90% con-
tained on average 59 KEGG modules (ranging from 33-94 modules). The relative abundance of the modules
(calculated as a matrix multiplication of the MAG counts per sample and the absence/presence matrix of the
modules in each MAG) ranged from <0.001% to 1.73%. Apart from basic cellular metabolic pathways (e.g., fatty
acid biosynthesis, RNA polymerases, DNA polymerases, ribosome, F-type ATPases, cytochrome C oxidase, etc.),
the Ulva-associated bacterial communities contained a range of functions that are clearly linked to the associa-
tion with its host. Below we detail the metabolic potential of the Ulva biofilm, focusing on carbon, sulphur, and
nitrogen metabolism, algal cell wall degradation, amino acid biosynthesis, and vitamin pathways (summarized
in Fig. 5.05).

Carbon, sulphur, and nitrogen metabolism

Carbon metabolism potential among Ulva-associated bacteria largely centred on the use of organic carbon. The
vast majority of MAGs was able to utilise organic carbon as their primary energy source through, e.g., com-
plex carbon degradation, glycolysis (KEGG modules M00001+M00002), and the tricarboxylic acid (TCA) cycle
(M00009). In addition, we identified the potential for autotrophic carbon fixation through four different path-
ways. The most prevalent pathway was the reductive pentose phosphate cycle (Calvin cycle; M00165) [present
in 166 MAGs and contributing to 0.6% of module relative abundance], followed by the 3-hydroxypropionate
(3HP) bicycle (M00376) [present in 21 MAGs and contributing to 0.06% module relative abundance]. The re-
ductive citrate cycle (Arnon-Buchanan cycle/reductive citrate cycle; M00173) was identified in only four MAGs
[Desulforhopalus, Sulfurovum, Lutibacter, and an unknown DSM-100316] and the reductive acetyl-CoA pathway
(Wood-Ljungdahl pathway) (M00377) was represented by a single MAG [Desulforhopalus].

Nitrogen metabolism potential largely centred on the conversion from nitrate and nitrite to ammonia. A
large number of 174 MAGs contained the nrfAH or nirBD genes that are essential for nitrite reduction to ammo-
nia, which is the final step in dissimilatory nitrate reduction to ammonia. A total of 30 MAGs exhibited the genes
for the full dissimilatory nitrate process, utilising nitrate respiration for energy production (M00530). Only
seven MAGs, all belonging to the Cyanobacteriia, demonstrated complete assimilatory nitrate reduction capabil-
ity, involving the reduction of nitrate to ammonia for biosynthesis purposes (M00531). Nevertheless, the first
step in this process (nitrate to nitrite reduction mediated by the narB gene) was identified in 53 MAGs, and the
subsequent step (nitrite to ammonia reduction facilitated by the nirA gene) was detected in 45 MAGs. The narB
gene was predominantly observed in Flavobacteriaceae and Saprospiraceae, while the nirA gene was prevalent
in Akkermansiaceae and Pirellulaceae. Two MAGs harboured all the genes necessary for the denitrification pro-
cess involving the reduction of nitrate and nitrite to nitrogen (M00529), while none of the MAGs carried genes
associated with nitrification (the oxidation of ammonia to nitrate; M00528). Finally, ten MAGs from diverse
families showed the capacity to fix nitrogen (M00175).

Sulphur metabolism potential was widespread. While only six MAGs, mainly belonging to the Thiotricha-
ceae, contained the necessary genes for dissimilatory sulphate reduction to sulphide (sulphate reduction for
energy production; M00596), over 130 MAGs were capable of assimilatory sulphate reduction (M00176).

137 MAGs were able to oxidise thiosulphate (the result of the incomplete oxidation of sulphides) through
sulphur-oxidising proteins SoxAB and SoxXYZ that together form the Sox complex (M00595). Metabolism of
organic sulphur included, amongst others, cysteine synthase (which can be converted to homocysteine and me-

thionine), as well as DMSO and DMSP metabolism. The capacity to convert DMSP to DMS was almost exclusively
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restricted to members of the Rhodobacteraceae and Rhizobiaceae, like Sulfitobacter, Roseovarius, and Jannaschia
(40 MAGs in total, with a combined relative abundance of 8.4% in the entire dataset). In addition, several MAGs
displayed the ability to transport the sulphur-containing $-amino acid taurine via ABC transporters (tauACB)
and convert the bioactive compound to sulphite via taurine dioxygenases (tauD). The tauD gene was identified
in 33 MAGs (including several Acidimicrobiales, Burkholderiales, and Caulobacterales) and tauACB was present
in >100 MAGs.

Algal cell wall degradation

Apart from examining carbon and sulphur metabolic functions organized in KEGG modules, we also screened
the Ulva-associated bacterial MAGs for the presence of carbohydrate-active enzymes using the CAZy database.
The CAZy database categorizes enzymes involved in degrading, modifying, or creating glycosidic bonds into
families, including glycoside hydrolases (GHs) and polysaccharide lyases (PLs). A total of 121 different GH fami-
lies and 26 different PL families were identified within Ulva-associated MAGs.

The most prevalent polysaccharide lyases in Ulva-associated bacteria were oligogalacturonate lyases
[e.g., CAZY family P22; 327 MAGs], alginate lyases [amongst others CAZY family PL6, PL7, and PL17; 315 MAGs],
and ulvan lyases [amongst others CAZY family P24, P25, and P37; 146 MAGs]. Endo-beta-1,4-glucuronan lyases
were less abundant [CAZY family P20 and P31; 30 MAGs].

The most prevalent glycoside hydrolase families were GH3 [553 MAGs], GH23 [544 MAGs], GH13 [497
MAGs], GH16 [305 MAGs], and GH5 [299 MAGs]. Family GH3 includes, amongst others, xyloglucan-specific
exo-$3-1,4-glucosidase (EC 3.2.1.-), xylan (3-1,4-xylosidase (EC 3.2.1.37), several glucanases, and several other
glucosidases. Family GH23 includes activities of chitinase (EC 3.2.1.14), lysozyme (EC 3.2.1.17), and peptidogly-
can lyase (EC 4.2.2.n1). Family GH13 is the major group of enzymes acting on substrates containing a-glucoside
linkages. Enzymes of family GH16 are active on 3-1,4 or 3-1,3 glycosidic bonds in various glucans and galactans
and includes xyloglucan:xyloglucosyl transferase (EC 2.4.1.207). Members of the GH5 family are mainly active
on cellulose, but this family also includes high specificity xyloglucanases.

Most Ulva-associated MAGs contained at least five different GH families. In general, members of the
Spirosomaceae, Saprospiraceae, and Flavobacteriaceae exhibited a relatively high number of distinct GH families,
ranging from 19-27 on average. In contrast, the Micavibrionaceae, Rhizobiaceae, and Rhodobacteraceae con-
tained relatively few glycoside hydralases (on average three to six distinct GH families). Among the identified
MAGs, Maribacter, Leadbetterella, and Lewinella stood out with the highest numbers of GH families, particularly
Maribacter luteus, containing as much as 48 distinct GH families. The prevalence of multiple polysaccharide
lyases was sparser. Several MAGs identified as Jejuia, Algibacter, Cellulophaga, and Glaciecola each featured ten
or more different PL families. Members of the Micavibrionaceae and Rhizobiaceae contained on average only one

distinct PL family.

Vitamin pathways

The potential of vitamin B production was widely distributed within the Ulva microbiome. The capacity to
produce tetrahydrofolate (a derivative of vitamin B,; M00126) was most widespread and was identified in 110
MAGs from varying families, including the Alteromonadaceae, Flavobacteriaceae, Granulosicoccaceae, Sap-
rospiraceae, and Spirosomaceae. This vitamin was the only vitamin that was part of the core functions of the
Ulva microbiome, being consistently present in all samples with a minimum relative abundance of 0.1%. KEGG
modules related to the production of vitamin B, (thiamine; M00127), vitamin B, (riboflavin; M00125), vitamin
B, (pantothenate; M00119), vitamin B, (pyridoxal; M00124), vitamin B, (biotin; M00123), and vitamin B,

100



Chapter 5. Osmoregulation underpins functional stability of Ulva-associated bacterial communities

(639) ALGAL CELL WALL DEGRADATION

organic carbon co Glycoside Hydrolases

2 cellulase & xyloglucanase (299)

~ 0 rhamnosidase (157)

(639) (182) xylosidase & iduronidase (72)

CH Polysaccharide Lyases

other compounds 4 oligogalacturonate lyase (327)
(through e.g. citrate cycle, ulvan lyase (146)
glycolysis, pyruvate metabolism) CARBON alginate |§ase (315)

VITAMIN PRODUCTION

thiamine (vitamin B,) (1)
riboflavin (vitamin B,) (23)
pantothenate (vitamin Bs) (61)
pyridoxal (vitamin Bg) (13)

biotin (vitamin B;) (80)
tetrahydrofolate (vitamin Bg) (110)
cobalamin (vitamin B;,) (14)

taurine (”7)/> H,S (39)
(33k (‘Qq
SU

(16)/' N, (10)
N,O

A NH,*
(9)(

80,2 NO (207)
:w)\ NO,"
SULPHUR
(131) (115) (6) L 'j 67)
NO;
S0,> $,057
~_ NITROGEN
(137)

FIGURE 5.05 Overview of the metabolic potential of the Ulva microbiome, highlighting vitamin production
(purple), algal cell wall degradation (green), and the metabolism of carbon (blue), nitrogen (orange), and
sulphur (yellow). The number of identified metagenomic assembled genomes (MAGs) that are capable perform-

ing the reactions are displayed in brackets.

(cobalamin; M00122) were identified as well, although not as core functions. This could be attributed to either
the absence of MAGs with the capacity to produce these vitamins in all samples or their presence in samples but
not with high abundance.

Vitamin B, production potential was identified in 80 different MAGs. These mainly belonged to the
Akkermansiaceae (e.g., Roseibacillus), Micavibrionaceae (with several unidentified genera), and Pirellulaceae
(e.g., Rubripirellula). Vitamin B, was predominantly associated with Roseibacillus, Dokdonia, Litorimonas, Robig-
initomaculum, and Rhodopirellula and was found in 61 MAGs in total. Biosynthesis of vitamin B, and vitamin B,
were identified in 23 MAGs and 13 MAGs, respectively. Both sets of genes were mainly found in Glaciecola and
Alteromonas (both Alteromonadaceae). The full set of genes essential for vitamin B, production was detected
in only one MAG, a Vibrio. Five other MAGs (including Alteromonas and Haloferula) only missed a single gene
necessary for the conversion of a adenylyl sulphur-carrier protein to a thiocarboxy sulphur-carrier protein. Al-

though 158 MAGs possessed the final gene needed for the biosynthesis of vitamin B, , only 14 MAGs contained

12’

the full module. These MAGs were identified as belonging to the genera Burkholderia, Cupriavidus, Granulosicoc-
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cus, Leucothrix, Neomegalonema, Paraglaciecola, Roseibaca, Vibrio, and Yoonia. Additionally, 85 MAGs exhibited
the ability to synthesise menaquinone (vitamin K,; M00116), and six MAGs possessed the capacity for tocopher-
ol production (vitamin E; M00112).

Amino acid biosynthesis

The biosynthesis of multiple amino acids was part of the core modules of the Ulva-associated bacteria (with
0.65-1.42 % relative abundance in at least 99% of samples). This included the biosynthesis of proline
(M00015), threonine (M00018), lysine (M00016, M00526, M00527), valine/isoleucine (M00019), serine
(M00020), cysteine (M00021), tryptophan (M00023), histidine (M00026), ornithine (M00028), leucine
(M00432), and arginine (M00844). Of these core modules, cysteine biosynthesis was detected in the fewest
number of MAGs (222 MAGs), while histidine biosynthesis was found in the highest number of MAGs (443
MAGs). Likewise, genes necessary for glycine biosynthesis (from threonine or serine), alanine biosynthesis
(from pyruvate) and glutamine biosynthesis (from glutamate), as well as the conversion between aspartate and
asparagine were prevalent in the majority of the MAGs.

Although the methionine biosynthesis module (M00017) was present in all samples, its relative abun-
dance was low (0.04%). The potential to produce methionine was restricted to 15 MAGs, including Ahrensia and
Neomegalonema. Similarly, the KEGG modules associated with phenylalanine biosynthesis (M00024) and tyro-
sine biosynthesis (M00025) exhibited low relative abundances and were only present in seven to eight MAGs,

mainly Burkholderiaceae.

The definition of a typical Ulva microbiome

Our dataset provides a thorough overview of the functional profile of the Ulva-associated microbiome. To de-
termine the functions contributing to a “typical” Ulva microbiome, we contrasted taxa isolated from Ulva with
those isolated from seawater. In total, we selected 152 MAGs from our metagenomic dataset, representing 33
different genera. We then searched for publicly available genomes of bacteria from the same genera but isolated
from seawater (71 genomes) (Electronic Supplementary Table S5.02). Subsequently, we conducted a compar-
ative analysis based on odds ratios to identify potential enrichments of specific KEGG Orthology (KO) terms or
Carbohydrate-Active enZymes (CAZys) in bacteria from the same genus collected from Ulva versus seawater.

Bacteria originally isolated from seawater more frequently harboured genes related to glyoxylate biosyn-
thesis compared to their relatives isolated from the Ulva thallus. This included the reversible conversion from
glycolate & glyoxylate (katE; K03781) and malate <> glyoxylate (aceB; K01638), as well as malyl-CoA & gly-
oxylate (mcl; K08691) and malyl-CoA & malate (mcl2; K14451) conversions. Seawater-derived bacteria were
also enriched in genes involved in alanine biosynthesis (pyruvate < alanine, K14260), cysteine biosynthesis
(serine > cystathione > cysteine, K01697 & K01758), and several genes associated with tryptophan (K01817 &
K01609), tyrosine (K00220), and phenylalaline (K01609) production.

Ulva-isolated bacteria on the other hand were more likely to contain genes related to the conversion
between pyruvate and oxaloacetate (ppdK; K01006 & ppc; K01595), the conversion from betaine to glycine via
sarcosine (K00315 & K00305), the conversion from glutamate to ornithine (K00620), and folate biosynthesis
(K00287). In addition, they were enriched in ABC transporters facilitating the extracellular uptake of taurine
(tauACB; K15552 & K10831), a-glucoside (aglEFGK; K10232, K10233 & K10234), fructose (frcBCA; K10552,
K10553 & K10554), and rhamnose (rhaSPQT; K10559 & K10560).
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Concerning CAZys, Ulva-associated bacteria were distinguished from their seawater-isolated counter-
parts by the presence of ulvan lyases (PL24, PL25, PL28, PL37, PL40), as well as a-L-rhamnosidases (GH106),
and rhamnogalacturonan a-L-rhamnohydrolase (GH78). They also exhibited a higher likelihood of containing
enzymes from the GH5 (cellulose and xyloglucan activity), PL42 (L-rhamnose-a-1,4-D-glucuronate lyase), and
GH39 (B-xylosidase and a-L-iduronidase) families. Conversely, seawater-associated bacteria were enriched in
enzymes from the GH28 (polygalacturonases), GH29 (a-fucosidases), GH117 (a-neoagarobiosidase), and GH168
(a-1,3-L-fucanase activity) families (Fig. S5.01).

5.3.3 Functional patterns across salinity

Salinity had a significant effect on the functional profile of the Ulva-associated bacterial community (p = 0.0003,
R?=0.17). However, the differences were less pronounced than in the taxonomic composition. The functional
gene profile of the bacterial community in the horohalinicum (5-8 PSU) was significantly different from the
higher salinity areas (18-30 PSU, p = 0.04; 30-35 PSU, p = 0.04, pairwise Adonis test), but not from the meso-
haline (8-18 PSU, p = 0.64, pairwise Adonis test). The functional composition of bacterial communities in the
mesohaline, polyhaline, and euhaline were not significantly different (p > 0.05 for all comparisons, pairwise
Adonis test). Nutrients did not affect functional composition (NO, p = 0.90; PO,, p = 0.22).

A PCA plot based on KEGG Orthology (KO) composition likewise demonstrated the importance of the sa-
linity gradient toward structuring the functional composition (Fig. 5.02B). A total of 23 KEGG modules differed
in abundance across the salinity region (p < 0.05, LinDA linear regression) (Fig. 5.06). MAGs of bacteria from
high salinity areas, for example, were enriched in genes related to thiamine biosynthesis (M00127, p < 0.0001),
F,,, biosynthesis (M00378, p = 0.0004), pyridoxal biosynthesis (M00124, p = 0.001), ubiquinone biosynthesis
(M00117, p = 0.02), and betaine biosynthesis (M00555, p = 0.03). On the other hand, MAGs of bacteria from low
salinity areas were enriched in, e.g.,, arginine biosynthesis (M00845, p = 0.0004), D-glucuronate degradation
(M00061, p =0.001), and phosphatidylcholine biosynthesis (M00091, p = 0.002). In addition, MAGs from low
salinity areas included more photosynthesis genes, related to beta-carotene biosynthesis (M00097, p < 0.0001)
and photosystem I (M00163, p = 0.001).

Our results showed that the taxonomic composition of Ulva-associated bacterial communities
(p=0.0001, R? = 0.70) explained more of the observed variation across the Atlantic-Baltic salinity gradient
than the functional composition of the same communities (p = 0.0003, R? = 0.17). This implies that taxonomic
turnover was larger than the observed functional change and that several functions were performed across the
salinity gradient by different taxa. Figure 5.07 gives a complete overview of the presence or absence of KEGG
modules in the metagenomic assembled genomes of 26 taxa that are characteristic to a specific salinity region
(5-8 PSU, 8-18 PSU, 18-30 PSU, or 30-36 PSU). Pantothenate (vitamin B,), for example, can be produced at
low to medium salinity (5-18 PSU) by an unknown Saprospiraceae (MAG591), but at medium to high salinity
(18-36 PSU) this function in the community was taken over by Robiginitomaculum and another unknown Sa-
prospiraceae (MAG149) (Fig. 5.07). Similarly, proline biosynthesis at low salinity can be conducted by Alterau-
rantiacibacter and Rubripirellula (5-8 PSU), at medium salinity by Litorimonas A (8-18 PSU), and was gradually
taken over by Neomegalonema (18-30 PSU), and Leucothrix and Litorimonas at high salinity (30-36 PSU). In
addition, most MAGs shared a set of core genes that are necessary for essential functions, including nucleotide
metabolism, fatty acid biosynthesis, energy metabolism (F-type ATPases, succinate dehydrogenases, etc.), and

genes encoding structural modules (e.g., ribosomes, RNA polymerase, and DNA polymerase) (Fig. 5.07).
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FIGURE 5.07 Heatmap depicting the presence (dark-green) or absence (light-blue) of KEGG modules in 26

metagenomic assembled genomes (MAGs) that are characteristic to a specific salinity region (5-8 PSU, 8-18

PSU, 18-30 PSU, or 30-35 PSU).
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5.4 Discussion

5.4.1 Bacteria as important symbionts of macroalgae

Carbon and sulphur utilisation

Rich in organic carbon, oxygen, and nutrients, the algal surface provides an ideal habitat for the growth of mi-
crobes (Brock and Clyne 1984, Bengtsson et al. 2011, Lage and Graga 2016). The microbial community recipro-
cates by supplying the algal host with phosphate, nitrogen, and vitamins in return (Croft et al. 2006, Egan et al.
2013, Hollants et al. 2013a). Such an exchange of key nutrients is an essential feature of the Ulva holobiont.

Bacteria do not only live on the algal tissue, they live of it. Our results demonstrated that a substantial
majority [97%] of the bacteria in Ulva-associated communities are capable of breaking down complex polysac-
charides constituting the Ulva cell wall. The Ulva cell wall is mainly composed of cellulose, glucuronan, ulvan,
and xyloglucan, which together make up 45% of the dry-weight biomass (Kidgell et al. 2019). Ulvan, a key com-
ponent, is composed of sulphated rhamnose, xylose, and uronic acids (D-glucuronate and iduronic acid) (Kidgell
etal. 2019). The initial steps in the breakdown of ulvan can be catalysed by ulvan lyases (sulphatases) (Tang
etal. 2021), but additional glycoside hydrolases are needed to obtain monomeric sugars (Reisky et al. 2018).
Through a comparative analysis of Ulva-associated bacteria and closely related taxa isolated from seawater, we
showed that the Ulva community was significantly enriched in CAZys that specifically target and break down
Ulva’s polysaccharides and cell wall components (e.g., ulvan, iduronic acid, cellulose, xyloglucan). In total, ulvan
lyases were found in 146 MAGs, many of which were typical Ulva-associated bacteria, such as Lewinella, Non-
labens, Algibacter, Glaciecola, and Polaribacter. Furthermore, these Ulva-associated bacteria were enriched in
ABC transporters, facilitating the uptake of small monosaccharides like fructose and rhamnose resulting from
the degradation of the cell wall polysaccharides. This enrichment in enzymes capable of degrading Ulva’s cell
wall components suggests that a defining aspect of an Ulva microbiome is its ability to utilise and break down
the host organism, providing a partial answer to the question of what defines an Ulva microbiome.

In addition to the utilisation of polysaccharides, bacteria living in symbiosis with Ulva utilise sulphur
compounds produced by the host. Due to the presence of sulphate esters in ulvan, Ulva species have a relatively
high sulphur content (Wahlstrom et al. 20203, Yang et al. 2021). Our findings align with the hypothesis that the
widespread prevalence of sulphonates in marine algae contributes to the high abundance of sulphonate-
degrading bacteria in marine habitats (Scholz et al. 2021). Sulphur metabolism related genes in Ulva-associated
communities were predominantly involved with assimilatory sulphate reduction, leading to the formation of
sulphite and, ultimately, sulphide.

Other prevalent sulphur cycling enzymes in Ulva-associated communities were related to dimethylsulfo-
niopropionate (DMSP) metabolism, an organosulphur compound produced by Ulva (Van Alstyne et al. 2007, L.
Han et al. 2021). DMSP has a wide range of ecophysiological functions and in the model species Ulva mutabilis
it is known to mediate the interaction with the symbiont Roseovarius sp. MS2. This symbiont releases morpho-
genetic compounds that stimulate algal morphogenesis and growth (Kessler et al. 2018). Interestingly, although
the bacterial strain is attracted by the release of DMSP and rapidly takes up the compound, its growth is not
affected by DMSP. Instead, DMSP is converted into dimethylsulphide (DMS) and methanethiol (MeSH). In our
dataset, the capacity to convert DMSP to DMS was almost exclusively restricted to a few genera within the Rhi-
zobiaceae (the undescribed genus JAALLBO01) and Rhodobacteraceae (predominantly Jannaschia, Roseovarius,
Sulfitobacter, and Tateyamaria). This observation aligns with previous findings that another well-known mor-
phogenesis-inducing symbiont of Ulva, Maribacter sp. MS6 (belonging to the Flavobacteriaceae), is not attracted
by DMSP (Kessler et al. 2018).
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Finally, a wide range of MAGs displayed the capability to sequester the host-derived bioactive compound
taurine and convert it to sulphite. Compared to related seawater taxa, Ulva-associated bacteria also showed an
enrichment in tauACB transporter enzymes. In Ulva bulbosa, taurine content increases in response to low tem-
peratures and as such has been identified as a cold stress marker (Ghaderiardakani et al. 2022). Taurine likely
plays a role in oxidative stress regulation within the host, but can also serve as a significant carbon and energy

source for the microbial community (Clifford et al. 2019).

