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Abstract

1. Abstract

A significant fraction of the decaying algal biomass in marine ecosystems is expected to be
mineralized by particle-associated (PA) heterotrophic bacterial communities, which are thus
greatly contributing to large-scale carbon fluxes. Whilst numerous studies have investigated
the succession of free-living (FL) marine bacteria, the community structure and functionality of
PA bacterial communities remained largely unexplored and knowledge on specific
contributions of these microorganisms to carbon cycling is still surprisingly limited. This has
mostly been due to technical problems, i.e., caused by the enormous complexity of marine
particles and the high abundance of eukaryotic microorganisms within these particles. This
thesis presents (a) an optimized metaproteomics protocol for an in-depth characterization of
marine PA bacteria, (b) an application example with FL and PA communities sampled during
a spring phytoplankton bloom in 2009 in the North Sea, which confirmed the reliability of the
optimized metaproteomic workflow, (c) the metaproteomic analysis of particulate communities
sampled during a spring phytoplankton bloom in 2018, resulting in an as yet unprecedented
number of identified protein groups of the bacterial response bloom and (d) a proteomic
analysis of a PA bacterial isolate grown on the two naturally abundant marine polysaccharides
laminarin and alginate. The observed succession of bacterial clades during metaproteomic
analyses of the investigated blooms highlights individual niche occupations, also visible on
genus level. Additionally, functional data shows evidence for the degradation of different
marine polysaccharides e.g., laminarin, alginate and xylan supporting the important role of PA
bacteria during the turnover of oceanic organic matter. Furthermore, most of the identified
functions fit well with the current understanding of the ecology of an algal- or surface-
associated microbial community, additionally highlighting the importance of phytoplankton-
bacterial interactions in the oceans. More detailed insights into the metabolism of PA bacteria
were gained by the proteomic characterization of a selected PA bacterial isolate grown on
laminarin and alginate. Functional analyses of the identified proteins suggested that PA
bacteria employ more diverse degradation systems partially different from the strategies used

by FL bacteria.



Zusammenfassung

2. Zusammenfassung

Ein signifikanter Teil zerfallender Algen-Biomasse im marinen Okosystem wird von Partikel-
assoziierten (PA) heterotrophen bakteriellen Gemeinschaften mineralisiert, welche dadurch
einen wichtigen Beitrag zum marinen Kohlenstoff-Kreislauf leisten. Wahrend zahlreiche
Studien die Sukzession von frei-lebenden (FL) marinen Bakterien untersucht haben, ist die
Struktur von PA Gemeinschaften und deren Funktionalitat groRtenteils unentdeckt und das
Wissen uber ihren spezifischen Beitrag zum Kohlenstoff-Kreislauf tiberraschend gering. Das
liegt vor allem an technischen Problemen, wie der enormen Komplexitat mariner Partikel und
der hohen Abundanz eukaryotischer Mikroorganismen innerhalb dieser Partikel. Diese
Dissertation beinhaltet (a) ein optimiertes Protokoll fiir die metaproteomische Analyse von
marinen PA Gemeinschaften, (b) ein Anwendungsbeispiel mit Proben von FL und PA
Gemeinschaften einer Frihjarsalgenblite im Jahr 2009, das die Verlasslichkeit des
optimierten metaproteomischen Protokolls bestétigte, (c) die metaproteomische Analyse PA
Gemeinschaften einer Frihjahrsalgenblite im Jahr 2018, die zu einer bis jetzt beispiellos
hohen Zahl identifizierter Proteingruppen fiihrte, und (d) die proteomische Analyse eines PA
Isolats, das auf zwei in der Natur abundanten Polysacchariden, Laminarin und Alginat, wuchs.
Die beobachtete taxonomische Sukzession bakterieller Gruppen, ebenfalls sichtbar auf
Genus-Level, hebt deren individuelle Anpassung an verschiedene Nischen im marinen Raum
hervor. Zusatzlich gaben die funktionellen Daten Hinweise auf die Degradation verschiedener
mariner Polysaccharide, wie Laminarin, Alginat und Xylan. Dies unterstreicht die wichtige Rolle
von PA Bakterien innerhalb der Umsetzung organischer Materie. Au3erdem unterstitzten die
meisten Funktionen der identifizierten Proteingruppen das aktuellen Verstandnis der Okologie
von Algen