Amino acid metabolism

Unlike animals, seaweeds can synthesise essential amino acids themselves and relatively little is known about
the uptake of dissolved organic nitrogen compounds by seaweeds. It is likely, however, that seaweeds and
bacteria do exchange amino acids, especially when dissolved inorganic nitrogen availability is low (Tyler et al.
2003). Previous studies, for example, demonstrated that observed amino acid uptake rates in Ulva were highest
for glycine and alanine and that while Ulva prefers inorganic nitrogen, the organic compounds may also play a
significant role (Tyler et al. 2005, Li et al. 2019). A transcriptomic study in Laurencia dendroidea showed that
the associated bacteria had a higher relative contribution to amino acid metabolism than the host itself, indicat-
ing a symbiotic relation (Oliveira et al. 2012). Similarly, in Pyropia haitanensis, co-cultivation with a Bacillus sp.
does not only result in an increased growth rate, but also in a downregulation of genes related to the biosynthe-
sis of several amino acids and other metabolites (Xiong et al. 2018). As free amino acids are known to increase
primary production of algae (Flynn and Wright 1986, Linares 2006), it is hypothesised that the release of amino

acids by bacteria serves as one mechanism through which they may facilitate algal growth.

Vitamins

Vitamins are essential to a well-functioning central metabolism in both microbes and their hosts (LeBlanc et al.
2013, Ryback et al. 2022). Algae require a combination of different vitamins for growth, but are likely unable

to synthesise some of these the organic compounds themselves (Droop 1957, Fries 1973, Croft et al. 2005).

A study by Croft et al. (2006) for example showed that more than 50% of the algae studied by them required

an exogenous supply of cobalamin, 22% required thiamine, and 5% required biotin. This vitamin auxotrophy
suggests that the host is dependent on the production by its microbial symbionts. In Ulva species, the addition
of vitamin B,, (cobalamin) and particularly vitamin B, (pyridoxal) to culture medium is necessary for growth
and promotes nitrogen metabolism (Nasr and Bekheet 1969, Mohsen et al. 1974). The well-defined Ulva culture
medium that is used for cultivating the lab strain Ulva mutabilis even contains a stock solution of most vitamin B
types (Califano and Wichard 2018). Previous metagenomic studies in the red alga Pyropia haitanensis (J. Wang
etal. 2022) and brown alga Nereocystis luetkeana (Weigel et al. 2022) have highlighted the potential of the
bacterial symbionts to produce cobalamin. Here we showed that the capacity of seaweed-associated bacteria to

biosynthesise multiple vitamins extends beyond vitamin B, , and is widespread within the Ulva microbiome.

5.4.2 Changing taxa, consistent functions?

Our results demonstrated that both the taxonomic composition and the functional composition of Ulva-associ-
ated bacteria significantly change across the salinity gradient. In some instances, shifts in taxa coincided with
corresponding changes in functional potential. At low salinity, for example, we observed higher abundances
of MAGs containing photosystem I. These mostly belonged to the Cyanobacteriota (Prochlorotrichaceae, Phor-

midesmiaceae, and Cyanobacteriaceae), along with a few instances in Flavobacteriaceae such as Cellulophaga
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tyrosinoxydans. In addition, genes related to beta-carotene biosynthesis, which is essential for the assembly of
photosynthetic complexes (T6th et al. 2015), were enriched in low salinity conditions, primarily attributed to
the increased prevalence of Spirulina, Rippkaea, and a Geitlerinemaceae (all Cyanobacteriales). The higher abun-
dance of Cyanobacteriales at low salinity corresponds with previous 16S-based findings across the Atlantic-
Baltic Sea gradient in both Ulva-associated communities (van der Loos et al. 2022) and seawater communities
(Celepli et al. 2017, Olofsson et al. 2020).

However, our results also showed that the functional potential of the bacterial community across the sa-
linity gradient was more conserved than the taxonomic profile. This conservation extends beyond a set of core
genes encoding structural modules that are necessary for essential metabolism to include functions potentially
relevant to the algal host. Both the low and high salinity communities exhibited the capacity to synthesise, for
example, proline and tetrahydrofolate (vitamin B,), despite the large difference in taxonomic composition. This
functional redundancy across taxa has been observed previously in Ulva-communities (Burke et al. 20113,
Roth-Schulze et al. 2016) and may be indicative of a stable foundational relation between the host and sym-
bionts. Although the niche width of Ulva appears to be broader than that of the bacterial taxa, both host and
microbes must have been adapted to the local conditions along this large environmental gradient. In the next
section, we discuss how the functional potential of the Ulva-associated bacterial community changes across

salinity.

5.4.3 Functional and taxonomic patterns across salinity

Salinity as an environmental factor influences the Ulva host and its associated bacteria in several ways. First, as
discussed in the previous paragraph, prevailing salinity conditions affect taxonomic and functional community
composition. Ulva and bacterial species occurring in a specific salinity range are expected to have adapted to
those salinity conditions through various mechanisms (Sleator and Hill 2002, Rybak 2018). Secondly, short-
term fluctuations or prolonged deviations from the optimal salinity range, triggered by events such as increased
river input or wind-driven exchange of water masses, can impose hypo- or hypersalinity stress that affect cell
physiology. The turgor pressure of cells changes with fluctuating salinity due to changes in osmolarity, which in
turn affects the efflux and influx of inorganic ions and water (Gregory and Boyd 2021). Salinity-induced osmotic
changes trigger the overproduction of reactive oxygen species (ROS), causing oxidative stress (Jahnke and
White 2003), damaging membrane lipids, proteins, nucleic acids, and chloroplasts (Garcia-Caparrds et al. 2019).
In Ulva prolifera, for example, both hyposaline and hypersaline treatments decrease growth rate and photosyn-
thesis, with the hypersaline conditions resulting in increased hydrogen peroxide (H,0,) content and the upreg-
ulation of antioxidant activity and reactive oxygen scavenging enzymes such as catalase, superoxide dismutase,
and glutathione reductase (Luo and Liu 2011). Similarly, Ulva compressa responds to hyposalinity by upregulat-
ing genes associated with protein repair, photosynthesis, and ROS scavenging (Xing et al. 2021). In bacteria too,
the prevailing salinity conditions affect carbohydrate, energy, and amino acid metabolism, as well as fatty acid
biosynthesis (Yaakop et al. 2016). Bacteria have developed a range of adaptive mechanisms to function optimal-
ly in either high or low salinity conditions and to cope with salinity fluctuations (Yaakop et al. 2016, Gregory
and Boyd 2021). In our dataset, we identified several general patterns in how functional pathways of Ulva-asso-

ciated bacteria differ across the salinity gradient, which we discuss in more detail below.
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1) Vitamins and cofactors that reduce oxidative stress

MAGs that were abundant in high salinity areas more often contained the genes needed to produce factor F, ,
in particular several MAGs belonging to the Acidimicrobiales, as well as Alteromonas stellipolaris and a Vibrio
species. This cofactor is a low-potential hydride transfer agent and plays an important role in the primary and
secondary metabolism of certain bacteria. Several antioxidant mechanisms are F,, -dependent (Gurumurthy et
al. 2013) and cofactor F, is known to help bacteria combat oxidative stress (Grinter and Greening 2021).

The ability to produce thiamine (vitamin B,) and pyridoxal-5P (the active form of B,) was enriched in
high salinity areas as well. A total of 13 MAGs had the potential to produce pyridoxal-5P (including Alteromonas
stellipolaris, and multiple Glaciecola and Vibrio species), and these were typical of the higher salinity bacteri-
al communities. Only a single Vibrio MAG contained the genes necessary for the production of thiamine. This
bacterium was nearly absent at the lower end of the salinity gradient, and much more abundant at high salinity
levels. In terrestrial plants, both vitamin B, and B, are known to alleviate salinity stress, for example in Arabi-
dopsis thaliana (Rapala-Kozik et al. 2012) and in milk thistle (Mosavikia et al. 2020), due to the stimulation of
antioxidant enzyme activity and proline content. In addition to protecting from oxidative stress, pyridoxal-5P
also increases photosynthetic pigment in wheat (Liu et al. 2019), and it facilitates growth through the reduction
of ethylene accumulation that usually occurs under salinity stress in rice (Hussain et al. 2020). Similarly, gene
expression of vitamin B is upregulated in phytoplankton during salt stress and oxidative stress is thought to
function as a stress signalling molecule (Faarghl 2012, Fern et al. 2017). It is possible that thiamine and pyrodix-
al-5P produced by bacteria also aid the Ulva cells against oxidative radicals that are more prevalent under high

salinity levels.

2) Accumulation of compounds to maintain osmotic homeostasis

One of the best-known strategies in bacteria and eukaryotes alike is the accumulation of low molecular weight
compounds, such as sugars and amino acids, that act as osmoprotectants to maintain osmotic homeostasis
and turgor pressure. Glycine betaine, for example, is an osmolyte that acts as one of the preferred compatible
solutes in the majority of prokaryotes (Sleator and Hill 2002, McParland et al. 2021). It is known to accumulate
in bacterial cells with increasing salinity (Hu et al. 2020), and betaine transporters are enriched in bacterial
communities originating from marine habitats compared to freshwater environments (Dupont et al. 2014).
Although glycine betaine plays a more important role in higher plants than in algae as osmoprotectant (Kirst
1989), a transcriptomic dataset showed that three choline dehydrogenase genes (involved in the conversion
from choline to betaine) were upregulated in Ulva compressa during a recovery period after hyposaline stress.
In our dataset, MAGs containing the genes needed to produce betaine (e.g., Litorimonas, Leucothrix, Neomega-
lonema) were more abundant at high salinity levels. Similarly, the capacity to produce the essential amino acid
phenylalanine was enriched at high salinity. Phenylalanine is known to accumulate in plants under high salinity
conditions (Hattab et al. 2015) and increases salinity tolerance in maize (Zahra et al. 2020). In the brown alga
Ectocarpus siliculosus, the intracellular phenylalanine concentration increases to 120-176% during both hypo-
and hypersaline levels compared to controls (Dittami et al. 2011). Another amino acid, arginine, is also known
as an osmoprotectant (Dittami et al. 2011, Kabiri et al. 2016), but the necessary genes in our dataset were
mainly present in Sphingomonadales that were more abundant at lower salinities. Both arginine and proline
are synthesised from glutamate, but we did not find evidence for enrichment of proline synthesis genes at high
salinity. Instead, the potential to produce proline was abundantly present across the entire salinity range, with

an average relative abundance of 1.1% and 388 out of the 639 MAGs demonstrating the ability to produce it.
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The serine pathway of formaldehyde assimilation is another module that was enriched in high salinity
MAGs. In this pathway, formaldehyde is assimilated to form intermediate compounds of central metabolic path-
ways such as serine, glycerate, malate, and acetyl-CoA that can subsequently be used for biosynthesis (Bar-Even
2016). Serine and malate can accumulate in plants in response to high salinity, particularly in plants that also
accumulate proline, and act as osmoprotectants by maintaining turgor pressure (Stewart and Larher 1980,
Whittington and Smith 1992). Genes associated with other well-known osmolytes and osmoprotectants, such
as ectoine and trehalose, were comparatively less prevalent in our dataset (9 MAGs and 35 MAGs, respectively,
were able to synthesise these compounds). However, it is important to keep in mind that these findings are
solely derived from gene content analyses and do not reflect gene expression patterns. Future transcriptomic
studies could shed more light on the up- or downregulation of specific genes by Ulva and its associated bacteria

in response to changing salinity conditions.

3) Stabilising the cell membrane

Another well-known strategy of bacteria to cope with cell turgor pressure is to alter the membrane composi-
tion through changes in fatty acids or phospholipids (Oshone et al. 2017). The cell membrane separates the
cell’s interior from the external environment and is therefore the first structure to encounter the effects of
fluctuating salinity and osmotic stress. The disruption of membranes affects many processes such as transport
of compounds, enzyme activities, and signal transduction. It is therefore important to maintain the correct
fluidity of the lipid bilayer (Los and Murata 2004). We found that many typical high-salinity MAGs were associ-
ated with the ability to synthesise ubiquinone. Ubiquinone (also called coenzyme Q) is a membrane-stabilising
isoprenoid and the accumulation of this compound increases salt tolerance in bacteria, especially in the thin-
walled gram-negative bacteria (Sévin and Sauer 2014, Sévin et al. 2016). In the Atlantic-Baltic Sea gradient, it
was mainly found in gram-negative bacteria of the orders Burkholderiales, Enterobacterales, Pseudomonadales,
and Thiotrichales. Ubiquinone alters the physicochemical properties of the membrane by increasing the lipid
packing and density. This results in reduced membrane permeability (i.e., a slower release of small solutes)

and increases the strength of the membrane (i.e., resistance to cell rupture) (Agmo Herndndez et al. 2015).

By studying seawater and limnic bacterial communities across the Atlantic-Baltic Sea gradient, Dupont et al.
(2014) found contrasting pathways in the biosynthesis of quinones. Biosynthetic pathways for ubiquinone
were correlated with seawater communities, while the menaquinone pathway was correlated with freshwa-

ter communities. In our dataset, we did not find evidence for enriched pathways of menaquinone synthesis in
low salinity communities, perhaps since we did not include true freshwater communities (the lowest salinity
values were >5 PSU). However, we did find that the module for phosphatidylcholine biosynthesis was enriched
in low salinity conditions. Phosphatidylcholine (PC) is a membrane-forming phospholipid that is synthesised
from Phosphatidylethanolamine (PE) and studies found that PE levels increased in salt-adapted cells (Sajbidor
1997). It has been noted before that while PE is the more common phospholipid in bacteria, gram-negative
bacteria with high proportions of unsaturated fatty acids often contain additional PC to maintain stable bilayers
(Goldfine 1984). Indeed, in our dataset, the ability to convert PE to PC was mainly found in low salinity enriched
Sphingomonadales (e.g., Alteraurantiacibacter, Erythrobacter) and Rhodobacterales (e.g., Jannaschia, Pseudor-
hodobacter). Membranes lacking PC are more fluid, have a higher permeability for small molecules and are
more sensitive to osmotic changes (Geiger et al. 2013). Both quinone and phosphatidylcholine seem to stabilise

the membrane to withstand changes in turgor pressure and maintain osmotic balance.
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5.5 Conclusions and future perspectives

In this study we showed that both the taxonomic and functional composition of Ulva-associated bacterial
communities change across a 2,000 km salinity gradient. The high turnover of microbial taxa is accompanied
by functional redundancy, where guilds of taxa along the entire environmental gradient can perform crucial
functions. These functions, including amino acid and vitamin B production, are potentially important to the sea-
weed host. Alongside functional redundancy, we identified distinct functional modules exhibiting enrichment
in either low or high salinity areas. These modules are likely involved in mitigating oxidative stress, maintain-
ing cellular osmotic homeostasis, and stabilising cell membranes. Furthermore, we provided an overview of
the metabolic functions that characterise a typical Ulva-microbiome, highlighting the large metabolic potential
inherent in bacterial-algal symbiosis. The holobiont concept, which regards the seaweed host and its associated
microbes as an integrated functional unit, is essential when studying the physiological response of seaweeds to
environmental change. Future laboratory experiments, involving the inoculation of seaweed cultures with tar-
geted microbial communities, are needed to investigate whether bacteria can facilitate the acclimation of Ulva

species to changes in salinity.
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Notes

! The samples analysed in this study are a subset of the 481 samples described in Chapter 4 of this thesis. The
samples for additional metagenomic analyses were selected to encompass a diverse representation of host
species and to cover the distribution across the salinity gradient adequately. Furthermore, we conducted DNA
quantity and quality measurements to ensure compliance with the requirements for metagenomic sequencing.
Consequently, this screening process resulted in the exclusion of the majority of samples collected at salinity
levels below 5 PSU due to insufficient DNA concentration.

2 The taxonomic composition (including the most abundant bacterial orders, families, and genera) and the
changes in taxonomic composition across salinity corresponded well to the patterns observed based on 16S am-
plicon data (Chapter 4). The metagenomic dataset revealed higher diversity, and changes across salinity some-
times deviated from the patterns observed at the genus level due to the increased taxonomic resolution. For
instance, while the 16S amplicon dataset showed that a high percentage of variation in abundance of the genus
Leucothrix was explained by salinity and host species, the metagenomic dataset revealed five Leucothrix
metagenome-assembled genomes (MAGs), of which only three exhibited well-explained variations in abun-

dance in response to salinity.
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FIGURE S5.01 The proportion of the number of seawater-isolated (blue) or Ulva-isolated (green) bacterial
genomes than contained a specific CAZY family (polysaccharide lyases = PL, glycoside hydrolases = GH).
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“There is nothing more deceptive than an obvious fact.”

— Arthur Conan Doyle, in: The Adventures of Sherlock Holmes
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Abstract

Salinity is one of the main drivers of species diversity in both macroalgae and microbial communities. Green
seaweeds of the genus Ulva are known for their high tolerance to changing salinity conditions, ranging from
freshwater to full marine conditions. Previous research indicated that the taxonomic and functional compo-
sition of Ulva-associated bacterial communities shift in response to salinity along a natural environmental
gradient. Here, we exposed Ulva fenestrata cultures to two different salinity treatments (5 PSU and 32 PSU)
using both germlings and adult tissue. We then investigated how Ulva growth was affected by the addition of 24
bacterial strains, of which 12 were typical to high salinity conditions and 12 were typical low salinity strains.
We tested the effect of individual monocultures, as well as inoculants comprising randomly assembled commu-
nities of 3, 6 and 12 species following a broken stick model. We found that Ulva growth exhibited a 74-120%
increase with the addition of an Aquipuribacter strain (originally isolated from low salinity), a Maribacter, or

a Zobellia strain (both isolated from high salinity) compared to the effect of the other monocultures. Notably,
the growth-enhancing effect was specific to germling cultures under low salinity conditions. Germling daily
growth rate in low salinity exceeded that in the high salinity treatment by 138% when beneficial bacteria were
introduced, despite the fact that distribution of U. fenestrata in natural environments is limited to high salinity
conditions. In addition, U. fenestrata developed a tube-like morphology in the low salinity treatments, while this
species is obligate foliose in natural systems. Our results underscore that life-history phases and environmental

conditions are essential to understanding the dynamics of the seaweed holobiont.

6.1 Introduction

All organisms in an ecosystem are inextricably linked with one another and the environment through various
interactions. This principle holds true for ecosystems at both macroscopic and microscopic scales. Each eu-
karyotic host, often colonised by millions of microbes, constitutes an ecosystem on its own. The host and its
associated microbes collectively create a cohesive entity known as the “holobiont”, representing a functional
unity (Rosenberg and Zilber-Rosenberg 2016, Simon et al. 2019, Baedke et al. 2020). The holobiont concept is of
particular importance within the context of environmental change, as not only the host but also the associated
microbes react to changes in the environment (Egan et al. 2013, van der Loos et al. 2019).

The surface of seaweeds too, is covered with a plethora of microbes that rely on the host for food and
habitat while reciprocally providing the seaweeds with a diverse array of services (Wahl et al. 2012, Egan et al.
2013). It becomes increasingly clear that these microbes are essential for the functioning of macroalgal life.
Seaweed-associated bacterial communities are known to change when the host experiences environmentally-
induced stresses, especially under the influence of elevated temperature (Webster et al. 2011, Saha et al. 2014,
Mensch et al. 2020). A stable microbiome ensures host resilience to environmental stress, as has for example
been demonstrated in rhodoliths under ocean acidification conditions (Cavalcanti et al. 2018). Certain bacteria
can even help the seaweed host acclimate to environmental changes. For instance, the capacity to survive the
transition from seawater to freshwater of Ectocarpus, a genus of small filamentous brown algae, is facilitated by
a microbial community (Dittami et al. 2016). Removing the seaweed-associated bacteria deprived Ectocarpus
cultures of their ability to survive in freshwater, while providing the seaweeds with an inoculant derived from
an Ectocarpus strain that naturally inhabited freshwater environments, restored the ability to acclimate to salin-

ity changes (Dittami et al. 2016).
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Several biofertilisers (i.e., inoculants composed of plant growth-promoting bacteria) are commercially
available in the agricultural industry (Macik et al. 2020). These biofertilisers enhance crop yield by mitigating
environmental stressors, such as salinity and drought (Olanrewaju et al. 2017, Mishra et al. 2021). The bacteria
in the biofertilisers provide nutrients, release secondary metabolites, and protect the plants against pathogens.
Growth-promoting inoculants have not been commercially developed for seaweeds yet. Nonetheless, several
bacteria have been identified that promote seaweed growth, particularly within green seaweeds of the genus
Ulva (Gemin et al. 2019, H. Wang et al. 2022). Moreover, Ulva exhibits a dependence on specific bacterial strains
for morphological development, rendering it a model organism for investigating algal-bacterial interactions
(Wichard et al. 2015).

Multiple Ulva species are known for their wide tolerance to salinity conditions, with some species oc-
curring from freshwater to hyperhaline environments (Rybak 2018). Previous studies showed that salinity is a
major driver of the taxonomic and functional composition of Ulva-associated bacterial communities and of Ulva
species diversity (Chapter 4, Chapter 5, van der Loos et al. 2022, Steinhagen et al. 2023). This led us to hypothe-
sise that associated bacteria help the host acclimate to salinity changes. In this study, we investigate the poten-
tial of bacteria to facilitate Ulva fenestrata growth under varying salinity conditions. We test this by subjecting
U. fenestrata germlings and adult tissue to two different salinity treatments (high versus low salinity) accompa-
nied by the introduction of bacteria that were originally isolated from Ulva growing in either high or low salinity
environments. Given that the natural distribution of U. fenestrata is limited to euhaline and polyhaline salinity
levels (20-34 PSU) (Steinhagen et al. 2023), we hypothesised that this species performs best in the high salinity
treatment (HST) when supplemented with typical high salinity bacteria (HSB). In addition, we expected low
salinity bacteria (LSB) to mitigate stress induced by the low salinity treatment (LST) by promoting U. fenestrata
growth, but that these LSB cannot enhance growth in the HST.

6.2 Materials & Methods

6.2.1 Bacterial strain isolation and identification

The Ulva-associated bacteria used in this experiment were collected at different salinity conditions (2.8-35.0
PSU) across the Atlantic-Baltic Sea gradient, in Sweden, Denmark, and the Netherlands (Table 6.01, Electronic
Supplementary Table S6.01). At each site, Ulva specimens were collected and gently rinsed in sterilised seawa-
ter to remove loosely attached bacteria. A piece of 2 cm? was cut from the thallus, blotted dry with sterilised
filters, and stored in silica (Gherna and Reddy 2014). The samples were stored at 4 °C until isolation.

To isolate the Ulva-associated bacteria, the dried tissue was re-emersed in sterile seawater and rehydrat-
ed for 4 hours. The samples were then crushed with a mortar and pestle and 100 pL of the supernatant was
plated on agar. Two different growth media were used: basic Marine Agar (with a total PSU of 30) and reduced
salinity Marine Agar (with a total PSU of 6.5) (Table 6.01). The basic Marine Agar consisted of 5-g peptone, 1-g
yeast extract, 15-g agar, salts (19.45-g sodium chloride, 8.8-g magnesium chloride, 3.24-g sodium sulphate, 1.8-g
calcium chloride, 0.55-g potassium chloride), 0.1-g ferric citrate, 0.16-g sodium bicarbonate, 0.08-g potassium
bromide, 34.0-mg strontium chloride, 22.0-mg boric acid, 4.0-mg sodium silicate, 2.4-mg sodium fluoride, 1.6-
mg ammonium nitrate, and 8.0-mg disodium phosphate dissolved in 1 Liter milliQ water. The concentration of

the salts was reduced by 5.6 times to create the reduced salinity Marine Agar. The agar plates were incubated
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at 20 °C for 8-12 days. After growth was observed, individual colonies of different morphologies were picked
and replated until pure. The pure bacterial strains were conserved in MicroBanks (Pro-Lab Diagnostics™) and
stored at -80 °C.

The isolated strains were identified using 16S RNA gene sequencing. DNA of the bacterial cultures was
extracted using an alkaline lysis. In summary, a small amount of biomass from a pure colony was harvested us-
ing a pipette tip and lysed in 20 pL alkaline lysis buffer at 95 °C for 15 minutes. The samples were cooled on ice
immediately after. Subsequently, 180 pL sterile milli-Q was added to each sample, after which the samples were
centrifuged for 5 minutes at maximum speed and stored at -20 °C. The full length 16S rRNA gene was amplified
by PCR using the following primers: 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-CGGTTACCTTGTTAC
GACTT-3’) (Lane 1991). 16S rDNA amplification PCRs were performed using the Taq polymerase with a touch-

down thermal profile: 5 min at 94 °C, 10 cycles of 30 s at 94 °C, 1 min at 65 °C and 1 min at 72 °C (during which
the temperature of the annealing stage decreased with 0.5 °C every cycle from 65 °C to 60 °C), 20 cycles of 30 s
at 94 °C, 1 min at 60 °C, and 1 min at 72 °C, and final extension of 10 min at 72 °C. The amplified products were
sequenced with Sanger sequencing (Baseclear, the Netherlands). Sequences were identified using the EZBioClo-
ud 16S rRNA database (Yoon et al. 2017).

In total, 218 pure strains were obtained (of which 98 strains with unique 16S sequences; Fig. S6.01). For
use in the experiment, 12 typical low salinity bacteria and 12 typical high salinity bacteria were selected (Table
6.01). The low salinity strains were uniquely isolated from low salinity environments (<7 PSU), while the high
salinity strains were exclusively isolated from high salinity sites (>25 PSU). In addition, strain selection was
supported by previously collected 16S rDNA datasets (see Chapter 2, 3 & 4; van der Loos et al. 2021, 2022) and
a metagenomic dataset (see Chapter 5) confirming the prevalence of these strains in either low or high salinity

environments.

6.2.2 Whole-genome sequencing of isolated bacteria

The genomes of the 24 bacterial strains used in this experiment were sequenced using Oxford Nanopore
Technologies. Cultured cells were suspended in 300 pL of 4 M UltraPure™ guanidine isothiocyanate solution
(Invitrogen™ 15577018). High molecular weight genomic DNA was extracted using the Maxwell® RSC cultured
cells DNA kit (AS1620, Promega, USA) and the Maxwell® RSC instrument (AS4500, Promega, USA) according
to the manufacturer’s instructions. DNA was eluted in a 10 mM Tris-HCl pH 8.5 elution buffer and subsequently
treated with RNase (2mg/mL, 5 pL per 100 pL extract) and incubated at 37 °C for one hour.

The sequencing library was prepared with the Native Barcoding Kit 96 V14 (SQK-NBD114.96) according
to the manufacturer’s protocol (Oxford Nanopore Technologies), with an extension of the end-prep reaction du-
ration (20 min at 20 °C and 20 min at 65 °C), the native barcode ligation duration (60 min at room temperature)
and the adapter ligation duration (2 hours at room temperature). The library was subsequently sequenced on a
MinION using an R10.4.1 flow cell for 72 h. The raw data was basecalled with MinKNOW core version 5.5.3 (us-
ing GUPPY 6.5.7 and the SUP accuracy model), resulting in a total of 15,272,607 reads with an N50 of 8,395 bp.

The assembly of the genomes was performed with FLYE v2.9.2 (Kolmogorov et al. 2019). The genomes
were then checked for completeness with CHECKM (Parks et al. 2015), annotated with PROKKA (Seemann 2014)
and visualised with GENOVI (Cumsille et al. 2023). The identification of the strains was confirmed again with
GTDB-TK (Parks et al. 2018). The presence of KEGG modules was assigned with PROKKA2KEGG (Lin 2021) and
MICROBEANNOTATOR (Ruiz-Perez et al. 2021). To test if KEGG module composition varied with bacterial taxo-

nomic classification, the ability to promote Ulva growth, and the typical salinity range, Bray-Curtis dissimilar-
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ities were visualised with a Principal Coordinates Analysis (PCoA) and compared in a permutational analysis
of variance (PERMANOVA) with 9,999 permutations. Differences in the presence/absence of KEGG modules
between the different bacterial classes were tested with MAASLINZ (Mallick et al. 2021). The reads are archived
at SRA (BioProject PRINA1036818). The genomes are archived at GenBank (for accession numbers, see Table
6.01).

6.2.3 Bacterial cultivation and quantification

The 24 bacterial strains that were selected to use in salinity experiments were recultivated on basic Marine
Agar or reduced salinity Marine Agar and replated once to verify the absence of contamination. The colonies
were then transferred to Marine Broth (Difco 2216) and cultivated for 7 days at 100 rpm shaking. To ensure the
same number of bacterial cells were added to the experimental flasks, the concentration of the Marine Broth
cultures was measured using an imaging flow cytometer. Subsamples of each of the bacterial culture were
transferred to 1.5 mL Eppendorf tubes, stained with a SYBR® Green I nucleic acid gel stain (cat. no. S7563;
Invitrogen; Thermo Fisher Scientific, USA) [working solution: 1:100 in DMSO (cat. no. D4540; Sigma-Aldrich;
Merck KGaA, Germany), final stain concentration: 1:10000], incubated for 20 minutes at 37 °C in the dark, and
analysed using the ImageStream®XMkKk II (Amnis part of Luminex, Austin, Texas, USA).

The template to acquire the data with the image flow cytometer was set as follows: per object, one bright
field image (LED, 13.65 mW) was captured on Ch01 and the SYBR Green I signal on Ch02 (488 nm, 0.5 mW) of
the first CCD camera, while the second bright field image (LED, 10.45 mW) was captured on Ch09 and the auto-
fluorescent signal on Ch011 (642 nm, 0.5 mW) of the second CCD camera. The dark field (SSC, 785 nm, 1.0 mW)
images were not retained for further analysis. Data acquisition ended when 30000 objects (within a predefined
2D region: x-axis [intensity Ch02: 200 - 1e06] and y-axis [intensity Ch011: -2000 - 1e04]) were measured or
when a time of 5 minutes had passed. All images were captured with the instrument-specific Inspire software
(v.201.1.0.765) and processed with the Ideas software (v.6.2.187.0). A single template created with the latter
software was used to analyse all subsamples and to determine the concentration (objects/uL) of non-attached

bacteria.

6.2.4 Ulva strain cultivation

The Ulva fenestrata strain used in this experiment was taken from a culture at Ghent University (Belgium) that
originates from a long-term indoor tank culture at the Tjarné Marine Laboratory (Sweden) where it was culti-
vated at a salinity of 33 PSU. The strain was originally collected in the Koster archipelago (Sweden), where the
mean salinity of the surface seawater is 27.6 + 3.3 PSU (2SD) (Steinhagen et al. 2021b). The species identifica-
tion of the parental biomass has been confirmed with molecular methods (see Toth et al. 2020). The natural dis-
tribution of U. fenestrata in Europe includes the Netherlands, Great-Britain, France, Ireland, Denmark, Sweden,
and Norway, where it is restricted to euhaline and polyhaline regions (34-20 PSU) (Steinhagen et al. 2023). The
culture at Ghent University was maintained at 15 °C in 40 L cultivation tanks with natural seawater (sand-

filtered and UV-filtered), constant aeration, and a 16:8 h (L:D) photo regime at an irradiance of 70 umol m? s,
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Reproduction in Ulva fenestrata tissue to obtain germlings was induced following the protocol of Steinha-

gen et al. (2022). In short, discs with a diameter of 4 cm were perforated from the margins of mature thalli and

transferred to a 10 L aquarium with constant aeration at 15 °C. After six days, fertile tissue was air-dried and

re-emersed in sterile seawater to induce the release of swarmers. In the experiments described in this chapter,

all germlings originated from a single parental individual®.

TABLE 6.01 Overview of the bacterial strains used in the experimental set-up.

Bacterial isolates Collection information

Typical

Bacterial . . Isolation ) Salinity WGS accession
. salinity  Strain i Site Ulva host
isolate medium (PSU) number
range
HSBO1 HIGH Dokdonia basic MA Hirtshals, 33.4 U. fenestrata CP138998
sp000355805 Denmark Postels & Ruprecht
HSBO02 HIGH Pseudoalteromonas basic MA Hirtshals, 33.4 U. fenestrata JAXHCB000000000
sp. Denmark Postels & Ruprecht
HSBO3 HIGH Sulfitobacter basic MA Hirtshals, 33.4 U. fenestrata JAXHCA000000000
pontiacus Denmark Postels & Ruprecht
HSBO4 HIGH Zobellia russellii basic MA Hirtshals, 33.4 U. fenestrata CP139000
Denmark Postels & Ruprecht
HSBO5 HIGH Alteromonas basic MA Neeltje Jans, 35.0 U. lacinulata JAXHBV000000000
stellipolaris the Netherlands (Kutzing) Wittrock
HSBO6 HIGH Algibacter sp. basic MA Yerseke, 25.0 U. australis CP138989
the Netherlands Areschoug
HSBO7 HIGH Nonlabens basic MA Jacobahaven, 33.0 U. australis CP138994
ulvanivorans the Netherlands Areschoug
HSB08 HIGH Maribacter sp. basic MA Hirtshals, 33.4 U. fenestrata CP138999
Denmark Postels & Ruprecht
HSB09 HIGH Olleya sp. basic MA Yerseke, 25.0 U. lacinulata CP138988
the Netherlands (Kutzing) Wittrock
HSB10 HIGH Polaribacter sp. basic MA Yerseke, 25.0 U. australis CP138992
the Netherlands Areschoug
HSB11 HIGH Vibrio sp. basic MA Jacobahaven, 33.0 U. australis JAXHBS000000000
the Netherlands Areschoug
HSB12 HIGH Winogradskyella basic MA Yerseke, 25.0 U. australis CP138990
sp. the Netherlands Areschoug
LSBO1 LOW Albirhodobacter sp. reduced MA |Gryt, Sweden 6.6 U. linza Linnaeus JAXHCHO000000000
LSB02 LOW Aquipuribacter sp. reduced MA [Harndsand, 2.8 U. intestinalis JAXHCD000000000
Sweden Linnaeus
LSBO3 LOW Bermanella sp. reduced MA |Harnosand, 2.8 U. intestinalis CP139001
Sweden Linnaeus
LSB04 LOW Bosea sp. reduced MA |Harndsand, 2.8 U. intestinalis JAXHPY000000000
Sweden Linnaeus
LSBO5 LOW Brevundimonas sp. reduced MA |Graddo, Sweden 5.3 U. intestinalis CP139004
Linnaeus
LSBO6 LOW Frigoribacterium reduced MA |Harnésand, 2.8 U. intestinalis CP139002
sp001424645 Sweden Linnaeus
LSBO7 LOW Kineococcus sp. reduced MA |Harnosand, 2.8 U. intestinalis JAXHCE000000000
Sweden Linnaeus
LSB0OS8 LOW Allorhizobium reduced MA |Hudiksvall, Sweden 4.9 U. intestinalis JAXHBX000000000
sp001713475 Linnaeus
LSB09 LOW Rhodococcus reduced MA |Harn6sand, 2.8 U. intestinalis JAXHCFO00000000
fascians Sweden Linnaeus
LSB10 LOW Sphingomonas sp.  reduced MA |Hudiksvall, Sweden 4.9 U. intestinalis JAXHBZ000000000
Linnaeus
LSB11 LOW Erythrobacter sp. reduced MA |Gryt, Sweden 6.6 U. linza Linnaeus JAXHCJ000000000
LSB12 LOW Paracoccus sp. reduced MA |Gryt, Sweden 6.6 U. linza Linnaeus JAXHPZ000000000
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6.2.5 Experimental set-up

In the salinity experiment conducted in this study, Ulva fenestrata was cultivated in flasks in either high (32
PSU) or low (5 PSU) salinity conditions, and inoculated with either a high or low salinity bacterial community
(Fig. 6.01). This resulted in the following experimental combinations: 1) high salinity treatment + high salinity
bacteria (HST+HSB), 2) high salinity treatment + low salinity bacteria (HST+LSB), 3) low salinity treatment +
high salinity bacteria (LST+HSB), and 4) low salinity treatment + low salinity bacteria (LST+LSB).

The experiment was conducted three times: 1) with discs (3 mm in diameter) perforated from two-
month-old thalli cultivated in sterilised seawater, 2) with two-week-old germlings (on average 0.08 mm?) in
sterilised seawater, and 3) with two-week-old germlings (on average 0.05 mm?) in synthetic Ulva culture medi-
um (UCM; specifically developed to cultivate Ulva mutabilis) (Stratmann et al. 1996). At the start of the experi-
ment, the germlings and discs were exposed to a sonication treatment to disrupt the bacterial biofilm present.
This does not completely sterilise the tissue, but facilitates colonisation of the inoculant (5 minutes at 40 kHz,
Branson 3200 Ultrasonic Cleaner)?. The efficiency of the disruption method was verified with DAPI staining and
fluorescence microscopy (Supplementary Materials & Methods S6.01).

A total of 264 flasks (VWR Cell Culture Flasks, vented cap, 25 cm?) were used in every experiment, each
with three Ulva germlings or discs and 17 mL medium (either sterile seawater or UCM). The seawater (collected
at Ostend, Belgium) was autoclaved and filter-sterilised, and supplemented with 500 uL GeO, (1 mg mL") and
1 mL F/2 (Varicon Aqua, Cell-Hi F2P) nutrients per Liter seawater. The UCM was prepared following the meth-
ods in Stratmann et al. (1996). Low salinity seawater was prepared by diluting seawater with milliQ water. Low
salinity UCM was prepared by reducing the salts in solution I by 5.7 times. The bacterial inoculant was added
to each flask at a final concentration of 10°bacterial cells/mL seawater. This was done by measuring the con-
centration of the Marine Broth bacterial cultures using an imaging flow cytometer (see section 6.2.3 Bacterial
cultivation and quantification). The Marine Broth cultures were then diluted with sterile, autoclaved seawater
to a concentration of 1.42x10° bacterial cells/uL and 12 pL of the bacterial culture was added to each flask. In
cases where the inoculum consisted of a community of multiple species, each individual strain was added at a
reduced concentration, resulting in a combined concentration of 10° cells/mL (e.g. in an inoculum comprising
three species, each strain was added at a concentration of 0.33x10° bacterial cells/mL, corresponding to 4 uL of
the diluted Marine Broth culture).

To be able to test the effect of individual bacterial strains and mixed communities, as well as estimate
the effect of bacterial richness, we used a broken stick design (Bell et al. 2005, Salles et al. 2009). In this design,
a “stick” corresponds to a list of 12 bacterial species in a random order. This stick is then divided in the mid-
dle, generating two sticks of 6 species (forming two assemblages) (Fig. 6.02A). The sticks are divided again to
generate four sticks of 3 species. By creating three 12-species sticks of the HSB (all containing the same strains
but in a different order), we created six random communities of 6 species, and twelve random communities of
3 species. In order to increase the number of assemblages for the 6-species communities, we added three extra
assemblages (each constituting to the first three and last three species of one of the full sticks). This process
was repeated for the LSB, resulting in a total of eighteen 6-species assemblages and 24 3-species assemblages.
In addition, we included three replicates of all monocultures, as well as negative controls and positive controls
(Fig. 6.02B). The negative controls consisted of six flasks containing sonicated germlings without the addition of
bacteria, and six flasks of non-sonicated germlings without bacteria. The positive controls consisted of six flasks
resembling a natural high salinity bacterial community, and six flasks resembling a natural low salinity bacterial
community. These natural communities were created by removing the epibiotic bacteria from Ulva collected at

the same low and high salinity sites visited during the isolation campaign, following the method in Bonthond
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etal. (2021). In short, 3 mL sterile seawater and 10 glass beads (3 mm) were added to a 15 mL tube containing
the silica-dried Ulva tissue. After rehydrating for four hours, the tubes were vortexed for 6 minutes at maximum
speed and centrifuged for 1 min at 5000xg. The resulting suspensions were mixed with glycerol (20% final
glycerol concentration) and stored at -80 °C. In total, 34 samples were prepared from low salinity sites and

32 samples from high salinity sites. These were pooled to create a low salinity natural community and a high
salinity natural community, respectively. For a full overview of the number of flasks and the composition of the
bacterial inoculation, see Electronic Supplementary Table S6.02.

The experiments ran for 21 days each, in an incubator at 15 °C with a light intensity of 70 umol photons
m?s?t(15:9 h L:D), and 70 rpm shaking. The position of the flasks within the incubator was randomized every
2-3 days. Ulva surface area was measured at the start and end of the experiment using Image] (Schneider et al.
2012). Growth was calculated as the increase in surface area in mm?/day/individual (averaged over 3 individ-
uals). A Kruskal-Wallis test was used to test for differences in Ulva growth between salinity treatments and

Dunnett’s test was used to assess differences in growth between the different bacterial inoculants.

EXPERIMENTAL SET-UP

Ulva fenestrata culture 1 ]

HIGH
(32 PSU)

>
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=
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LST+HSB
(n=60)

FIGURE 6.01 Schematic overview of the experimental set-up. Germlings or discs were obtained from a single
Ulva fenestrata culture and three individuals (germlings or discs) were transferred to a flask. The flasks con-
tained either low (LST) or high (HST) salinity medium (seawater or UCM) and were supplied with a bacterial
inoculant containing typical low (LSB) or high (HSB) salinity bacteria.
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FIGURE 6.02 A) Broken stick design used in this study to create random bacterial inoculants with twelve high

salinity bacteria (HSB). Three different sticks were created for the low salinity bacteria (LSB). B) Overview of

the number of flasks used in the experiment, divided over the low salinity treatment (LST) and high salinity

treatment (HST).
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6.3 Results

6.3.1 Ulva growth with varying salinity conditions

Ulva fenestrata growth varied between the low and high salinity treatment and with the culture medium. Adult
tissue (experiment conducted on discs) displayed higher growth rates in high salinity conditions (on average
7.02 mm?/day) than in low salinity conditions (on average 1.37 mm?/day) (p = 2.2x10%¢, x? = 189.3, Krus-
kal-Wallis test) (Fig. 6.03A). Two-week-old germlings (grown in sterilised seawater), on the contrary, showed
slightly higher growth rates in the low salinity treatment (7.70 mm?/day compared to 5.55 mm?/day in the high
salinity treatment) (p = 2.7x10°¢, x? = 22.0, Kruskal-Wallis test) (Fig. 6.03B). In synthetic UCM, all germlings died
in the high salinity treatment?. In low salinity UCM, the germlings in general showed very low growth rates (Fig.
6.03C). The growth rates displayed considerable variation within both low and high salinity treatments, de-
pending on the bacterial inoculant.

Morphological development also differed between salinity treatments. In the HST, germlings initially
displayed a tubular morphology, transitioning into a blade-like form during the second week of the experiment
(developing a narrow stipe and a broadened, flattened blade) (Fig. 6.04). On the contrary, in the LST, germlings

remained tubular and frequently showed signs of inflation with air (Fig. 6.04).

6.3.2 Effect of bacteria on Ulva growth

In the germlings cultivated in low-salinity UCM, growth was significantly higher compared to the negative con-
trols if the bacterial communities contained either strain HSB04 (Zobellia) (p = 2.7x1073, Dunnett’s test), HSB08
(Maribacter) (p = 2.8x10!%, Dunnett’s test), or LSB02 (Aquipuribacter) (p = 1.2x10*, Dunnett’s test) (Fig. 6.05A,
Fig. 6.06A). In the monocultures, growth was on average 5.5 + 0.8 (SE) mm?/day/individual with HSB04, 5.0 +
0.9 mm?/day/individual with HSB08 and 4.7 + 0.8 mm?/day/individual with LSB02, compared to an average of
0.09 + 0.01 mm?/day/individual in the other monocultures. Likewise, if a 3-species or 6-species community
contained one or several of these three strains, Ulva growth was significantly higher. The addition of the full 12-
species communities also increased growth, but to a lesser extent than in the monocultures. Mean growth was
1.9 + 0.08 mm?/day/individual for the HSB community (p = 2.1x10°, Dunnett’s test) and 0.7 + 0.08 mm?/day/
individual for the LSB community (p = 0.002, Dunnett’s test).

In the germlings cultivated in sterile seawater, the addition of strain HSB04, HSB08, and LSB02 also in-
creased Ulva growth compared to the negative controls, but this effect was only visible in the low salinity treat-
ment (Fig. 6.05B, D; Fig. 6.06B, D) (HSB04, p = 0.03; HSB08, p = 0.001; LSB02, p = 0.003, Dunnett’s tests). The
effect was less pronounced than in the UCM experiment. In the monocultures, growth was on average 10.5 + 0.7
(SE) mm?/day/individual with HSB04, 13.3 + 0.5 mm?/day/individual with HSB08 and 12.1 + 0.6 mm?/day/in-
dividual with LSB02, compared to an average of 6.0 + 0.4 mm?/day/individual in the other monocultures (mean
values for LST only). In the high salinity treatment, none of the bacterial communities affected Ulva growth (all
comparisons p > 0.05, Dunnett’s tests).

In the experiment conducted on adult tissue, we observed no effect of the bacterial inoculants on Ulva
growth, either in the high salinity treatment or low salinity treatment (all pairwise comparisons in Dunnett’s
test p > 0.05) (Fig. 6.05C, E; Fig. 6.06C, E).

Even though the positive controls (glycerol stocks resembling natural communities) contained Mari-
bacter, Zobellia, and Aquipuribacter (verified with 16S sequencing), there was no significant effect of these
positive controls on Ulva growth compared to the negative controls in any of the three experiments or the two

salinity treatments (all pairwise comparisons in Dunnett’s test p > 0.05).
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FIGURE 6.03 Ulva growth rates (mm?/day) in the low salinity treatment (LST; yellow) and the high salinity

treatment (HST; blue), using A) Ulva adult tissue (discs), B) Ulva germlings cultivated in seawater, and C) Ulva

germlings cultivated in UCM.
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FIGURE 6.04 Example of Ulva morphological development in the low (LST) and high (HST) salinity treatment,
supplemented with beneficial bacteria (bacterial strain HSB04, HSB08, or LSB02) and without the addition of
beneficial bacteria. A) Ulva adult tissue (discs), B) Ulva germlings cultivated in seawater, and C) Ulva germlings

cultivated in UCM.
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6.3.3 Bacterial genome assemblies and functional groups

The assembled genomes of the 24 bacterial strains varied from 98.1-100% estimated completeness and con-
tained 1-18 contigs (with the assemblies of 17 out of 24 strains containing merely 1-2 contigs). Genome size
varied between 3.2 Mbp to 6.1 Mbp and the number of predicted genes varied between 2,887-5,597. See Fig.
6.07 as example (genome configuration of HSB04), and Electronic Supplementary Table S6.01 and Electronic
Supplementary Figures S6.02A-X for a full overview of the assembly statistics and annotations.

The presence of specific functional groups of genes (COG categories and KEGG modules) mainly reflected
the taxonomic classification (class, order and family level) of the isolated strains (p = 0.0001, R*= 0.74, PER-
MANOVA) (Fig. 6.08). Strains belonging to the class Actinomycetia, which were only isolated from low salinity
areas, for example contained all the genes needed to produce trehalose (KEGG module M00565; p < 0.001,
MaAsLin2 test), while these genes were absent from the other classes (Bacteroidia, Gammaproteobacteria, and
Alphaproteobacteria). They also contained the genes necessary for ornithine production (M00028; p < 0.001,
MaAsLin2 test), but lacked the full gene set necessary for module M00082 (fatty acid biosynthesis; p < 0.001,
MaAsLin2 test) that the other classes did contain. The isolated Bacteroidia strains, which all belonged to the
Flavobacteriaceae, were only found in marine locations (this is in accordance with previous findings that this
family is more abundant in higher salinity areas; see Chapter 4). They lacked some genes that were present in
the other strains, e.g., all the genes needed for betaine biosynthesis (M00555; p = 0.002, MaAsLin2 test), most
of the genes related to C5 isoprenoid biosynthesis (M00096; p = 0.01, MaAsLin2 test), and an incomplete set of
genes for leucine biosynthesis (M00432; p < 0.001, MaAsLin2 test). The genomes of the isolated Gammaproteo-
bacteria uniquely contained the modules necessary for ubiquinone biosynthesis (M00117, p < 0.001, MaAsLin2
test), NAD biosynthesis (M00115; p = 0.01, MaAsLin2 test), pyridoxal-P biosynthesis (active form of vitamin B6,
module M00124; p < 0.001, MaAsLin2 test), and glutathione biosynthesis (M00118; p < 0.001, MaAsLin2 test).

6.4 Discussion

Under natural conditions Ulva fenestrata is an obligate foliose species that is restricted to euhaline and poly-
haline regions in coastal habitats (Steinhagen et al. 2023). This led us to hypothesise that a salinity of ~30

PSU provides optimal growth conditions for U. fenestrata, while lower salinity levels impose a certain degree

of stress. This was true for the adult tissue, which exhibited higher growth rates in high salinity conditions,
despite an increased sporulation prevalence. Surprisingly, however, germlings displayed overall higher growth
rates in the low salinity treatment. Given that the negative controls (without bacteria added) showed similar
growth rates in low versus high salinity seawater, the increased growth can likely be attributed to the influence
of the bacteria. Our results demonstrate that three of the 24 tested bacterial strains (Aquipuribacter LSB02
isolated from a low salinity environment, and Maribacter HSB08 as well as Zobellia HSB04 from a high salinity
environment) significantly increased the growth rate of Ulva fenestrata. Interestingly, this effect was observed
exclusively in low salinity conditions. This contradicts our expectations that high salinity bacteria would facil-
itate Ulva fenestrata growth in high salinity conditions, while low salinity bacteria, conversely, would promote
growth in low salinity conditions. Moreover, the growth-promoting effect of specific bacteria was only evident in
the experiments involving germlings and was not observed in the experiment using adult tissue. These results
emphasise the importance of life-history-phases and environmental conditions in assessing the effects of algal-

bacterial interactions and potential adaptability.
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FIGURE 6.05 Scatter plots of Ulva growth (mm?/day/individual) with different HSB (high salinity) bacterial
communities in A) germlings cultivated with low-salinity UCM, B) germlings cultivated in low-salinity seawater,
C) adult tissue (discs) cultivated in low salinity seawater, D) germlings cultivated in high salinity seawater, and
E) adult tissue (discs) cultivated in high salinity seawater. Colours indicate the number of bacterial strains in

the inoculant. Bacterial treatments with significantly increased growth compared to the negative controls are

denoted with an asterisk.
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FIGURE 6.06 Scatter plots of Ulva growth (mm?/day/individual) with different LSB (low salinity) bacterial
communities in A) germlings cultivated with low-salinity UCM, B) germlings cultivated in low-salinity seawater,

C) adult tissue (discs) cultivated in low salinity seawater, D) germlings cultivated in high salinity seawater, and

E) adult tissue (discs) cultivated in high salinity seawater. Colours indicate the number of bacterial strains in

the inoculant. Bacterial treatments with significantly increased growth compared to the negative controls are

denoted with an asterisk.
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FIGURE 6.07 Genome overview of HSB04 (Zobellia russellii). Labelling from outside to the inside: contigs; COGs
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FIGURE 6.08 PCoA ordination plot based on the presence/absence of KEGG modules in the bacterial genomes
of strain HSBO1-HSB12 and LSB01-LSB12. Colours represent taxonomic class of the bacterial strains and sym-
bols represent the typical salinity range (HSB = high salinity bacteria, LSB = low salinity bacteria). Ulva-growth
promoting bacteria (HSB04, HSB08 and LSB02) are indicated with an arrow.

6.4.1 Growth-promoting bacteria have a larger effect on germlings than on adult tissue

The growth-promoting bacterial strains identified in this study only had an effect on Ulva fenestrata germlings,
not on discs cut from adult tissue. Ulva species are known for their obligate relationship with bacteria. Under
axenic (bacteria-free) conditions, these green seaweeds fail to develop a normal morphology, instead grow-

ing as a loose aggregation of cells (Provasoli 1958, Marshall et al. 2006). Ulva morphogenesis, encompassing
processes like rhizoid formation, cell wall development, and blade cell division, requires the presence of two
functional bacterial strains (Spoerner et al. 2012). Multiple strains that can trigger one or all of these morpho-
genesis processes in the model species Ulva mutabilis have been identified, many of which belong to the Rhodo-
bacteraceae (e.g., Roseovarius, Paracoccus, Sulfitobacter) and the Flavobacteriaceae (e.g., Maribacter, Zobellia,
Polaribacter) (Grueneberg et al. 2016). Maribacter and Zobellia strains specifically are known to produce the
waterborne compound thallusin, a morphogen that induces rhizoid and cell wall formation (Matsuo et al. 2005,
Alsufyani et al. 2020). It is possible that the Maribacter HSB08 and Zobellia HSB04 strain in this study are also
capable of producing thallusin. Thallusin mainly acts on processes that are especially important during the early
life stages (i.e., rhizoid and cell wall formation) (Alsufyani et al. 2020), which possibly explains the effect of the
bacteria observed in germlings and not in adult tissue. An alternative explanation is that the germlings used in

this experiment represented a complete individual, whereas the discs consisted solely of cells from the central
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region of the blade. A complete Ulva thallus is composed of three different types of cells: the blade consists of
blade cells and the basal region is composed of rhizoidal cells and stem cells (Lgvlie 1969, Fjeld 1972). Unlike
rhizoidal and stem cells, isolated blade cells (e.g., by cutting discs) are not totipotent and cannot develop into
complete germlings anymore. Additional experiments on a larger scale with fully developed adult individuals
are imperative to assess whether the identified beneficial bacteria can also affect adult tissue.

The ability to induce morphogenesis in Ulva is not confined to the Rhodobacteraceae and Flavobacteria-
ceae bacterial families. Similar properties have been documented for strains such as Algoriphagus Ul-9 (Cyclo-
bacteriaceae), Alteromonas Ul-12 (Alteromonadaceae), and Bacillus cereus U5-30 (Bacillaceae) (Grueneberg et
al. 2016, Gemin et al. 2019, H. Wang et al. 2022). Our results are the first indication that an Aquipuribacter strain
(belonging to the Aquipuribacteraceae) is also capable of promoting Ulva growth. However, growth-promoting
characteristics seem to be strain-dependent rather than genus-dependent. Gemin et al. (2019), for example,
reported positive effects of Alteromonas strain Ul-12 on Ulva clathrata, and Grueneberg et al. (2016) showed
that Polaribacter isolate RFB F06 completely recovered the morphology of Ulva mutabilis, while the Alteromonas
HSBO5 and Polaribacter HSB10 strains used in our experiments did not appear to enhance Ulva growth.

Our understanding of the mechanisms through which bacteria promote algal growth is limited. Beyond
the documented production of thallusin, bacteria could also stimulate algal growth through alternative mech-
anisms, such as providing the host with vitamins, amino acids, or as-yet-unidentified compounds. To date,
thallusin is the only morphogen that has been isolated and characterised (Dhiman et al. 2022), and even for this
compound the signalling pathway leading to Ulva morphogenesis as well as the genes within the bacterial
genomes necessary for thallusin production remain to be identified. Our genomic comparisons between the
three growth-promoting strains and the 21 non-growth-promoting strains did not allow us to identify a clear
set of genes as potential candidates for thallusin production. Comparative genomic analyses with a larger num-
ber of strains known to be able to produce thallusin, coupled with transcriptomic experiments, will be neces-

sary to identify the genetic pathways.

6.4.2 Growth-promoting bacteria have a larger effect in low salinity conditions

The growth-promoting effect of bacteria was only prevalent in the low salinity treatment — regardless of
whether these bacteria were originally isolated from low or high salinity environments. Both Maribacter HSB08
and Zobellia HSB04 were originally isolated from Ulva fenestrata thalli growing at 33.4 PSU, while the Aqui-
puribacter LSB02 strain was isolated from Ulva intestinalis collected at 2.8 PSU. With the addition of either of
these three strains, Ulva experienced a 138% higher daily growth rate in low salinity compared to high salinity
(12 mm?/day/individual versus 5.0 mm?/day/individual). Comparing growth rates in the other monocultures
yielded very similar growth rates in low and high salinity (5.5-6.0 mm?/day/individual). Curiously, the positive
controls, which contained natural Ulva-associated communities, did not significantly increase growth compared
to the negative controls. It is possible that the natural community lacked the beneficial strains in sufficient con-
centrations, or that the method used to isolate these natural communities by removing epibiotic bacteria from
Ulva resulted in cell death of the beneficial strains.

The difference in Ulva growth with and without the addition of beneficial strains was even more striking
when using Ulva culture medium instead of seawater. The use of UCM (which has been designed specifically to
cultivate Ulva mutabilis) apparently imposed a certain level of stress on Ulva fenestrata. In low saline UCM, the
germlings barely managed to survive without the addition of strain HSB04, HSB08, or LSB02, and in high saline

conditions even the addition of these beneficial bacteria was not enough to keep the germlings alive. Growth,
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however, is not the only indicator of fitness — other parameters like biochemical composition, protein content,
photosynthesis, nutrient uptake, morphological development, and reproduction are also potentially affected by
salinity (Olsson et al. 2020a, Cardoso et al. 2023).

Morphological development of germlings in low salinity was different from their counterparts in the high
salinity treatment. Under conditions mirroring salinity levels of U. fenestrata’s natural distribution (30 PSU),
germlings initially assumed a tubular form, but continued to develop a small, narrow stipe and a flattened,
broadened blade during the second week of the experiment (four-week-old individuals). In contrast, at 5 PSU,
the thalli remained tubular, growing elongated rather than wider, often becoming inflated with air. In addition,
both germlings and adult tissue at low salinity levels were paler in colour compared to individuals in the high
salinity treatment. Morphological plasticity under different salinity conditions has been documented in other
Ulva species before. Ulva compressa, for example, can be found as tubular, attached morphology at salinities >15
PSU, while it is predominantly foliose and free-floating at lower salinity levels (although it has not been record-
ed below 7.5 PSU) (Steinhagen et al. 2019b, 2023). Ulva prolifera is known to grow more numerous, but shorter
branches in low salinity compared to high salinity (Gao et al. 2016). As a general rule, we only find tubular
morphologies (not foliose strains) in freshwater and brackish water <5 PSU in natural environments (Rybak
2018, Steinhagen et al. 2023). In controlled experiments, tubular strains also grow better in low salinity than
foliose strains (Cardoso et al. 2023). The question remains whether a tubular morphology gives Ulva species an
advantage in low salinity and whether U. fenestrata acclimates to lower salinity conditions with morphological

plasticity in natural environments.

6.5 Conclusions and future perspectives

In this study we showed that Ulva growth is increased by a Maribacter, Zobellia, and Aquipuribacter strain. The
magnitude of the effect depends on the life-history phase and environmental conditions, with the most pro-
nounced effects observed in germlings cultivated in low salinity. The growth-enhancing effect of certain bacte-
rial strains on Ulva germlings, even when the germlings are not fully axenic, is very interesting from an aquacul-
ture perspective. Supplying Ulva germlings with an inoculant of growth-promoting bacteria during the nursery
stage is a good example of how ‘microbiome engineering’ (i.e., the manipulation of microbial communities
through biological, chemical or physical means) can support sustainable seaweed aquaculture (Ke et al. 2021, Li
et al. 2023). To extrapolate these findings to larger cultivation scales, future studies need to clarify whether the
effect of the bacteria also persists in fully developed adult thalli, and which concentrations of bacteria are neces-
sary to obtain optimal growth. Furthermore, elucidating the genetic pathway that controls thallusin production
in bacteria, along with identifying additional morphogens stimulating algal growth, will be necessary for the

effective screening and discovery of additional beneficial bacteria.
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Notes

! Inthe experiments described in this chapter, all germlings originated from a single parental individual and

all discs were cut from a single parental blade. This ensured that the same phenotype was used across all
treatments and avoids differences due to genetic variation. Nevertheless, genetic variability naturally exists in
real-world ecosystems. Future studies could focus on how the introduction of beneficial bacterial inoculants
influences various phenotypes, thereby enhancing our understanding of their potential impact.

2 The Ulva individuals used in this study were not fully axenic. To obtain true axenic Ulva cultures, it is nec-
essary to separate the reproductive cells from their bacterial symbionts following the procedure outlined in
Califano and Wichard (2018). This protocol makes use of the phototactic behaviour of gametes and spores by
passing them through glass pipettes equipped with a light source at the tips. Due to the rapid swimming speed
of the swarmers, they effectively outcompete the accompanying bacteria, enabling the collection of sterile
swarmers at the pipette tip after repeating this process three or four times. These axenic Ulva cultures serve

as valuable tools for evaluating the effect of individual bacterial strains on Ulva’s morphological development
(see for example (Grueneberg et al. 2016). However, given that a combination of two specific bacterial strains is
typically necessary for complete morphological development, Ulva cultures in such investigations often exhibit
atypical growth patterns. Consequently, comparing growth across treatments becomes challenging. Moreover, it
is also important to determine whether the addition of bacteria affects non-axenic Ulva. We therefore decided to
use non-axenic Ulva and disrupt the existing bacterial community through sonication to facilitate colonisation
by the inoculated bacteria. This ensured normal morphological development across all treatments, facilitating
meaningful growth comparisons.

3 The reasons behind the suboptimal growth (i.e., general low growth rates in the low salinity treatment and
tissue decimation in the high salinity treatment) observed in Ulva fenestrata cultivated in Ulva culture medium
(UCM) remain unclear. One possibility is that the synthetic medium lacks an important component (e.g., organic
matter) that is present in natural seawater, although this would not immediately explain the difference in tissue
decimation between low and high salinity UCM. Another possibility is that antagonists (e.g., fungi or oomycetes)
that grow well in high salinity could have been introduced during the inoculation process (although this is not

likely, as the bacterial cultures were pure when verified on agar plates).
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Supplementary Materials & Methods

Supplementary Materials & Methods S6.01 Testing the efficiency of sonication using DAPI staining and
fluorescence microscopy

To verify that sonication (5 minutes at 40 kHz, Branson 3200 Ultrasonic Cleaner) did indeed disrupt the micro-
bial biofilm of the Ulva surface, we stained non-sonicated and sonicated Ulva discs (1 cm diameter) with DAPI
following the protocol in (Shishlyannikov et al. 2011). After staining, the bacteria can be visualised under a fluo-

rescence microscope. The fluorescence microscopy photos of DAPI-stained Ulva tissue below clearly show that a

large biofilm is present before sonication, while this biofilm is not visible anymore after sonication.

Fluorescence microscopy photos with DAPI-stained Ulva tissue. A) Ulva surface without sonication. B) Ulva

surface after sonication.

135



“I wish the world was twice as big — and half of it was still unexplored.”
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Abstract

Marine macroalgae (seaweeds) are important primary producers and foundation species in coastal ecosystems
around the world. Seaweeds currently contribute to an estimated 51% of the global mariculture production,
with a long-term growth rate of 6% per year, and an estimated market value of more than US$11.3 billion. Viral
infections could have a substantial impact on the ecology and aquaculture of seaweeds, but surprisingly little is
known about virus diversity in macroalgal hosts. Using metagenomic sequencing, we characterised viral com-
munities associated with healthy and bleached specimens of the commercially important green seaweed Ulva.
We identified 20 putative new and divergent viruses, of which the majority belonged to the CRESS viruses
(single-stranded (ss)DNA genomes), Durnavirales (double-stranded (ds)RNA), Picornavirales (ssRNA). Other
newly identified RNA viruses were related to the Ghabrivirales, the Mitoviridae, and the Tombusviridae. Bleached
Ulva samples contained particularly high viral read numbers. While reads matching assembled CRESS DNA
viruses and picorna-like viruses were nearly absent from the healthy Ulva samples (confirmed by qPCR), they
were very abundant in the bleached specimens. Therefore, bleaching in Ulva could be caused by one or a com-
bination of the identified viruses, but may also be the result of another causative agent or abiotic stress, with
the viruses simply proliferating in already unhealthy seaweed tissue. This study highlights how little we know
about the diversity and ecology of seaweed viruses, especially in relation to health and diseases of the algal host,

and emphasises the need to better characterise the algal virosphere.

7.1 Introduction

Viruses are widespread and abundantly present in the marine environment (Middelboe and Brussaard 2017).
In fact, with millions of virus-like particles per millilitre of seawater and an estimated 10? viral infections
occurring every second, viruses are the most abundant lifeform in the ocean (Suttle 2007). They play a funda-
mental role in ecological processes as drivers of biogeochemical cycles and microbial community compositions
(Fuhrman 1999, Suttle 2007). Viral infections kill an estimated 20% of the marine microbial biomass per day
and are causative agents of high mortality rates in heterotrophic and autotrophic phytoplankton blooms (Brus-
saard 2004, Brum et al. 2013). For example, viral lysis can quickly stop bloom formations of the cosmopolitan
coccolithophore Emiliania huxleyi (Prymnesiophyceae), whose calcite shells constitute around 1/3 of the total
marine CaCO, production (Vardi et al. 2012). Viral infections also potentially introduce new genetic information
into the infected organism, and viruses, as a whole, comprise an untapped reservoir of genetic diversity (Suttle
2007). Although our knowledge of the impact of viruses in marine environments is increasing, remarkably little
is known about viral diversity associated with specific groups of eukaryotes, such as marine macroalgae.
Marine macroalgae (seaweeds) occur worldwide from tropical to arctic coastal ecosystems. As ecosystem
engineers and foundation species, they provide food, shelter, and habitat for a wide variety of marine life and
are important contributors to total primary productivity (Pessarrodona et al. 2022). In addition, approximately
30% of the global aquaculture production is derived from seaweeds (Cai et al. 2021). While it becomes increas-
ingly clear that microbes significantly impact their seaweed host, we are largely ignorant about viruses in mac-
roalgae (Fig. 7.01). Likely the most studied seaweeds with regard to viral infections are the brown, filamentous
species belonging to the Ectocarpales. Viral-like particles were first observed in Ectocarpus siliculosus labora-
tory cultures that showed a defect in gametangium (reproductive structures) formation (Miiller et al. 1990).
These hexagonal particles were released in the culture medium after the host cells burst and were able to infect
healthy cultures. Similar viral particles, identified as phycodnaviruses, were later observed in Kuckuckia, Hinck-

sia, and Feldmannia (Miiller 1996). More recently, double-stranded and single-stranded DNA viruses were found
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to be associated with several brown macroalgal kelp species (McKeown et al. 2017, Beattie et al. 2018), and the
first RNA virome characterisation was completed by Lachnit et al. (2016) on a red alga, Delisea pulchra. To our
best knowledge, viral communities of green macroalgae have not been characterised before.

Although prior studies showed that macroalgae harbour a wide diversity of viruses, the biology and
ecology of seaweed viruses are poorly understood. Especially the role of viruses in the health and diseases of
seaweeds remains a black box (Gachon et al. 2010). The Ectocarpus siliculosus virus 1 (EsV-1 virus) is the best
studied organism, as the virus has been isolated and its genome has been sequenced. The virus is considered
pathogenic, as infected Ectocarpus thalli become partially or fully sterile (del Campo et al. 1997). In Feldmannia,
photosynthetic performance is significantly reduced in infected individuals (Robledo et al. 1994). In red sea-
weeds, only a single disease has been causatively linked to a virus — green spot disease in Pyropia — but the
viral genome has not been sequenced (G. H. Kim et al. 2016). In brown seaweeds, bleached kelp has been asso-
ciated with elevated levels of Circular Rep-Encoding Single-Stranded (CRESS) DNA viruses (Beattie et al. 2018),
and similarly bleaching in the green seaweed Ulva was also hypothesised to result from virus-like particles
(Loret et al. 2020).

Green seaweeds of the genus Ulva — commonly known as sea lettuce — are ecologically and economi-
cally important seaweed species. Their biomass can be used as a sustainable feedstock due to their high pro-
tein content or in the context of bioremediation (i.e., removing excess nutrients) and integrated multi-trophic
aquaculture systems (Steinhagen et al. 2021b). However, Ulva species are notorious for developing extensive
blooms known as green tides. These mass accumulation events have been increasingly observed worldwide and
profoundly affect the environment due to the resulting anoxic conditions and the release of gaseous sulphur
compounds (Ye et al. 2011, Wan et al. 2017). In addition, Ulva species are often used to study algal-bacterial
interactions and morphogenesis (Wichard 2015, 2023). Ulva species depend on appropriate bacterial commu-
nities for morphological development and in the absence of specific bacterial strains merely grow as a loose cal-
lus-like aggregate of cells (Spoerner et al. 2012). In addition to morphogenesis, bacteria play an important role
in seaweed growth (Gemin et al. 2019), biochemical composition (Polikovsky et al. 2020), and the settlement of
gametes and spores (Joint et al. 2000, Patel et al. 2003). While the Ulva holobiont is considered a model system
to study microbial interactions with the algal host, nothing is known about associated viral communities.

Characterising viral communities associated with Ulva is the first step towards understanding the role of
viruses in the ecology (e.g., the occurrence of green tides) and aquaculture of this green seaweed. In this study,
we characterised Ulva-associated DNA and RNA viruses from cultivated and natural populations, as well as

bleached and healthy thalli, using metagenomic analyses.

7.2 Materials and Methods

7.2.1 Sample collection and algal cultures

Six Ulva tissue samples were collected from three different cultures (Fig. 7.02). The first culture, Ulva fenestra-
ta, was originally collected in Sweden and had been maintained for one year at Ghent University (Belgium) at
the moment of sampling (n = 2). Cultures were maintained in 50 L tanks at 15 °C with constant aeration, a 15:9
light:dark photoperiod, and a photon flux density of 55 pmol photons m s?. The second culture, Ulva australis,
was originally collected in Zeeland (the Netherlands) and was maintained at the aquaculture facilities of the
Royal Netherlands Institute for Sea Research (NIOZ) (n = 2). The third culture, Ulva lacinulata, was originally
collected in Texel (the Netherlands) and likewise cultivated at the aquaculture facilities at NIOZ, the Netherlands
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(n = 2). Both NIOZ strains had been in culture for one year at the moment of sampling. In addition, two individ-
uals from a natural population in Zeeland, the Netherlands (51°38°35.3”N, 3°42’26.5”E) were collected. 1-2 cm?
tissue from two different individuals was sampled from each culture or site. All samples were rinsed in auto-
claved seawater and immediately stored at -80 °C.

All cultures and sampled individuals looked healthy except for the Ulva australis aquaculture samples
(Fig. 7.02). Most individuals in this culture looked healthy at first but suddenly sprouted white spots that con-

tinuously became larger until the entire tissue degraded. Sporulation was not observed in any of the tissues.

7.2.2 RNA and DNA extraction and sequencing

Total DNA and RNA were extracted following the NetoVIR protocol optimised for viral metagenomics (Con-
ceicdo-Neto et al. 2015)™. Briefly, all samples were homogenised with 2.8 mm zirconium oxide beads, centri-
fuged, and filtered (using a 0.8 um filter) to remove prokaryotic and eukaryotic organisms, as well as cellular
debris. Subsequently, the samples were treated with benzonase (VWR) and micrococcal nuclease (NEB) to
remove free-floating nucleic acids. DNA and RNA were extracted with the QiaAmp Viral RNA Mini kit (QIAGEN).
Nucleic acids were randomly amplified with a modified whole-transcriptome amplification 2 (WTAZ2) kit pro-
cedure (Sigma-Aldrich). The amplified products were purified using the MSB®Spin PCRapace purification kit
(INVITEK), and the final sequencing library was prepared using the Nextera XT kit (Illumina). Sequencing of the
samples was performed on the NextSeq500 platform (Illumina) for 300 cycles (2x150 bp paired ends), with an

estimated 10 million reads per sample.
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7.2.3 Bioinformatics

Obtained raw reads were processed with VIPER (https://github.com/Matthijnssenslab/ViPER). Briefly, the raw
[llumina reads were filtered for quality and adapters were trimmed using TRIMMOMATIC v0.39. This resulted

in a total of 60,952,693 high-quality reads (Ulva fenestrata culture replicate 1 = 1,274,891 reads; Ulva fenes-
trata culture replicate 2 = 11,243,808; Ulva australis culture replicate 1 = 7,628,339; Ulva australis culture
replicate 2 = 12,926,447; Ulva lacinulata culture replicate 1 = 4,071,840; Ulva lacinulata culture replicate 2 =
4,027,069; Ulva australis natural population replicate 1 = 9,995,302; Ulva australis natural population replicate
2 =9,784,997). The reads were subsequently mapped with BOWTIE2 v2.4.2 on the very sensitive setting to a
reference Ulva genome (BioProject PRJEB25750) (De Clerck et al. 2018) to remove host-derived reads and to an
assembled contaminome from a sequenced negative control to remove possible contamination. The remaining
high-quality reads were de novo assembled into contigs using METASPADES v3.15. Contigs were then filtered on
a length of at least 500 bp and clustered at 95% nucleotide identity over 85% of the length of the shortest contig
to remove redundancy in the data using BLAST v2.11 (Altschul et al. 1990) and the clustering algorithm shipped
with the CHECKV package (Nayfach et al. 2021). All reads were then mapped to the non-redundant contigs with
BWA-MEM2 v2.2.1 (Md et al. 2019). The abundance of contigs that were less than 50% covered was set to 0 to
exclude false positive detections. All contigs were classified by DIAMOND v2.0.11 on the sensitive setting against
the NCBI nr database (Buchfink et al. 2014). Finally, KRONAToOLS v2.8 (Ondov et al. 2011) and the PHYLOSEQ R
package were used to visualise data (McMurdie and Holmes 2013, R Core Team 2020).

7.2.4 Phylogenetic analyses

Contigs annotated as eukaryotic viruses were retained and putative new viruses were identified (only contigs
with >500 reads that likely represented near-complete genomes were considered). For each of the putatively
new viruses, Open Reading Frames (ORF) were predicted using ORFFINDER (https://www.ncbi.nlm.nih.
gov/orffinder/). Phylogenetic trees were generated based on amino acid sequences of the RNA-dependent
RNA-polymerase for the RNA viruses (proteinase + RdRp polymerase in the case of the Picornavirales), and
replicase for the CRESS DNA viruses. Reference amino acid sequences were retrieved from NCBI GenBank. The
sequences were aligned with MAFFT v7.154b (Katoh et al. 2002) and trimmed with TRIMAL v1.2rev59 (using
gappyout settings) (Capella-Gutiérrez et al. 2009). Maximum likelihood phylogenetic trees were generated with
IQ-TREE v1.6.12 on an automated model finder with at least 10,000 ultrafast bootstraps (Nguyen et al. 2015).
The genome of one putative new virus (see Results; Ulva picorna-like virus 1) was represented by two
fragmented contigs. The largest contig was first extended using CONTIGEXTENDER (Deng and Delwart 2021),
which revealed the correct orientation of the second contig in relation to the viral genome. To obtain an accu-
rate full genome for this virus, the missing overlapping fragment between the two contigs was sequenced with
Sanger sequencing. The PCR was performed with the OneStep RT-PCR kit (Qiagen) using the following primers:
TGGTTTGGTTGCTTTTCGGT (forward) and CAGCGTTAACAACCATGCGT (reverse). The thermal profile was set to:
RT (50 °C, 30 min), initial denaturation (95 °C, 15 min), 40 cycles (denaturation at 94 °C for 30 s, annealing at
51 °C for 30 s, and extension at 72 °C for 90 s), final extension (72 °C, 10 min). Finally, the complete genome was

assembled using GENEIOUS PRIME (v2022.1.1).
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7.2.5 qRT-PCR analyses

To verify the presence or absence of the putative new viruses in each of the samples, SYBR Green qRT-PCRs
were performed with the Power SYBR™ Green RNA-to-CT™ 1-Step Kit (Applied Biosystems) on an Applied
Biosystems 7500 Real-Time PCR System. Primers for each virus were designed with GENEIOUS PRIME v2023.1.2
(see Electronic Supplementary Table S7.01). Each reaction consisted of 2 uL. sample, 10 uL. Power SYBR mix,

1 pL of 10 uM forward primer, 1 pL of 10 pM reverse primer and 0.16 uL RT enzyme mix, complemented with
H,0 to a total reaction volume of 20 pL. Thermal cycling conditions comprised a 48 °C reverse transcription step
for 30 min and a 95 °C denaturation step for 10 min initially, followed by 40 cycles of 95 °C for 15s and 60 °C for
1 min as per manufacturer’s instructions. All samples were quantified in duplicate for each virus and average Ct

(cycle threshold) values of the duplicates were calculated.

Ulva CRESS DNA virus 1
Ulva CRESS DNA virus 2
Ulva CRESS DNA virus 3
Ulva CRESS DNA virus 4
Ulva CRESS DNA virus 5
Ulva durnavirus 1

Ulva durnavirus 2
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Ulva durnavirus 4

Ulva ghabrivirus 1

Ulva mitovirus 1

Ulva mito-like virus 2
Ulva mito-like virus 3
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Ulva picorna-like virus 1
Ulva picorna-like virus 2
Ulva picorna-like virus 3
Ulva picorna-like virus 4
Ulva picorna-like virus 5

Ulva picorna-like virus 6
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30 Ulva fenestrata Ulva lacinulata Ulva australis Ulva australis
25 Lab culture Aquaculture Aquaculture Natural population
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FIGURE 7.02 Heatmap showing mean Ct (cycle threshold) qPCR values for the 20 putative new viruses associ-
ated with the green seaweed Ulva. Low Ct values correspond to high viral load. From each culture or site, 1-2

cm? tissue from two different individuals was sampled.
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1.3 Results

7.3.1The Ulva virome composition of healthy and bleached specimens

A total of 60,952,693 high-quality reads were obtained across all eight samples, varying between 1,274,891 and
12,926,447 reads per sample. The majority of the reads were assigned to bacteria, the Ulva host, and prokary-
otic viruses (i.e., phages that infect prokaryotes). A total of 591,075 reads — 1% of the total read number —
across all eight samples were assigned to eukaryotic viruses (i.e., viruses that infect eukaryotes). The bleached
Ulva australis samples had the highest number of eukaryotic viral reads (replicate 1 = 272,229 reads; replicate
2 = 202,349 reads), followed by the natural and presumably healthy Ulva australis populations (replicate 1 =
88,101 reads; replicate 2 = 22,359 reads) (Fig. 7.03A). The healthy aquaculture samples (Ulva fenestrata and
Ulva lacinulata) contained the least reads assigned to eukaryotic viruses (varying between 216 and 4,857 viral
reads) (Fig. 7.03A).

Across all samples, 144 unique eukaryotic virus contigs were identified. Most reads were assigned to
viral contigs classified as belonging to the phyla Pisuviricota (70% of the eukaryotic viral reads) and Cressdna-
viricota (4.4% of the eukaryotic viral reads). However, a large proportion of the viral contigs could not be classi-
fied at phylum level (i.e., contigs that matched uncultured marine viruses in the NCBI nr database), accounting
for 23% of the eukaryotic viral reads. Within the Pisuviricota, healthy and bleached samples contained high read
numbers of Durnavirales (109,420 reads in healthy samples versus 124,339 reads in the bleached samples) (Fig.
7.03B, C). The bleached samples also contained many reads mapping to contigs belonging to the Picornavirales
(179,476 reads) (Fig. 7.03B). These results are based on the closest match in the NCBI database. However, the
similarity (percentage identity) to the closest match is, in many cases, very low and the identifications should
therefore be treated with caution (Table 7.01). For example, based on the initial BLAST results, 3.7% of the
eukaryotic viral reads were assigned to the order Cirlivirales (Cressdnaviricota). Our phylogenetic analyses (see
section 3.2.1), however, indicate that Ulva-associated CRESS DNA viruses likely belong to undescribed orders

and families within the Cressdnaviricota.

7.3.2 Phylogenetic analyses of putative new viruses

In total, we identified 20 putative new (near complete) viral sequences using a standard sequence similarity
search against the NCBI nr reference database (Table 7.01). The presence or absence of the 20 putative new
viruses was verified by qRT-PCR in each of the samples. The putative new viruses exhibited low sequence sim-
ilarity to existing replicase amino acid sequences (Rep in the case of DNA viruses and RdRp in the case of RNA
viruses), with amino acid percentage similarities to the closest matching sequence ranging from 25.6 to 55.6%.
They primarily belonged to single-stranded DNA viruses (ssDNA), double-stranded RNA viruses (dsRNA), or
single-stranded positive-sense RNA viruses (ssRNA(+)). Together they represented 82% of the eukaryotic viral
reads. The qPCR assay showed that Ulva CRESS DNA viruses and Ulva picorna-like viruses were especially abun-
dant in bleached Ulva specimens, while absent or present in very low numbers (high cycle thresholds) in the
healthy samples (Fig. 7.02; Fig. S7.01), which would not be expected for transcribed endogenous viral elements.
Mitoviruses and mito-like viruses were especially abundant in the Ulva fenestrata lab culture, and Ulva durnavi-
ruses were mainly present in both healthy and bleached Ulva australis (Fig. 7.02; Fig. S7.01).

The putative new viruses are most likely exogenous, as the same viral contigs were found in each of the
duplicated samples, and the viral contigs assembled without attachment of Ulva genome fragments on either

side. In addition, many of the putative new viruses were absent in the healthy Ulva samples, which would be
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unexpected if the contigs belonged to endogenous viral elements. Finally, we extracted total DNA and RNA
following the NetoVir protocol, which is optimised for virus-like particles (endogenous viral elements are not

protected by a capsid and are therefore not extracted using NetoVir) (Conceigcao-Neto et al. 2015).
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FIGURE 7.03 Eukaryotic viral read numbers. A) Total eukaryotic viral reads per sample (n = 8; 2 replicates per
sample type); B) Total eukaryotic viral reads from bleached Ulva australis viromes that were assigned to the
phyla Pisuviricota, Cressdnaviricota, Kitrinoviricota, Lenarviricota, Nucleocytoviricota, and unclassified viruses
(sum of two replicates, total eukaryotic viral reads = 474,578); C) Total eukaryotic viral reads from healthy Ulva
australis samples from natural populations (sum of two replicates, total eukaryotic viral reads = 110,460).

Identifications are based on BLAST with the NCBI database. Colours represent different orders.
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TABLE 7.01 BLASTx results of the 20 putative new virus-like sequences against the NCBI nr database
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CRESS (Circular Rep-Encoding Single-Stranded) DNA Viruses
Five viral assembled contigs associated with Ulva exhibited similarity to CRESS DNA viruses (Cressdnaviricota)
belonging to the classes Arfiviricetes and Repensiviricetes (Fig. 7.04). CRESS DNA viruses have small, circular
genomes, with a genome size often ranging from 1.0 to 6.5 kb (Krupovic et al. 2020). Many of these genomes
contain only two major ORFs that encode the replication initiator protein (Rep) and the capsid protein (Cap).
CRESS DNA viruses are believed to infect a wide variety of hosts, including mammals, birds, insects, fungi,
diatoms, and plants (Rosario et al. 2017).

The five Ulva-associated CRESS DNA viruses grouped with very diverse orders and families (Fig. 7.05).
Four contigs belonged to the Arfiviricetes, and one was positioned within the Repensiviricetes clade. Ulva CRESS
DNA virus 1 was placed in an unidentified clade most closely related to the family Smacoviridae in the order
Cremevirales (Fig. 7.06A). Ulva CRESS DNA virus 2 was located within the CRESS5 clade (Krupovic et al. 2019).
This group also contained Rep-A viruses associated with Ecklonia radiata (a brown algal kelp species), as well
as many other marine viruses associated with, amongst others, tunicates, amphipods, ctenophores, and marine
snails (Fig. 7.06B). Ulva CRESS DNA virus 3 and 4 were positioned in a clade most closely related to the family
Circoviridae and most likely belong to the order Cirlivirales. This clade also contained several viruses isolated
from marine organisms and environments (Fig. 7.06C). Ulva CRESS DNA virus 5 grouped between the families
Geminiviridae and Genomoviridae (Geplafuvirales, Repensiviricetes) (Fig. 7.06D). Geminiviridae and Genomoviri-

dae viruses are mostly known to infect plants and fungi, respectively.

Ulva CRESS virus 1 Ulva CRESS virus 2
3,208 bp 2,160 bp

Ulva CRESS virus 5
3,939 bp

Ulva CRESS virus 3 Ulva CRESS virus 4

2,668 bp 2,402 bp

FIGURE 7.04 The genome organization of the five Ulva CRESS viruses, including replicase and capsid protein
genes. Open Reading Frames (ORF) were predicted using ORFFINDER (https://www.ncbi.nlm.nih.gov/orffind-

er/).
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Smacoviridae
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FIGURE 7.05 Unrooted maximum likelihood phylogenetic tree of Rep proteins from CRESS DNA viruses esti-
mated using IQ-TREE with ultrafast bootstrap replicates (values below 70 are not displayed). Closely related
sequence groups are collapsed into triangles, whose side lengths are proportional to the distances between

the closest and farthest leaf nodes. The locations of the Ulva-associated CRESS DNA viruses are marked with
numbered arrows. The numbers correspond to Ulva CRESS DNA virus 1-5. Branch lengths are scaled according

to the number of amino acid substitutions per site.
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FIGURE 7.06 Details of the phylogeny of CRESS DNA viruses based on the Rep protein. A) the Smacoviridae and
unclassified group, B) CRESS5 group, C) Circoviridae, D) Repensiviricetes (Genomoviridae and Geminiviridae).
Newly discovered viruses from Ulva spp. are highlighted in bold. Each viral sequence’s putative eukaryotic host
(or sample habitat) is displayed in brackets. Maximum likelihood tree estimated using IQ-TREE with ultrafast
bootstrap replicates (values below 70 are not displayed). The tree is mid-point rooted. Branch lengths are

scaled according to the number of amino acid substitutions per site.
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Durna-like dsRNA Viruses

Four putative new viruses were found to belong to the Durnavirales. This order currently includes six families
(Partitiviridae, Amalgaviridae, Picobirnaviridae, Hypoviridae, Fusariviridae, and Curvulaviridae). Viruses belong-
ing to the Durnavirales are mostly known to infect plants, fungi, and protists (Krupovic et al. 2015). The RdRp
amino acid pairwise identity between the four Ulva-associated durnaviruses was relatively low but variable
(14.7-61.8%). The ICTV currently uses 85% RdRp amino acid sequence identity as a demarcation criterion for
the genus Amalgavirus (Sabanadzovic et al. 2018). We therefore assume that the four Ulva-associated sequences
each represent a new virus genus or higher taxonomical rank.

Three of the newly described viral sequences exhibited RARp amino acid sequence similarity to Amalga-
like sequences (relatives of the Amalgaviridae) (Fig. 7.07A). Amalgaviridae have linear dsSRNA genomes of ~3.5
kb containing two overlapping ORFs (Krupovic et al. 2015). The contig lengths of the putative new viruses
varied from 2,730-3,198 nt, and they likely represent (near) complete genomes (Fig. 7.07B). Each genome
contained 2 ORFs, of which the largest one coded for the RdRp and the smaller one did not exhibit similarity to
known proteins (Fig. 7.07B). Ulva durnavirus 1, 2, and 3 were most closely related to Amalga-like boulavirus
isolated from Kraftionema allantoideum (a microalga belonging to the Ulvophyceae) (Fig. 7.07A). The other
viruses in this clade were related to the Ostreobium sp. and Bryopsis mitochondria-associated dsRNA viruses
(both hosts belong to the Ulvophyceae). The latter was initially described as dsRNA associated with mitochon-
dria in the green macroalga Bryopsis cinicola (Koga et al. 1998), but likely also represents a virus (Koga et al.
2003). Charon et al. (2020) hypothesised that these viruses formed a Ulvophyceae-infecting viral clade.

Ulva durnavirus 4 was positioned within a clade most closely related to the Hypoviridae, together with
Partiti-like viruses associated with Ostreobium sp. (Ulvophyceae) (Fig. 7.07A). The contig of Ulva durnavirus 4
only contained one ORF (coding for RdRp) (Fig. 7.07B). As this was a relatively small contig (1,909 nt), it is likely
that the genome of this virus is segmented (or incomplete), similar to viruses belonging to the Partitiviridae
and Picobirnaviridae (Ghabrial et al. 2008). Linking additional genomic segments for this virus, however, is not

possible based solely on metagenomics analysis.

Ghabrivirales (linear dsRNA viruses)

One Ulva-associated contig displayed RdRp amino acid sequence similarity to two diatom-associated viruses
(31-32%). These viruses form a clade closely related to the Megabirnaviridae, a predominantly fungi-
infecting family within the order Ghabrivirales (Fig. 7.08A) (Abdoulaye et al. 2019). Other families within the
Ghabrivirales include the Chrysoviridae (infecting plants and fungi), the Quadriviridae (infecting fungi), and the
Totiviridae (infecting fungi and red macroalgae) (Lachnit et al. 2016, Sato et al. 2019). It is unclear whether the
Ulva- and diatom-associated viruses form a new family within the Ghabrivirales or represent members of the
Megabirnaviridae.

The genomes of the Megabirnaviridae, Chrysoviridae, and Quadriviridae are segmented, containing two to
seven segments ranging from 2.7-9 kb in size (Chiba et al. 2018, Sato et al. 2019, Kotta-Loizou et al. 2020). It is
therefore likely that the contig of Ulva ghabrivirus 1 (2,825 nt, containing 1 ORF coding for RdRp) only rep-
resents a partial genome (Fig. 7.08B).
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FIGURE 7.07 Phylogeny and genome organization of the Ulva durnaviruses. A) Phylogentic tree of the order
Durnavirales based on the RdRp protein. Newly discovered viruses from Ulva spp. are highlighted in bold and
indicated with a triangle. Each viral sequence’s putative eukaryotic host (or sample habitat) is displayed in
brackets. Maximum likelihood tree estimated using [Q-TREE with ultrafast bootstrap replicates (values <70 are
not displayed). The tree is mid-point rooted. Branch lengths are scaled according to the number of amino acid
substitutions per site. B) Genome organization, including RNA-dependent RNA polymerase (RdRp) genes. Open
Reading Frames (ORF) were predicted using ORFFINDER (https://www.ncbi.nlm.nih.gov/orffinder/).

151



Chapter 7. Highly divergent CRESS and picorna-like viruses associated with Ulva

A) &E YP009227124.1 Rosellinia necatrix megabirnavirus [fungus] Megabimaw

95

100

100 EE AOX47597.1 Pterostylis megabirnavirus-like [plant]

YP009143529.1 Sclerotinia sclerotiorum megabirnavirus 1 [fungus]
AYJ09269.1 Fusarium pseudograminearum megabirnavirus 1 [fungus]

AOX47584.1 Ceratobasidium megabirnavirus-like [fungus]

QTF98696.1 Rhizoctonia solani megabirnavirus 2 [fungus]

A Ulva ghabrivirus 1

100

100

100

93

100

95

100 ,_— BBZ90078.1 Diatom RNA virus 1 [alga]
YP009551333.1 Diatom colony associated dsRNA virus 16 [alga]
CAG77602.1 Amasya cherry disease chrysovirus [plant] Chrysoviridae

BCH36618.1 Aspergillus fumigatus chrysovirus [fungus] Alphachrysovirus

AJA37498.1 Persea americana chrysovirus [plant]

£|: QJW39304.1 Alternaria alternata chrysovirus 1 [fungus]

AXP19674.1 putative Colletotrichum fructicola chrysovirus 1 [fungus] Betachrysovirus

YP010088052.1 MAG Neofusicoccum parvum chrysovirus 1 [fungus]

BBZ90082.1 Pyropia suborbiculata totivirus 1 [red seaweed] Totiviridae

100 CCD33024.1 Aspergillus foetidus slow virus 1 [fungus]
92

AMQ11131.1 Beauveria bassiana victorivirus 1 [fungus] Victorivirus

AAK11656.1 Gremmeniella abietina RNA virus L1 [fungus]

100 APT68186.1 Leishmania RNA virus 1 [Euglenozoa]

Leishmaniavirus
QHW16216.1 Leishmania RNA virus 2 [Euglenozoa]

AKE98367.1 Trichomonas vaginalis virus 1 [Trichomonadida]

&:\1%24323.2 Trichomonas vaginalis virus 2 [Trichomonadida] Trichomonasvirus

QYV44575.1 Trichomonas vaginalis virus 3 [Trichomonadida]

YP009507833.1 Tuber aestivum virus 1 [fungus]

100

E AMB17476.1 Delisea pulchra totivirus IndA [red seaweed]
AMB17472.1 Delisea pulchra totivirus IndA [red seaweed]

YP007697651.1 Xanthophyllomyces dendrorhous virus L1A [fungus]

AMB17470.1 Delisea pulchra totivirus IndA [red seaweed]
AMB17473.1 Delisea pulchra totivirus IndA [red seaweed]
AMB17477.1 Delisea pulchra totivirus IndA [red seaweed]

100 YP005097975.1 Rosellinia necatrix quadrivirus 1 [fungus]

100

ﬂ‘: VCV25423.1 Leptosphaeria biglobosa quadrivirus 1 [fungu
UED37376.1 Thelonectria quadrivirus 1 [fungus]

100 |: WBU10533.1 llyonectria crassa alternavirus 1 [fungus] Alternaviridae
WB025917.1 Fusarium nanum alternavirus 1 [fungus]

BDQ13829.1 Diaporthe alternavirus 1 [fungus]

0.6

B)

nt1 nt 200

Ulva ghabrivirus 1

AAB01579.1 Giardia lamblia virus [Diplomonadida] Totiviridae
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FIGURE 7.08 Phylogeny and genome organization of Ulva ghabrivirus 1. A) Phylogenetic tree of the Ghabrivi-

rales based on the RdRp protein. The newly discovered Ulva ghabrivirus is highlighted in bold and indicated

with a triangle. Each viral sequence’s putative eukaryotic host (or sample habitat) is displayed in brackets. Max-

imum likelihood tree estimated using IQ-TREE with ultrafast bootstrap replicates (values <70 are not displayed).

The tree is mid-point rooted. Branch lengths are scaled according to the number of amino acid substitutions per

site. B) Genome organization, including the RNA-dependent RNA polymerase (RdRp) gene. The genomes of the

Ghabrivirales are segmented, it is therefore likely that the contig of Ulva ghabrivirus 1 only represents a partial

genome. Open Reading Frames (ORF) were predicted using ORFFINDER (https://www.ncbi.nlm.nih.gov/orffind-

er/).
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A) 85

NP660178.1 Saccharomyces narnavirus [fungus]

APG77180.1 Shahe narna-like virus 4 [arthropod] Narnaviridae
'YP009342440.1 Wuhan virus 18 [insect ]

APG77120.1 Hubei narna-like virus 16 [insect]
NP 660177.1 Saccharomyces narnavirus [fungus]
YP009552755.1 Blechomonas wendygibsoni narnavirus 1 [Euglenozoa]
YP009553634.1 Blechmonas luni narnavirus 1 [Euglenozoa]
'YP009337783.1 Hubei narna-like virus 15 [insect]
YP009552002.1 Blechomonas maslovi narnavirus 1 [Euglenozoa]
YP009272902.1 Fusarium poae narnavirus 1 [fungus]
APG77107.1 Changjiang narna-like virus 5 [crayfish]
9% APG76998.1 Beihai narna-like virus 25 [hermit crab]

YP009553011.1 Penicillium digitatum narna virus 1 [fungus]
APG77272.1 Wenling narna-like virus 6 [crustacean]
96 100

[ 'YP009272903.1 Fusarium poae narnavirus 2 [fungus]
b YP009333261.1 Beihai nama-like virus 23 [octopus ]
94 YI

100 P009333139.1 Beihai narna-like virus 22 [shrimp]
100

87

100 —‘j YP009241365.1 Phytophthora infestans RNA virus 4 [Oomycetes]
99 'YP009333179.1 Beihai virus 10 [barnacle]

YP009256557.1 Phytomonas serpens narnavirus 1 [Euglenozoa]

_’—:009553325.1 Leptomonas seymouri virus 1 [Euglenozoa]
YP009333140.1 Beihai narna-like virus 21 [crab]
88 'YP009333280.1 Beihai narna-like virus 20 [bivalve

00 1?_0(_— ACI03053.1 Cassava virus C [plant]
ACF16357.1 Epirus cherry virus [plant]
(- 'YP002019757.1 Ourmia melon virus [plant]

'YP009337805.1 Hubei narna-like virus 13 [insect]
95 100 0 AVD68674.2 Entoleuca ourmi

100 QDB75006.1 Acremonium sclerotigenum ourmia-like viru

QDB74999.1 Cladosporium cladosporioides ourmia-|
YP009552796.1 Diatom colony associated ssRNA virus 2 [alga]
YP009552787.1 Rhizophagus sp. RF1 mitovirus [fungus]
'YP009165597.2 Binucleate Rhizoctonia mitovirus K1 [fungus]
1 YP009249807.1 Rhizoctonia oryzae-sativae mitovirus 1 [fungus]
YP009551966.1 Rhizoctonia mitovirus 1 [fungus]
100 A Ulva mito-like virus 2
A Ulva mito-like virus 3
APG77166.1 Shahe narna-like virus 6 [Isoptera]
QOW97242.1 Mito-like babylonusvirus [Ostreobium sp.]
QOW97243.1 Mito-like albercanusvirus [Ostreobium sp.]
QOW97245.1 Mito-like bobnusvirus [Ostreobium sp.]
QOW97244.1 Mito-like laruketanusvirus [Ostreobium sp.]
QOW97240.1 Mito-like spartanusvirus [Ostreobium sp.]
QOW97241.1 Mito-like picolinusvirus [Ostreobium sp.]
QOW97239.1 Mito-like bionusvirus [Ostreobium sp.]
YP009333146.1 Beihai narna-like virus 26 [tunicate]
'YP009336749.1 Hubei narna-like virus 22 [leech]
YP009336767.1 Hubei narna-like virus 23 [leech]
YP009329842.1 Hubei narna-like virus 24 [insect]
AZG04294.1 Hymenoscyphus fraxineus mitovirus 1 [fungus]
AAR01970.1 Cryphonectria cubensis mitovirus 1a [fungus] Mitoviridae
YP009336622.1 Shahe narna-like virus 7 [Isoptera]
QCF24448.1 Entomophthora muscae mitovirus 4 [fungus]
AHX84130.1 Sclerotinia sclerotiorum mitovirus 5 [fungus]
NP 660180.1 Ophiostoma mitovirus 5 [fungus]
NP 660179.1 Ophiostoma mitovirus 4 [fungus]
NP 660181.1 Ophiostoma mitovirus 6 [fungus]
YP009336494.1 Hubei narna-like virus 25 [insect]
'YP009259369.1 Cronartium ribicola mitovirus 1 [fungus]
'YP009259487.1 Cronartium ribicola mitovirus 5 [fungus]
YP009259482.1 Cronartium ribicola mitovirus 3 [fungus]
'YP009259483.1 Cronartium ribicola mitovirus 4 [fungus]
QIR30242.1 Plasmopara viticola lesion associated mitovirus 19 [Oomycota]
A Ulva mitovirus 1
NP 660176.1 Ophiostoma mitovirus 3a [fungus]
'YP009182161.1 Botrytis cinerea mitovirus 3 [fungus]
'YP009272900.1 Fusarium poae mitovirus 3 [fungus]
YP004564622.1 Tuber aestivum mitovirus [fungus]

YP009553175.1 Gigaspora margarita mitovirus 1 [fungus]
0.5

100

95

100

B nt1 nt200  nt400  nt600  nt800  nt1000  nt1200  nt1400

nt 1600 nt 1800 nt 2000 nt 2200 nt 2400 nt 2600
Ulva mitovirus 1 —

RdRp -
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F
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FIGURE 7.09 Phylogeny and genome organization of Ulva mitoviruses and mito-like viruses. A) Phylogenetic
tree of the Narnaviridae, Botourmiaviridae, and Mitoviridae based on the RdRp protein. Newly discovered virus-
es from Ulva spp. are highlighted in bold and indicated with a triangle. Each viral sequence’s putative eukaryotic
host (or sample habitat) is displayed in brackets. Maximum likelihood tree estimated using IQ-TREE with ultra-
fast bootstrap replicates (values <70 are not displayed). The tree is mid-point rooted. Branch lengths are scaled
according to the number of amino acid substitutions per site. B) Genome organization, including RNA-depen-

dent RNA polymerase (RdRp) genes. Open Reading Frames (ORF) were predicted using ORFFINDER (https://
www.ncbi.nlm.nih.gov/orffinder/).
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A)
100 — YP009337113.1 Hubei tombus-like virus 28 [spider]

L YP009336934.1 Hubei tombus-like virus 29 [spider]
QOW97230.1 Tombus-like chagrupourvirus [Ostreobium sp.]
YP009336956.1 Hubei tombus-like virus 11 [pillworm]

89, YP009336735.1 Hubei tombus-like virus 12 [freshwater shellfish]
& YP009337777.1 Beihai tombus-like virus 5 [horseshoe crab]
AMQ67162.1 Providence virus [bat] Carmotetraviridae
YP009337688.1 Beihai tombus-like virus 7 [shrimp]
YP009336685.1 Hubei tombus-like virus 31 [shellfish]

% YP009336849.1 Beihai tombus-like virus 9 [octopus]
YP009336894.1 hypothetical protein 1 Beihai tombus-like virus 10 [octopus]
100 APG76574.1 Hubei tombus-like virus 15 [centipede]
— BBQO4483.1 Wenzhou tombus-like virus 11 [mosquito]
YP009337341.1 Changjiang tombus-like virus 17 [crayfish]
10953 YP009342259.1 Wenzhou tombus-like.virus 6 [snail] ' Luteovirus
L] YP008083724.1 Barley yellow dwarf virus kerll luteovirus [plant]
100 NP 840014.2 Barley yellow dwarf virus PAV luteovirus [plant]
100 YP009551922.1 Apple associated luteovirus [plant]
100 BBI41287.1 Carnation ringspot virus [plant] .
|: P22956.2 Red clover necrotic mosaic virus [plant] Regressovirinae
100 UBX89821.1 Carrot mottle mimic virus [plant]
100 100 AVL26134.1 Groundnut rosette virus [plant]
NP 733848.2 Tobacco bushy top virus [plant]

YP007517174.1 Furcraea necrotic streak virus [plant]

NP 044732.1 Galinsoga mosaic virus [plant] Procedovirinae
- YP009336751.1 Beihai tombus-like virus 1 [crab]

UEV87751.1 Calibrachoa mottle virus [plant]
"E BBM06283.1 Carnation mottle virus [plant]
ABB79925.1 Pelargonium flower break virus [plant]

88 AXQ01052 1 Jasmine mosaic-associated virus 2 [plant]
YP009116634.1 Elderberry latent virus [plant]
YP009337383.1 Changjiang tombus-like virus 6 [crayfish]
100 QWB49515.1 Carnation Italian ringspot virus [plant]
AXY96388.1 Moroccan pepper virus [plant]
4 YP009337432.1 Changjiang tombus-like virus 5 [crayfish]
QKI128846.1 Ginkgo biloba tombusvirus [plant]
—— A Ulva tombus-like virus 1
QDH87438.1 Riboviria sp. [grassland soil]
YP009337749.1 Hubei tombus-like virus 5 [Myriapoda]
YP009337737.1 Hubei tombus-like virus 6 [Myriapoda]
NP619751.1 Oat chlorotic stunt virus [plant]
100 — YP009408178.1 Lake Sinai virus 1 [insect]
L UDY81046.1 Lake Sinai virus 2 [insect]

96 100 Q96631.2 Black beetle virus [insect]
L‘:_—E Q992J0.1 Boolarra virus [insect]
100 NP_077730.1 Nodamura virus
98~ ABR23192.1 Atlantic cod nervous necrosis
100 |:ATC)37965.1 Redspotted grouper nervous
Q9QAZ8.1 Striped jack nervous necrosis Vi

les

Calvusvirinae

vira

i
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~

Sinhaliviridae

Nodamuvirales
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FIGURE 7.10 Phylogeny and genome organization of Ulva tombus-like virus 1. A) Phylogenetic tree of the Toli-
virales (Tombusviridae and Carmotetraviridae), and the Nodamuvirales based on the RdRp protein. The newly
discovered Ulva tombus-like virus is highlighted in bold and indicated with a triangle. Each viral sequence’s
putative eukaryotic host (or sample habitat) is displayed in brackets. Maximum likelihood tree estimated using
IQ-TREE with ultrafast bootstrap replicates (values <70 are not displayed). The tree is mid-point rooted. Branch
lengths are scaled according to the number of amino acid substitutions per site. B) Genome organization,
including RNA-dependent RNA polymerase (RdRp) genes. Open Reading Frames (ORF) were predicted using
ORFFINDER (https://www.ncbi.nlm.nih.gov/orffinder/).
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Mito-like ssSRNA(+) Viruses

Three viral contigs associated with Ulva were related to the Mitoviridae (Fig. 7.09A). Mitoviridae is currently the
only family recognised within the order Cryppavirales. Viruses of this family have small genomes of up to 3 kb
containing a single ORF encoding an RdRp gene (Thekke-Veetil et al. 2020). Mitoviridae have mostly been re-
ported from fungi, but to a lesser degree, have been found associated with insects (Le Lay et al. 2020, Ortiz-Baez
et al. 2021), algae (Charon et al. 2020), and plants (Chen et al. 2021). The contig size of the viruses sequenced in
this study varied between 2,200-2,539 bp, which is within the standard size ranges of viruses belonging to the
family Mitoviridae. All three viral sequences contained a single ORF encoding for the RdARp domain (pfam05919)
(Fig. 7.09B).

Ulva mitovirus 1 was positioned within a clade formed by the family Mitoviridae. This clade is dominated
by viruses infecting fungi. Ulva mito-like virus 2 and 3 were closely related to each other (42% RdRp similarity)
and seven mito-like viruses associated with the green microalga Ostreobium sp. (Ulvophyceae) (ranging from
25 to 45% similarity). This clade possibly represents a new genus within the family Mitoviridae or a new family

within the order Cryppavirales.

Tombus-like ss(+)RNA Viruses

One contig, Ulva tombus-like virus 1, exhibited similarity to members of the Tombusviridae (a plant-infecting
family of ssSRNA(+) viruses) and clustered within the subfamily Procedovirinae (Fig. 7.10A). Viral genomes of
members of the Tombusviridae range in size from 3.7-4.8 kb and contain 4-6 ORFs (Lommel et al. 2008). These
ORFs encode replication-associated proteins, movement proteins, and capsid proteins. Ulva tombus-like virus 1
was represented by a 3.7 kb contig that included 5 ORFs (Fig. 7.10B). The largest ORF encoded the RdRp gene.
The remaining 4 ORFs did not match with any reference protein sequences.

Ulva tombus-like virus 1 was most closely related to tombus-like viruses associated with grassland soil,
Myriapoda, and Oat chlorotic stunt virus (a plant pathogen). RARP amino acid similarity between Ulva tombus-
like virus 1 and the latter three viruses ranged from 22-43%, which is well below the species demarcation
criteria currently recognised within the different genera of the Tombusviridae by the ICTV (57-93%) (King et al.
2012a).

Picorna-like ss(+)RNA Viruses
Six Ulva-associated viruses were classified as belonging to the order Picornavirales. The Picornavirales is a
diverse order, currently containing nine families. Members of the Picornavirales are known to infect inverte-
brates (families Dicistroviridae, Iflaviridae, Polycipiviridae, Noraviridae, and Solinviviridae), vertebrates (family
Picornaviridae, Caliciviridae), plants (family Secoviridae), and algae (family Marnaviridae) (Lommel et al. 2008).
They also occur widely and abundant in environments such as oceans (Vlok et al. 2019), rivers (Zell et al. 2022),
and lakes (Yau and Seth-Pasricha 2019). Members of the Picornavirales have mono- or bipartite genomes
(7,000-12,500 nt) encoding at least one polyprotein. These polyproteins include a replication block with three
domains: a superfamily III helicase (Hel), a proteinase (Pro), and a superfamily I RdRp (Pol) (King et al. 2012b).
Ulva picorna-like virus 1 and 2 were related to each other and members of the Dicistroviridae (Fig. 7.11).
The closest relatives were Havel picorna-like virus 56 and Havel picorna-like virus 63 (both isolated from a
river), which belong to a Dicistro-like cluster 3 (Zell et al. 2022). For Ulva picorna-like virus 1 a near complete,
dicistronic genome was obtained, and for Ulva picorna-like virus 2 a partial genome, lacking the 3’end (Fig.

7.12A-B). Ulva picorna-like virus 2 likely has a dicistronic genome as well, containing two polyproteins.
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Ulva picorna-like virus 3 and 4 clustered within Dicistro-like cluster 4 (Zell et al. 2022), together with
Trichosanthes kirilowii picorna-like virus (closest relative), and several other unclassified Picornavirales mem-
bers associated with arthropods, snails, plants and bivalves (Fig. 7.11). The contig of Ulva picorna-like virus 3
represented an almost complete dicistronic genome, with polyprotein 1 encoding the nonstructural protein
and a polyprotein 2 encoding the capsid protein (Fig. 7.12C). Two capsid protein domains with similarity to the
¢d00205 protein family (rhv-like) including conserved amino acids of the drug-binding pocket, were identi-
fied by Pfam. This drug-binding pocket is conserved in the three major capsid proteins of all rhinoviruses and
enteroviruses, in the capsid proteins of almost all picornaviruses, and in many capsid proteins of picorna-like
viruses, making this a good indication of a jellyroll fold of a capsid protein. The putative helicase exhibited a
modified Walker A motif (GxxGxMKS). A proteinase domain was not detected using the PFAM conserved domain
search tool. However, there was a modified active site sequence (AxCG rather than GxCG). Ulva picorna-like
virus 4 likewise had a dicistronic genome containing 2 polyproteins (Fig. 7.12D). Both ORFs were separated by
only 90 nt, suggesting either an unknown type of internal ribosome entry site (IRES) or another mechanism of
translation initiation, e.g., transcription of subgenomic RNA.

Ulva picorna-like virus 5 was highly divergent (Fig. 7.11). The first ORF in the dicistronic genome en-
coded an exceptionally long polyprotein 1 (2,630 aa) with picorna-like helicase, proteinase, and polymerase
domains (Fig. 7.12E). The N-terminal (1,000 aa) shared no similarity to any known protein. Polyprotein 2 (781
aa) did not share similarity to known sequences either but is expected to encode capsid proteins.

Ulva picorna-like virus 6 clustered with several picorna-like viruses isolated from the Havel river (Zell et
al. 2022), and with other unclassified picorna-like viruses associated with crustaceans and insects (Fig. 7.11).
Ulva picorna-like virus 6 had a monocistronic genome encoding a single polyprotein (~2,600 aa) with N-termi-
nal nonstructural proteins (Hel-Prot-RdRp) and C-terminal capsid proteins (two rhv domains with drug binding

pockets identified by a conserved domain search) (Fig. 7.12F).
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MNB832456 Lycopersicon esculentum picorna-like virus [plant]

100 MZ443582 Nelson picorna-like virus 5 [insect]
100 KX580885 Washington bat picornavirus [bat]
100 MZ209790 Guiyang dicistro-like virus 2 [spider]

MT 138204 Riboviria sp. isolate cfe153shi03nc [bird]
MZ443608 Leuven picorna-like virus 5 [insect]
100 MN933877 Picornavirales sp. isolate rob114shi1 [bird]
100 MN933876 Picornavirales sp. isolate rfb198shi2 [bird]
MZ209702 Hangzhou dicistro-like virus 2 [insect]
100 OM®622271 Havel picorna-like virus 16 [freshwater]
|: OM622315 Havel picorna-like virus 60 [freshwater]
D14066 Sequivirus Parsnip yellow fleck virus [plant]
M95497 Waikavirus Rice tungro spherical virus [plant]
OM622258 Havel picorna-like virus 3 [freshwater]
OM622270 Havel picorna-like virus 15 [freshwater]
KX884313 Wenling picorna-like virus 6 [crustacean]
77 OM622321 Havel picorna-like virus 66 [freshwater]
99 KX884552 Changjiang picorna-like virus 15 [crustacean]
100 MN832468 Ginkgo biloba picorna-like virus strain pt112-upi-2-NY [plant]
KX884508 Beihai picorna-like virus 107 [octopus]
A Ulva picorna-like virus 6
92 OM®622276 cluster 2 Havel picorna-like virus 21 [freshwater]
ZOM622278 cluster 2 Havel picorna-like virus 23 [freshwater]

92

Secoviridae

OM®622347 cluster 2 Havel picorna-like virus 92 [freshwater]
MG210797 cluster 1 Halhan virus 1 [marine snail]
KX883413 Beihai picorna-like virus 84 [barnacle]
AF150629 Aparavirus Acute bee paralysis virus [insect] Dicistroviridae
MH310078 Hypsignathus monstrosus dicistrovirus [bat]

MN905999 Dicistroviridae sp. isolate wag171dic3 [bird]

AF218039 Cripavirus Cricket paralysis virus [insect]

MF189973 Caledonia beadlet anemone dicistro-like virus 2 [sea anemone]

KT873140 Goose faecal sample dicistrovirus [bird]

A Ulva picorna-like virus 1

A Ulva picorna-like virus 2

OM®622311 Havel picorna-like virus 56 [freshwater]

KX883663 Shahe picorna-like virus 11 [arthropod]

MT745991 Dicistroviridae sp. squirrel/UK/2011 [squirrel]

MN906001 Dicistroviridae sp. isolate wpk139dic02 [bird]

AF178440 Triatovirus Triatoma virus [insect] Dicistroviridae
A Ulva picorna-like virus 5

MK561969 Cragig virus 7 [bivalve]

KX884336 Wenzhou picorna-like virus 41 [snail]

KX883640 Shahe heteroptera virus 4 [arthropod]

MN832466 Ginkgo biloba picorna-like virus strain pt112-pil-2-NY [plant]

KX883650 Shahe picorna-like virus 12 [arthropod]
MNB832465 Trichosanthes kirilowii picorna-like virus [plant]
A Ulva picorna-like virus 3
A Ulva picorna-like virus 4
100 KX024775 Nylanderia fulva virus 1 [insect] : PR
N FJ528584 Solenopsis invicta virus 3 [insect] Solinviviridae
MK606538 Posavirus 4 isolate Ishi-Ya4/JPN/2017 [swine]
JF713720 Posavirus 1 isolate swine/USA/2010 [swine]
MK250903 Posavirus 3 isolate NP1 [swine]
JF713721 Posavirus 2 CH96 gp1/2010 [swine]
100 U76874 Vesivirus Vesicular exanthema of swine virus [swine]
100 X86560 Sapovirus Sapporo virus [human] Caliciviridae
p— M87661 Norovirus Norwalk virus [human]
100 X00871 Aphthovirus FMDV O1K [bovine] g 5o
M81861 Cardiovirus A1 EMCV-1 [murine] Picornaviridae
100 AB243297 Bacillarnavirus Rhizosolenia setigera RNA virus 01 [diatom]
81 EF198241 Sogarnavirus Marine RNA virus JP-A [seawater] Marnaviridae
AY33786 Marnavirus Heterosigma akashiwo RNA virus [Raphidophyceae]
100 MF041812 Sopolicivirus Lasius niger virus 1 [insect]
MF041813 Sopolycivirus Solenopsis invicta virus 2 [insect] iniviri
o8 KA182589 Chipolycivirus Chironomus riparius virus [insect] POIy e iviridae
KX883940 Hupolycivirus Hubei picorna-like virus 81 [insect]
AB000906 Iflaviridae Infectious flacherie virus [insect]
AY251269 Iflaviridae Varroa destructor virus 1 [insect]

81 KX883408 Beihai sipunculid worm virus 5 [spinculid worm]
100] KX884269 Hubei picorna-like virus 77 [insect]
100 MZ375209 Riboviria sp. isolate 6PT-RDRP-5 [lizard feces]
4 OM622348 Havel picorna-like virus 93 [freshwater]

100—— MF893254 Nora virus isolate Jap1 [insect] oA
L— GQ257737 Nora virus isolate Umea 2007 [insect] Noraviridae

98,

Iflaviridae

0.5

MG210799 cluster 2 Halhan virus 3 [marine snail] Dicistro-like cluster 2

Dicistro-like cluster 1

OM622318 Havel picorna-like virus 63 [freshwater] Dicistro-like cluster 3

KX884339 Wenzhou picorna-like virus 42 [snail] Dicistro-like cluster 4

FIGURE 7.11 Phylogeny of the Picornavirales based on the proteinase/polymerase gene region. Newly discov-

ered viruses from Ulva spp. are highlighted in bold. Each viral sequence’s putative eukaryotic host (or sample
habitat) is displayed in brackets. Maximum likelihood tree estimated using IQ-TREE with ultrafast bootstrap
replicates (values <70 are not displayed). The tree is mid-point rooted. Branch lengths are scaled according to

the number of amino acid substitutions per site.
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A) Ulva picorna-like virus 1
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1.4 Discussion

It is becoming increasingly clear that viruses are important components of microbial communities. Their role

in seaweed health and disease, however, remains poorly studied. We aimed to characterise the DNA and RNA
virosphere of the green seaweed Ulva. After analysing eight samples (originating from three different Ulva cul-
tures and a natural population), we identified 20 putative new and divergent viruses, of which the majority was
especially abundant in bleached Ulva specimens. However, it is important to remember that based on metag-
enomic data alone, it is not possible to establish whether these newly discovered viruses truly infect green

algae (i.e., the source of the sequences does not necessarily represent the actual host) (Cobbin et al. 2021). The
question, therefore, remains whether some of the newly identified viruses may have been associated with other
hosts, e.g., fungi or diatoms. While the cultures used in this study were not axenic, the overwhelming majority of
eukaryotic reads in our samples were assigned to the genus Ulva, making it likely that most of these 20 putative

new viruses indeed infect green seaweeds rather than associated eukaryotic microbes.

7.4.1 Comparing the Ulva virome to other seaweeds and microalgae

This study is the first attempt at characterising the virosphere of a green macroalga. Viromes of green microal-
gae have received considerably more attention than their larger counterparts, especially in relation to phyto-
plankton blooms. The impact of viral lysis on phytoplankton mortality can be tremendous (Fuhrman 1999),

and as most algal viruses have a specific host range, they effectively control bloom dynamics (Brussaard 2004).
Nucleocytoplasmic large DNA viruses, for example, are known to infect the green unicellular prasinophytes
Micromonas pusilla and Ostreococcus tauri (Derelle et al. 2008, Middelboe and Brussaard 2017), with interac-
tions being strongly affected by environmental factors. For instance, continuous light (24:0 light:dark) increased
the maximum virus production rate of prasinovirus MpoV-45T, and higher seawater temperature led to earlier
algal cell lysis (Piedade et al. 2018). Phycodnaviruses are also found in association with brown seaweeds,
including multiple species of kelp (Laminariales) (McKeown et al. 2017, 2018) and filamentous species (Ecto-
carpales) (Lanka et al. 1993, Miiller 1996, Van Etten et al. 2002). Overall, 40-100% of Ectocarpus individuals
and 35% of kelp individuals collected in Europe were found to be infected with phaeoviruses (McKeown et al.
2018), but their biological and ecological relevance is still unknown. Members of the Phycodnaviridae were

also present in a small proportion of reads in our dataset (in the bleached Ulva specimens) based on NCBI blast
results, but as these viruses contain relatively large genomes, we did not obtain (near) complete genome assem-
blies of the Phycodnaviridae members in this study.

Although research on microalgal virospheres has primarily focused on DNA viruses, recent studies have
also demonstrated a large diversity of algae-associated RNA viruses (Charon et al. 2020, 2021, Chiba et al.
2020). One of these studies included two Ulvophyceaen hosts, Kraftionema allantoideum and an Ostreobium sp.
(Charon et al. 2020). Similar to the Ulva virosphere, the viral communities of K. allantoideum and Ostreobium sp.
were rich in members of the Durnavirales. The Ulvophyceaen viruses formed two separate clades most closely
related to the Amalgaviridae and Hypoviridae. The virome of Ostreobium sp. also contained multiple mito-like
viruses closely related to the mito-like viruses found here in Ulva. Picornavirales were not found in Ostreobium
and Kraftionema cultures (Charon et al. 2020), but have been sequenced from non-green algae such as Delisea
pulchra (Rhodophyta) (Lachnit et al. 2016), Vaucheria litorea (Xanthophyceae), Symbiodinium sp. (Dinophyce-
ae), and Thalassiothrix antarctica (Bacillariophyta) (Charon et al. 2021). These picorna-like viruses, however,

all belonged to the family of the Marnaviridae (data not shown) and are, therefore, not closely related to the
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Picornavirales members found in the current study. Most viral genomes sequenced from algal hosts represent
putative new viruses, often belonging to unidentified families or even orders. We have likely only touched the

surface with regard to the diversity of algal viruses.

7.4.2 High viral load in bleached Ulva

The high number of viral reads in bleached Ulva specimens especially stands out. Only a handful of studies
have shown a link between viruses and diseases in seaweeds (Ward et al. 2020). Green-spot disease, the most
common disease in Korean Pyropia seaweed farms, is the only known red seaweed disease confirmed to be
caused by a virus (G. H. Kim et al. 2016). This chloroplast-infecting virus PyroV1 causes cellular lysis, resulting
in green spots on the purple-red seaweed tissue, eventually leading to lysis of the whole blade. Infection exper-
iments showed that PyroV1 could infect at least three Pyropia species (P. dentata, P. tenera and P. yezoensis),
but not more distantly related red seaweeds like Bostrychia tenuissima and Dasysiphonia chejuensis, displaying
host-specificity to a certain extent (G. H. Kim et al. 2016). Interestingly, the Pyropia species were only sus-
ceptible to infection throughout their gametophyte stage (during which they are blade-shaped), not in their
conchocelis phase (tetrasporophytic filamentous growths that are often shell-boring) (G. H. Kim et al. 2016).
The latent period (i.e., the time required for the disease to become visible in a newly infected host) was 36-54
hours, meaning the disease could spread quickly within aquaculture facilities. Seaweed aquaculture currently
represents 51.3% of the total marine and coastal aquaculture production (Chopin and Tacon 2021), and is still
growing worldwide (Duarte et al. 2021). As most crops are cultivated as monocultures, with a higher vulnerabil-
ity to disseminating diseases, virus detection may become increasingly important.

In brown seaweeds, CRESS DNA viruses were found to be associated in high abundance with bleached
phenotypes of the habitat-forming kelp Ecklonia radiata (Beattie et al. 2018). These ssDNA viruses belong to the
CRESSS5 clade, together with other marine-habitat viruses, such as crustaceans, sea anemones, and Ulva CRESS
DNA virus 2 from this study (Fig. 7.5). Our bleached Ulva specimens were associated with several CRESS DNA
viruses and picorna-like viruses that were not found, or only found in low abundance, in healthy specimens. The
highly abundant durnaviruses were also found in the natural, healthy population and are therefore not likely
to induce bleaching. It is possible that bleaching in Ulva is caused by one or a combination of the CRESS DNA
viruses or picorna-like viruses, possibly inducing cell lysis similarly to the chloroplast-infecting virus in Pyropia.
However, as the viruses were not isolated, an unequivocal link between a virus and the bleaching disease could
not be verified. Confirming such a link requires additional studies including the isolation of viruses and infec-
tion assays. Bleaching of the Ulva thalli may also have other causative agents (e.g., bacteria, fungi, abiotic stress),
simply allowing the proliferation of viruses in the already unhealthy seaweeds.

To our knowledge, diseases in green seaweeds — whether caused by bacteria, fungi, or viruses — have
not been reported. Bleaching in Ulva has however been observed in the bay of Marseille (Mediterranean Sea)
(Loret et al. 2020). Contrary to many other coastal areas, the bay of Marseille does not experience green tides
(i.e., mass accumulation events of unattached green seaweeds), despite high nutrient availability. When Ulva
was collected from Brittany (Atlantic coast of France where green tides frequently occur but no bleaching is ob-
served) and cultivated in Marseille seawater, bleaching was rapidly induced, with the thalli sometimes turning
white within one day. Bleaching coincided with the observation of virus-like particles in seawater, which led
Loret et al. (2020) to hypothesise that a marine virus prevents Ulva proliferation and green tides in the bay of
Marseille. Green tides also happen frequently in the Yellow Sea in China and are becoming a growing concern

(Ye et al. 2011). A recent study that characterised viral communities in seawater surrounding algal blooms in

161



Chapter 7. Highly divergent CRESS and picorna-like viruses associated with Ulva

the coastal waters of the Yellow Sea showed that viral richness and community composition changed through-
out the different phases of the green tide. For example, Phycodnaviridae — known to infect algal hosts — were
found to drastically increase during green tides and in the post-bloom phase, as did the proportion of lytic
viruses in general (Du et al. 2023). In addition, the viral communities were influenced by other environmental
parameters, such as total organic carbon, dissolved oxygen, nutrients, and chlorophyll a concentrations. The
above examples emphasise how little we know of seaweed viruses, while the effect of these viruses on ecosys-

tems and aquaculture could be tremendous.
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Notes

! Sequencing host-related viruses often proves challenging due to the prevalence of DNA from other organisms,
such as bacteria and the host itself. To address this, optimised DNA and RNA extraction methods are important
to get rid of the majority of bacteria while retaining viral particles. In this study, we used the NetoVIR protocol
(Conceigao-Neto et al. 2015). Conceigdo-Neto et al. (2015) tested the effect of various homogenisation, filtration,
and centrifugation methods, as well as the impact of chloroform treatment and random amplification on the
viral and bacterial communities obtained by sequencing. They found that homogenisation at 3,000 rpm led to
reduced viral particle loss compared to homogenisation at 5,000 rpm. Centrifugation for 3 minutes at 17,000xg
effectively reduced bacterial particles without significant loss of viral particles. Filtering with a 0.8 um PES filter

proved more efficient in removing bacteria than a 0.8 pm PC filter. Using smaller filter sizes (e.g., 0.45 pm or
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0.22 um) altered the abundance of larger viruses. A chloroform treatment likewise efficiently removed bacteria,
but also altered viral abundances and was therefore not advised to use. Finally, viral genetic material is often
present in low amounts, random amplification, despite introducing bias, is frequently necessary for adequate

detection.

Supplementary Figures

Ulva CRESS DNA virus 1
Ulva CRESS DNA virus 2
Ulva CRESS DNA virus 3
Ulva CRESS DNA virus 4
Ulva CRESS DNA virus 5
Ulva durnavirus 1

Ulva durnavirus 2

Ulva durnavirus 3

Ulva durnavirus 4

Ulva ghabrivirus 1

Ulva mitovirus 1

Ulva mito-like virus 2
Ulva mito-like virus 3
Ulva tombus-like virus 1
Ulva picorna-like virus 1
Ulva picorna-like virus 2
Ulva picorna-like virus 3
Ulva picorna-like virus 4
Ulva picorna-like virus 5

Ulva picorna-like virus 6

LA | tt"

.‘\

“ ¥ v

¢ « 2 T e ol
65536 4 : : - § L
“ - « i ST et O

/

Read abundance

16384

4096 Ulva fenestrata Ulva lacinulata Ulva australis Ulva australis
1024 Lab culture Aquaculture Aquaculture Natural population
256 Healthy Healthy Bleached Healthy

FIGURE S7.01 Heatmap showing normalized read number for the 20 putative new viruses associated with the

green seaweed Ulva. From each culture or site, 1-2 cm? tissue from two different individuals was sampled.

163



“Beneath our superficial differences we are all of us walking communities of bacteria. The world
shimmers, a pointillist landscape made of tiny living beings.”

— Lynn Margulis & Dorion Saga, in: ‘Microcosmos: Four Billion Years of Microbial Evolution’
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Chapter 8. Synthesis

Studying a seaweed unavoidably also involves studying its microbiome. Seaweeds and their associated micro-
organisms are inextricably connected, forming a dynamic entity that interacts with an equally dynamic envi-
ronment. This thesis presents a collection of studies on the microbial communities of the green seaweed Ulva

in relation to the environment, focusing on salinity as key environmental driver. To study the Ulva-microbial
dynamics, we combined taxonomic characterisations, functional profiling, whole-genome sequencing, and con-
trolled laboratory experiments. One of our main conclusions is that the environment strongly determines the
taxonomic and functional composition of bacterial communities, affecting the ability of bacteria to optimise host
performance. Below, we integrate and discuss the results from the individual research chapters in a broader

context, highlighting future perspectives.

8.1 Bacteria-mediated acclimation: what we can learn from Ulva's salinity
tolerance

The main objective of this thesis was to evaluate the response of the Ulva holobiont to environmental change
and investigate the potential role of bacteria in assisting the host’s acclimatisation to changing conditions. The
Atlantic-Baltic Sea salinity gradient provided an excellent environment to study this topic. The environmental
gradient extends over 2,000 km of distance and is established by a continuous influx of freshwater into the
innermost parts of the Baltic Sea, combined with limited exchange with North Sea water on the Atlantic end.
This results in a relatively stable gradient across a large geographical distance that is characterised by high
water retention time in the brackish central Baltic (Reusch et al. 2018). Ulva species are common in this area
and biodiversity is high, with more than 15 species occurring in sympatry (Steinhagen et al. 2023). In addition,
Ulva species are known for their tolerance to varying salinity conditions (Rybak 2018). Certain species, such as
U. intestinalis and U. linza, demonstrate higher salinity tolerance compared to other species, like U. fenestrata,
leading to distinct species distribution patterns across the Atlantic-Baltic Sea gradient. Consequently, salinity
can be considered a suitable environmental factor to study the acclimation of Ulva and its microbiome to the
environment.

Our results showed that the taxonomic composition of Ulva-associated bacterial communities strongly
correlated with salinity (Chapter 4; van der Loos et al.,, 2022). This is exemplified by the bacterial communities
in the vicinity of the Glomma river output (Norway), which were more similar to distant (>1,000 km away) low
saline sites in the Baltic Sea than to samples collected at neighbouring sites (20-50 km away) in the North Sea.
We also observed changes in the functional composition of the bacterial communities across the salinity gradi-
ent (Chapter 5). These included a range of functions that may impact host metabolism and functioning and are
likely involved in mitigating oxidative stress and maintaining cellular homeostasis. Finally, we created synthet-
ic bacterial communities representing typical low and high salinity consortia. We used these communities to
perform controlled salinity experiments with a low salinity treatment (5 PSU, corresponding to oligohaline and
horohaline conditions in the Baltic Sea) and a high salinity treatment (32 PSU, corresponding to euhaline condi-
tions in the North Sea). We found that certain bacteria increased Ulva fenestrata growth, but this effect was only
visible in low salinity conditions. Overall, if supplied with growth-enhancing bacteria, Ulva germling growth was
higher in low salinity conditions than in the high salinity treatment. This was surprising, considering that Ulva

fenestrata in its natural habitat is typically only found in euhaline and polyhaline conditions.
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So, what can we learn from Ulva’s tolerance to salinity? Even a species considered less tolerant to low
salinity levels, demonstrated high tolerance when transitioning from high to low salinity. This leads us to the
question whether low salinity indeed represented a stressor for the seaweed. While growth results alone sug-
gest that U. fenestrata is not stressed by low salinity, observed changes in morphology and tissue colour indicate
potential stress on other aspects of its biology. Unintentionally, we also introduced the effect of another stress-
or: the use of Ulva culture medium in one repetition of the salinity experiment. Although UCM has been opti-
mised for growth of Ulva mutabilis, it adversely affected Ulva fenestrata, causing very low growth rates in low
salinity conditions, even leading to thalli decimation in high salinity conditions. The three growth-promoting
strains enabled U. fenestrata to overcome UCM-induced stress in low salinity conditions. However, the provided
resilience did not extend to the high salinity treatment. Contrary to the hypothesis that the origin of bacteria
influences their effectiveness (i.e., bacteria collected from low salinity improving growth in the low salinity
treatment, and vice versa), strains collected from both low and high salinity localities showed the capacity to
enhance Ulva growth in low salinity conditions. Although bacteria can facilitate Ulva’s acclimation to the envi-
ronment, it appears that the environment determines their ability to affect host performance.

Our combined studies and experiments answered several important question in microbial ecology iden-
tified by Antwis et al. (2017), linked to the relative contribution of host-associated and environmental factors
determining community composition, the amount of functional redundancy across spatial scales, and how
microbial communities affect the phenotype of the host. To delve deeper into host-microbe-environment
interactions, additional laboratory experiments will be necessary. Future transcriptomic analyses, for example,
can indicate which genes are upregulated or downregulated under high and low salinity conditions in both
Ulva and the synthetic bacterial communities. Such analyses will provide insights into the mechanisms through
which growth-promoting bacteria work and how these mechanism are influenced by salinity. Furthermore, test-
ing repeated fluctuations between low and high salinity, in addition to the previous comparison between low
and high salinity conditions in Chapter 6, can provide valuable insight into short-term acclimation processes.

Finally, the concept of eco-evolutionary dynamics, which posits that ecology and evolution mutually influ-
ence each other and operate within similar time frames, offers a valuable framework for understanding how the
environment interacts with the host and the microbial communities (Hairston et al. 2005, Rodriguez-Verdugo et
al. 2017). Our results, for example, have highlighted distinct differences in the bacterial communities of closely
related hosts. Conducting controlled laboratory experiments with multiple Ulva species, including U. intestinalis
and U. linza which naturally occur across the entire salinity range, will provide a better understanding of how
the Ulva holobiont acclimates to salinity. Likewise, testing whether the beneficial bacterial strains identified in
this study evoke consistent growth-promoting effects across various Ulva genotypes and considering different
life stages (sporophytes and gametophytes) can provide additional insights into the interplay between host
genetic diversity and the microbiome. This approach may also explain some of the inter-individual variation
that we have observed in the current study. By taking into account eco-evo dynamics we may gain a deeper
understanding of why Ulva would benefit from outsourcing key abilities to develop, survive, and adapt to envi-

ronments to bacteria from an evolutionary perspective.
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8.2 Monitoring and utilising microbes in aquaculture

Ulva species are gaining increased attention for their potential in seaweed aquaculture (Bolton et al. 2016,
Steinhagen et al. 2021b), and microbes may significantly contribute to optimising the cultivation system. This
hypothesis is supported by the findings in this thesis, which demonstrated that cultivated Ulva harbours a
bacterial community that is distinct from its counterparts in natural ecosystems. Observations presented in
this thesis include, amongst others, a higher abundance of growth-promoting bacteria in aquaculture-derived
samples (Chapter 2; van der Loos et al.,, 2021), differences in bacterial communities associated with hatchlings
in the nursery stage compared to later cultivation stages (Chapter 3), the identification of the nursery environ-
ment as an important microbial source pool (Chapter 3), and the capability of specific bacteria to enhance Ulva
growth (Chapter 6). We therefore conclude that microbiome research can be applied in seaweed aquaculture in
two ways: 1) through continuous monitoring of microbial dynamics in aquaculture systems to identify
(un-)desirable changes, and 2) through microbiome engineering (i.e., the manipulation and modification of the

seaweed-associated microbial communities).

8.2.1 Developing rapid and cost-effective microbiome screening

Monitoring seaweed-associated microbial communities in a cultivation setting can aim to detect micro-
organisms that are favoured (e.g., microbes that promote seaweed growth or increase protein content) or unde-
sired (e.g., strains that are potentially pathogenic to the seaweed). Such a screening method has to be both rapid
and cost-effective. Several aspects have to be taken into consideration when developing a screening method,
including the sampling frequency, the number of replicates during each sampling occasion, the detection thresh-
old, and the required level of microbial identification. For instance, 16S rRNA-based sequencing techniques are
rapid and relatively cheap, but the resulting taxonomic identifications are typically restricted to genus or, at
most, species levels. Given that pathogenic and non-pathogenic strains can belong to the same species (Geor-
giades and Raoult 2011, Jung et al. 2017), certain applications may require strain-level identifications using
metagenomic sequencing.

A wide range of screening methods are available, and the choice of a specific method depends on the
detection objectives. In this thesis, we mainly focused on molecular techniques. In Chapter 2, we tested Oxford
Nanopore Technologies for 16S-based sequencing and subsequently applied it on a larger scale in Chapter 3 and
4. This long-read sequencing technique is continually evolving in terms of read accuracy and length, sequencing
speed, performance in complex genome regions, as well as the advancement of automated library preparation
methods and adaptive sequencing (De Meulenaere et al. 2023, MacKenzie and Argyropoulos 2023, Weilguny et
al. 2023). Consequently, whole-genome sequencing and metagenomic sequencing are becoming increasingly
accessible, as demonstrated in Chapter 6. Buytaers et al. (2021), for example, showed that a toxin-producing
Escherichia coli strain can be reliably detected in food samples within one hour of MinION metagenomic
sequencing or within five hours using the cheaper Flongle flow cell. Other viable screening methods include
flow cytometry (De Roy et al. 2012, Props et al. 2016) and MALDI-TOF MS (Ashfaq et al. 2022, Haider et al.
2023). Finally, in the context of introducing beneficial microbes to a closed cultivation setup, screening methods

can also verify the inoculation success.
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8.2.2 Microbiome engineering

The utilisation of microbes as alternative fertilisers has been extensively investigated in terrestrial agriculture
and is now starting to gain interest in seaweed cultivation as well. Within this thesis, we identified three bacteri-
al strains that had a positive effect on Ulva growth. To develop effective inoculants, it will be essential to conduct
screenings for additional beneficial microbes, particularly for different seaweed species commonly employed in
aquaculture.

In addition to screening for growth-promoting microbes, screening efforts should focus on beneficial
strains that protect the host against pathogens. For example, several strains have been identified that reduce
the risk of bleaching and disease in Saccharina japonica (Ma et al. 2023), Gracilaria vermiculophylla (]. Li et al.
2022b), and Pyropia yezoensis (Weng et al. 2024). Endophytic bacteria and fungi represent a relatively unex-
plored source of potentially bioactive strains, as demonstrated by Deutsch et al. (2021). They isolated 173
endophytes from 16 seaweed species, of which 88 strains exhibited inhibition of common aquaculture patho-
gens. Endophytic strains were also identified in Ulva, even though these species are only one to two cells thick,
and the feasibility of re-inoculating the endophytes was verified using a Green Fluorescent Protein reporter
gene (Deutsch et al. 2023).

Finally, seaweed-associated microbes could also protect other organisms from pathogens. An Ulva-
associated Phaeobacter strain, for example, reduced Vibrio-induced fish mortality within Integrated Multi-
Trophic Aquaculture Recirculation Systems (IMTA-RAS) (Pintado et al. 2023). This shows how microbiome
engineering can benefit multiple aquaculture purposes. Before we can effectively use microbiome engineering,
however, additional research is needed on a number of topics:

e What concentration of bacteria yields optimal performance?
Supplying an insufficient number of bacterial cells may fail to elicit the desired host response, while
an excessively high concentration could prove detrimental. The optimal concentration is likely strain
dependent (Mangmang et al. 2015), but is generally estimated to fall within the range of 105-10° cells/
mL (Bashan 1986, Loffredo et al. 2021). This topic closely links to the viability of upscaling to larger
aquaculture facilities. In Chapter 6, we investigated the effect of bacterial inoculants on Ulva growth
on a small cultivation scale (i.e., culture flasks with 17 mL medium). The bacterial concentration of the
individual strains varied from 105 cells/mL in the monocultures to ~8,300 cells/mL in the 12-species
communities. Interestingly, monocultures containing beneficial strains exhibited a larger effect on Ulva
growth than the 12-species communities (containing the same beneficial strains but in lower concen-
trations) when utilising UCM, but this was not the case for sterilised seawater. Evaluating the optimal
concentration in 10-100 L cultivation tanks will be essential for the upscaling process.

e [sit necessary to disturb the seaweed biofilm prior to inoculation?
This topic is closely connected to the question of how the addition of an inoculum influences the com-
position and dynamics of pre-existing communities. Competition in bacterial biofilms is high (Song
etal. 2023), and the pre-existing microbes may either collaborate with the inoculated bacteria or act
antagonistically (]. Li et al. 2022b). Multiple disruption methods have been used in prior research,
including antibiotic treatment and mechanic disruptions. In Chapter 6, for example, we used sonication
to facilitate strain colonisation of the inoculated microbiota. Various methods, including fluorescence
imaging and quantitative PCRs, are available to assess colonisation success. Fluorescence in situ hy-
bridization (FISH), for example, can be used to visualise the distribution of existing communities across
the seaweed tissue (Remus-Emsermann et al. 2014, Shi et al. 2020). Moreover, bacterial strains within

an inoculum can be genetically engineered to express different fluorescent protein markers, enabling
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mapping of spatial interaction patterns between inoculated strains and the host (Germaine et al. 2004,
Vergani et al. 2024). These methods can also serve to evaluate priority effects in complex communities,
which refer to the importance of order and timing of species arrival during community assembly in
shaping community structure (Svoboda et al. 2018, Debray et al. 2022).

e What factors promote stability of the introduced bacteria within the assembled community?
Our findings in Chapter 3 demonstrated the dynamic nature of the seaweed microbiome. In such
dynamic community assemblages, merely establishing colonisation of the host does not automatically
guarantee the persistence of introduced microbiota in the biofilm over time. To successfully manipu-
late a seaweed microbiome with lasting effects, it is crucial to evaluate the factors that can facilitate the
stability of the biofilm post-inoculation. Generally, stability in microbial communities is enhanced by
minimizing positive feedback and weakening ecological interactions (Coyte et al. 2015). High nutrient
concentrations, for example, have been shown to create stronger interactions between bacteria, leading
to decreased stability and loss of biodiversity, whereas low nutrient concentrations increased stability
and co-existence (Ratzke et al. 2020).

e When is the optimal time to introduce an inoculum?
Our results suggested that the introduction of bacteria had the most pronounced impact on germlings,
particularly under nursery conditions. Previous research on plants likewise indicated that inoculation
during early life stages yielded larger response (Bashan 1986, Sohn et al. 2003). Given that Ulva indi-
viduals do not inherit the microbiome from their parents through vertical transmission (Syukur et al.
2023), the benefits of inoculation may be realized as early as the gamete/zoospore phase. Re-
inoculation may also be necessary throughout the cultivation period.

e Which cellular and genetic mechanisms drive the beneficial effect of bacteria?
Although it is established that certain bacteria enhance seaweed growth, the underlying mechanisms
remain unknown. Microbes hold the potential to supply the host with essential vitamins and amino
acids, produce morphogens, or alter the dynamics of host-microbial interactions. However, our un-
derstanding of the genetic responses triggered in host cells by these microbial products is limited, and
confirming causative relationships proves challenging. To address this issue, genome-wide comparisons
can be used to identify complementarity between the host and selected microbial strains (Burgunter-
Delamare et al. 2020). Additionally, techniques such as isotope labelling and fluorescent probing, com-
bined with gene expression analyses, can confirm the uptake of bacterial-derived compounds by the
host and vice versa (Lawrence et al. 2018, Ferrier-Pages et al. 2021).

e What potential drawbacks and ethical considerations should be considered?
The potential benefits of microbial engineering are substantial, but microbiome engineering may also
have its drawbacks. Unintended consequences, including unpredictable changes in the microbial com-
munity and host functioning, may arise. Long-term effects are not fully understood, and microbes may
develop resistance or adapt to engineered interventions, potentially diminishing the effectiveness over
time. Extreme caution is necessary when non-native microbes could be introduced into the natural en-
vironment. It is recommended to prioritize working with native microbial strains and to apply microbi-
ome engineering solely in closed-systems, such as land-based cultivation or nursery conditions. Finally,
it is important to keep in mind that seaweed cultivation alone cannot and should not be the solution to
all our problems. While increasing the productivity and quality of seaweed crops offers many advan-
tages, these improvements should not come at the expense of ecosystem functioning. The holobiont

concept encourages us to adopt a holistic point of view — both at microscopic and macroscopic level.
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8.3 Perspectives beyond bacteria

It is without doubt that bacteria are essential to a thriving Ulva. With the strong focus on algal-bacterial
interactions, it is easy to forget that the seaweed microbiome encompasses a multitude of additional micro-
organisms. Seaweed-associated viruses, fungi, protozoa, oomycetes, and archaea are very diverse but remain
notably understudied. Many fundamental questions still need answering: what species of microbes are
associated with Ulva and seaweeds in general? To what extent do these microbes exhibit host specificity and
biogeography? Are there fluctuations in their abundance corresponding to seasons or environmental
conditions? Can we cultivate these as-yet-unidentified microorganisms? Acquiring such fundamental
knowledge is imperative before we can explore their role in seaweed symbioses and assess how they affect

seaweed physiology and ecology.

8.3.1Viruses

In Chapter 7 (van der Loos et al. 2023), we presented a first characterisation of the Ulva virome. Although based
on a limited number of samples derived from Ulva culture collections and natural ecosystem, we identified
20 putative new and divergent viruses. The majority of these novel viruses belonged to undescribed families,
showing that we have only uncovered the tip of the iceberg regarding seaweed-associated viral biodiversity in
marine systems. If anything, our results highlighted the significant gaps in our understanding of the diversity
and ecology of seaweed viruses, particularly in the context of their symbiotic relationship with the algal host.
Our analyses focused on viruses possibly infecting the algal host — especially in relation to the bleached
phenotype of an Ulva australis culture — but our dataset also included over 3.6 million reads assigned to bacte-
riophages. These viruses specifically target and kill bacteria and are likely the most abundant entities on earth
(Duckworth 1976, Clokie et al. 2011). We assembled 37 near-complete (>90%) bacteriophage genomes asso-
ciated with the Ulva biofilm, adding another layer of complexity to Ulva-bacterial interactions. Phage species
often infect a small range of bacterial strains and the identified bacteriophages in our dataset included multiple
phages specifically infecting, amongst others, Alteromonas, Cellulophaga, Loktanella, Nonlabens, Polaribacter,
Roseobacter, Roseovarius, Ruegeria, and Sulfitobacter. The bacteria that are infected by these phages are well-
known symbiotic partners of the Ulva biofilm and some play a pivotal role in Ulva growth and morphogenesis.
The interactions between phages and bacteria within biofilms are complex and diverse. Phages are not
merely killing machines of bacteria, but can also promote biofilm formation and establish symbiotic
relationships (Pires et al. 2021). The induction of prophages into the lytic cycle has, for example, been found
to stimulate the release of biofilm-promoting molecules by bacteria (Carrolo et al. 2010, Godeke et al. 2011).
Furthermore, phages serve as sources of genetic innovation by encoding accessory genes and act as vectors
of horizontal gene transfer (Wendling 2023). They can exert selective pressure and drive rapid mutation in
bacteria (Ferndndez et al. 2018). In addition, virulent phages play a role in suppressing the most common bac-
teria, thereby maintaining bacterial diversity. Through these mechanisms, phages can shape the taxonomic and
functional composition of bacterial communities (Chevallereau et al. 2022). Higher order interactions, wherein
phages affect the nature of the interaction between bacteria and the seaweed host, may play a more important
role in the seaweed holobiont than we currently know. The intricate relationships between phages, bacteria,

and seaweed in biofilms offer a wide-open road and unexplored terrain for further exploration and discovery.

172



Chapter 8. Synthesis

8.3.2 Fungi and oomycetes

Fungi and oomycetes are predominantly known for their parasitic roles in seaweed microbiomes. The fun-

gal endophytes Haloguignardia and Massarina, for example, induce gall formation in brown algae (Apt 1988,
Harvey and Goff 2010) and oomycetes of the genus Pythium are notorious for causing red rot disease in the
commercially important red algae Porphyra and Pyropia (Park et al. 2000). A single Pythium strain has been
isolated from a filamentous Ulva in the Oslo fjord in Norway and was shown to infect U. intestinalis at a salinity
of 0, 15 and 30 PSU. While the infection did not progress beyond two weeks at salinity levels of 15 and 30 PSU,
the mycelium completely killed its host at 0 PSU (Herrero et al. 2020). It is unknown whether the Pythium strain
can also infect foliose Ulva species and whether this could affect their distribution at lower salinity.

To date, only a handful of fungi have been isolated from Ulva tissue, including Neptunomuces aureus
(Gongalves et al. 2019, 2020) and Ascochyta salicorniae (Osterhage et al. 2000), but these have not been linked
to diseases or changes in morphology. An exception is the fungal symbiont Turgidosculum ulvae, which causes
the formation of dark spots in Blidingia minima (a species closely related to the genus Ulva and morphologically
very similar) (Kohlmeyer and Volkmann-Kohlmeyer 2003). Interestingly, the symbiosis with this fungus ap-
pears to benefit the host by significantly reducing grazing pressure from predatory gastropods, illustrating that
algal-fungal interactions can be mutualistic as well (Cubit 1975).

Novel interactions between fungi and seaweeds continue to be discovered. Seaweed-isolated fungi have,
for example, demonstrated the capacity to degrade algal polymers (Patyshakuliyeva et al. 2019). Our functional
profile results (Chapter 5) revealed that an Ulva-associated bacterial community is characterised by its ability to
degrade the host’s cell walls. This principle might extend to the mycobiota of seaweeds. Furthermore, sequenc-
ing results have indicated that the fungal diversity associated with Ulva is very high (Agusman and Danging
2017), with many of these fungi exhibiting inhibitory effects on bacterial growth (Rahaweman et al. 2016, Par-
thasarathy et al. 2020). Similar to viruses, fungi and oomycetes are likely to influence Ulva-bacterial dynamics

as well directly impact the seaweed host.

8.3.3 Moving forwards with friends and foes

The recent rapid advances in (meta)genomic and (meta)transcriptomic research have significantly improved
our understanding of the abundance and taxonomic diversity of microorganisms associated with a range of
eukaryotic hosts (Gibb et al. 2021, Nelson et al. 2021). While exploratory and descriptive studies are of great
importance for uncovering unexplored microorganisms on a large scale, the nature of such datasets does not
allow the establishment of causal relationships. In seaweed-microbial research, bacteria stand out as an excep-
tion having progressed to controlled laboratory experiments, while research on other groups of microorganisms
remains predominantly in the descriptive stage. To transition from addressing the question of ‘who is there?’

to ‘what role do they play in seaweed ecology?, we need to move beyond descriptive studies. This will require
the isolation of many microorganisms, the establishment of culture collections, and the assignment of biological
reference material to newly described species (Nissimov et al. 2022). Such efforts are particularly important in
the context of algal diseases, which are expected to become more prevalent in the future with growing aquacul-
ture and environmental change (Gachon et al. 2010, Murta et al. 2023). Future research should therefore also
study how the seaweed host reacts to a (pathogenic) infection from a molecular point of view (e.g., focusing on
the signalling pathways that are activated upon infection and throughout the disease). It is clear that a wealth
of seaweed-associated microorganisms and symbiotic relationships remain to be discovered, if we look beyond

bacteria.
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8.4 Future perspectives: the seaweed holobiont in a changing ocean

This PhD thesis focused on the interactions between the seaweed holobiont and its environment, emphasising
the role of salinity. Salinity, however, represents only one of many environmental parameters influencing the
seaweed holobiont. Rising seawater temperatures, ocean acidification, oxygen depletion, increased frequen-

cy of green tides, eutrophication: anthropogenically induced stressors are anticipated to expose the seaweed
holobiont to an array of climate changes in the near future. The manner in which a changing ocean will lead to
alterations in the seaweed holobiont — along with subsequent cascading effects on the ecosystem — largely
remains an unanswered question. This uncertainty leads to many additional questions with respect to resilience
of microbial communities in the face of ecosystem disturbances and whether microbial communities can be
used for restoration purposes.

To answer these questions, we need to progress beyond mere correlations and work towards establish-
ing causative relationships and developing predictive models that advance our understanding of holobiont
dynamics (Antwis et al. 2017). Achieving this goal will require the integration of -omics data output,
including metagenomics, transcriptomics, metabolomics, and proteomics (Khan et al. 2023, Lin 2023). More-
over, new techniques in microbiome research are continually developed. Examples of the last years include
spatial metatranscriptomics (Minton 2023), single cell analysis (Sharma and Thaiss 2020), genome engineering
and genetic manipulation (Blomme et al. 2021, Chen et al. 2023), and protein sequencing (Wang et al. 2023).
These emerging platforms will provide a robust toolkit to unravel the complex facets of host-microbiome

research in the context of climate change.
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Summary

Seaweeds live together in symbiosis with numerous microorganisms, including bacteria, fungi, and viruses.
These microorganisms are essential to the life and functioning of seaweeds. In this PhD thesis, we studied green
seaweeds of the genus Ulva, who depend on their bacterial symbionts for normal morphological development
and growth. The general objective was to investigate how the Ulva holobiont — a collective entity of host and
associated microbes — reacts to environmental change. We focused in particular on salinity as key environmen-
tal parameter in the Baltic Sea area in northern Europe, where more than 15 Ulva species occur in sympatry
along a natural salinity gradient. In six research chapters, we explored the dynamics of microbial communities
associated with Ulva in both natural populations and aquaculture facilities.

Chapter 2 introduces a long-read Oxford Nanopore sequencing workflow to analyse bacterial commu-
nities based on full-length 16S rRNA gene sequences. Ulva-associated bacterial communities were distinctly
different from the communities found in seawater and sediment. In addition, the Ulva microbiome exhibited
higher variability across the various sites compared to environmental samples. Samples associated with cul-
tivated Ulva in particular demonstrated high relative abundances of known growth-promoting bacteria. The
workflow implemented in our study enables the generation of results within 24 hours and is a promising tool
for rapid microbial surveys in aquaculture applications.

Chapter 3 delves further into the comparison of bacterial communities associated with cultivated Ulva
and natural Ulva populations. We monitored seasonal and successional fluctuations over an eleven-month
period in land-based tanks and offshore seafarms, covering all aquaculture stages from the nursery phase
through outplanting in the field up to the harvest. Our findings revealed a highly dynamic Ulva microbiome,
with bacterial composition undergoing rapid transformation following outplanting, showing significant differ-
ences from nursery samples within just seven days. During the Ulva hatchling phase, the microbiome composi-
tion was more influenced by nursery conditions than host specificity, indicating the crucial role of the nursery
environment as a microbial source pool. This suggests that Ulva hatchlings are susceptible to newly introduced
microbes, emphasizing the potential for microbiota manipulation during nursery conditions.

Chapter 4 presents a comprehensive taxonomic characterization of bacterial communities spanning 15
Ulva species along a 2,000 km environmental gradient in the Baltic Sea, encompassing a total of 481 samples.
Salinity was the main driver of bacterial community composition, with the most significant shift occurring in the
horohalinicum (the transition zone from freshwater to marine conditions). Additionally, we observed secondary
host-specific effects. Collectively, salinity and host factors accounted for between 34% and 91% of the variation
in the abundance of the different bacterial genera. Our results contradict earlier statements that Ulva-associated
bacterial communities are largely stochastically defined.

Chapter 5 expands our focus beyond taxonomic composition to encompass the functional potential of
Ulva-associated bacterial communities along the Atlantic-Baltic Sea salinity gradient. Through the analysis of
639 metagenome-assembled genomes, we uncovered a widespread potential for carbon, sulphur, nitrogen, and
vitamin metabolism, including the biosynthesis of amino acids and vitamin B. While the taxonomic turnover
within bacterial communities was substantial, functional turnover was comparatively lower, indicating func-
tional stability. However, we also identified changes in the functional profile across the environmental gradient
that likely contribute to oxidative stress mitigation, cellular osmotic homeostasis, and membrane stabilization
in response to salinity variations. We therefore hypothesised that characteristic bacterial communities associat-

ed with distinct salinity regions may facilitate the host’s acclimation across the environmental gradient.
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Chapter 6 investigates the effect of introducing bacterial inoculants, originating from either low or high
salinity areas, on the growth of Ulva fenestrata under two different salinity treatments (low versus high salin-
ity). Our results showed that Ulva growth increased 74-120% with the addition of an Aquipuribacter strain
(originally isolated from low salinity), a Maribacter, or a Zobellia strain (both isolated from high salinity), in
comparison to the effects observed with the other 21 tested strains. Importantly, this growth-enhancing effect
was specific to germling cultures under low salinity conditions. These findings highlight the significance of
life-history phases and environmental conditions in comprehending the dynamics of the seaweed holobiont.

Chapter 7 provides the first characterisation of Ulva-associated viral communities. We identified 20 puta-
tive novel viruses that were highly divergent, belonging to the Circular Rep-Encoding Single-Stranded (CRESS)
DNA viruses, Durnavirales (double-stranded RNA viruses), Ghabrivirales (dsRNA), Mitoviridae (single-stranded
RNA), Tombusviridae (ssRNA), and Picornavirales (ssRNA). The CRESS DNA viruses and picorna-like viruses
were particularly abundant in bleached Ulva specimens and nearly absent from healthy individuals. While these
viruses could be implicated in the bleaching of Ulva, it is also plausible that the bleaching may result from stress,
thereby facilitating the proliferation of viruses. This study underscores the gaps in our understanding of the
diversity and ecology of seaweed viruses, particularly within the context of algal diseases.

Altogether, our findings indicate that (i) the Ulva microbiome is highly dynamic and harbours a largely
unexplored biodiversity, (ii) the bacterial community composition is primarily determined by the environment
and secondarily by host, and (iii) although bacteria can facilitate Ulva’s acclimation to the environment, the
environment itself determines their ability to affect host performance. In summary, our studies underscore the
intricate interplay between the Ulva microbiome, environmental factors, and host dynamics, shedding light on

the complex relationships that govern the acclimation and performance of Ulva in an ecological context.

193



Samenvatting

Zeewieren leven samen in symbiose met talloze micro-organismen, waaronder bacterién, schimmels en virus-
sen. Deze micro-organismen zijn essentieel voor het leven en functioneren van zeewieren. In dit proefschrift
bestudeerden we groene zeewieren van het geslacht Ulva. Deze zeewieren zijn afhankelijk van hun bacteriéle
symbionten voor normale morfologische ontwikkeling en groei. Het doel van dit proefschrift was om te onder-
zoeken hoe het Ulva holobiont — een collectieve entiteit van gastheer en geassocieerde microben — reageert
op veranderingen in het milieu. We richtten ons met name op het zoutgehalte als een belangrijke omgevingspa-
rameter in het Oostzeegebied in Noord-Europa, waar meer dan 15 Ulva-soorten samen voorkomen langs een
natuurlijke saliniteitsgradiént. In zes onderzoeks-hoofdstukken onderzochten we de dynamiek van microbiéle
gemeenschappen geassocieerd met Ulva, zowel in natuurlijke populaties als in aquacultuurfaciliteiten.

Hoofdstuk 2 introduceert een Oxford Nanopore sequencing-workflow om bacteriéle gemeenschappen
te analyseren op basis van volledige 16S rRNA-gensequenties. Ulva-geassocieerde bacteriéle gemeenschappen
verschilden duidelijk van de gemeenschappen in zeewater en sediment. Bovendien vertoonden de gemeen-
schappen op Ulva hogere variabiliteit tussen de verschillende locaties in vergelijking met omgevingsmonsters.
Met name monsters van gekweekte Ulva bevatten groeibevorderende bacterién in hoge dichtheden. De work-
flow toegepast in onze studie maakt het generen van resultaten binnen 24 uur mogelijk en is een veelbelovende
techniek voor snelle microbiéle inventarisatie in aquacultuurtoepassingen.

Hoofdstuk 3 duikt dieper in op de vergelijking van bacteriéle gemeenschappen geassocieerd met
gekweekte en natuurlijke Ulva-populaties. We volgden seizoens- en successiefluctuaties gedurende een periode
van elf maanden in onshore en offshore kwekerijen. Deze periode omvatte de gehele aquacultuurcyclus, van de
‘kraamkamerfase’ en het uitplanten in het veld tot aan de oogst. De resultaten toonden dat het Ulva microbioom
zeer dynamisch is; de bacteriéle samenstelling van de kiemplantjes veranderde na het uitplanten in het veld
significant binnen slechts zeven dagen. Tijdens de kraamkamerfase werd de microbiéle samenstelling meer
beinvloed door omstandigheden tijdens de kweek dan door de specifieke soort van de gastheer. Dit suggereert
dat Ulva kiemplantjes met name tijdens de kraamkamerfase nog vatbaar zijn voor nieuw geintroduceerde mi-
croben, waardoor de kraamkamer een ideale gelegenheid biedt voor het manipuleren van het microbioom.

Hoofdstuk 4 geeft een uitgebreide taxonomische karakterisering van bacteriéle gemeenschappen in 481
monsters, verzameld op 15 Ulva-soorten langs een 2,000 km milieu-gradiént in de Oostzee. Het zoutgehalte
was de belangrijkste bepalende factor in de samenstelling van bacteriéle gemeenschappen. De meest signifi-
cante verschuiving vond plaats in het horohalinicum (de overgangszone van zoetwater naar mariene omstan-
digheden). Daarnaast observeerden we gastheer-specifieke effecten. Gezamenlijk verklaarden zoutgehalte
en gastheer-factoren tussen de 34% en 91% van de variatie in de abundantie van de bacteriéle genera. Onze
resultaten spreken eerdere beweringen tegen dat Ulva-geassocieerde bacteriéle gemeenschappen grotendeels
stochastisch zijn gedefinieerd.

Hoofdstuk 5 verbreedt de focus van taxonomische samenstelling naar het functionele potentieel van
Ulva-geassocieerde bacteriéle gemeenschappen langs de Oostzee saliniteitsgradiént. Een analyse van 639
metagenoom-geassembleerde bacteriéle genomen toonde een wijdverbreid potentieel voor koolstof-, zwavel-,
stikstof-, en vitamine metabolisme, inclusief de biosynthese van aminozuren en vitamine B. Hoewel de
taxonomische samenstelling van bacteriéle gemeenschappen snel veranderde over de saliniteitsgradiént, was
er een hoge mate van functionele stabiliteit. Desondanks identificeerden we veranderingen in het functionele

profiel langs de omgevingsgradiént die bijdragen aan de verlichting van oxidatieve stress, cellulaire osmotische
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homeostase, en membraanstabilisatie als reactie op zoutgehaltevariaties. Wij hypothetiseerden daarom dat
kenmerkende bacteriéle gemeenschappen geassocieerd met specifieke zoutgehaltegebieden de acclimatisatie
van de gastheer aan de omgeving kunnen faciliteren.

Hoofdstuk 6 onderzoekt het effect van het introduceren van bacteriéle inoculanten, afkomstig uit gebie-
den met lage versus hoge zoutgehaltes, op de groei van Ulva fenestrata onder twee verschillende zoutgehaltes
(lage versus hoge saliniteit). Onze resultaten toonden aan dat Ulva-groei met 74-120% toenam na toevoeging
van een Aquipuribacter stam (oorspronkelijk geisoleerd uit een gebied met laag zoutgehalte), een Maribacter, of
een Zobellia stam (beide geisoleerd uit hoog zoutgehalte), vergeleken met de effecten van de andere 21 geteste
stammen. Belangrijk was dat dit groeibevorderende effect enkel waargenomen werd in de juveniele fase onder
lage saliniteitcondities. Deze bevindingen benadrukken dat het belangrijk is om rekening te houden met levens-
fase en omgevingsparameters als we de dynamiek van het zeewier-holobiont willen begrijpen.

Hoofdstuk 7 presenteert de eerste karakterisering van Ulva-geassocieerde virale gemeenschappen. We
identificeerden 20 potentieel nieuwe en zeer verschillende virussen die behoren tot de Circular Rep-Encoding
Single-Stranded (CRESS) DNA-virussen, Durnavirales (dubbelstrengs RNA-virussen), Ghabrivirales (AsRNA),
Mitoviridae (enkelstrengs RNA-virussen), Tombusviridae (ssRNA), en Picornavirales (ssRNA). De CRESS DNA-
virussen en picorna-achtige virussen waren met name talrijk aanwezig in verbleekte Ulva thalli en vrijwel
afwezig in gezonde individuen. Hoewel deze virussen betrokken zouden kunnen zijn bij het verbleken van Ulva,
is het ook plausibel dat het verbleken het gevolg kan zijn van stress, waardoor virussen de kans krijgen sterk te
prolifereren. Deze studie benadrukt het kennis-gat in ons begrip van de diversiteit en ecologie van zeewier-
virussen, met name in de context van algenziekten.

De resultaten in dit proefschrift tonen aan dat (i) het Ulva microbioom zeer dynamisch is en een nog
grotendeels onontdekte biodiversiteit herbergt, (ii) de samenstelling van de bacteriéle gemeenschap primair
wordt bepaald door het milieu en secundair door de gastheer, en (iii) hoewel bacterién de acclimatisatie van
Ulva aan de omgeving kunnen faciliteren, de omgeving zelf ook grote impact heeft op het vermogen van bacte-
rién om de fysiologie van de gastheer te beinvloeden. Samengevat benadrukt ons onderzoek de gecompliceerde
wisselwerking tussen de Ulva gastheer, geassocieerde microbiota, en omgevingsfactoren, en dragen onze resul-
taten bij aan het begrip van de complexe relaties die de acclimatisatie en prestaties van Ulva beinvloeden in een

ecologische context.
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"'K wou nog iets zeggen
Maar ik weet niet meer
Dan was het zeker niks"

- Spinvis, in: Ik wil alleen maar zwemmen
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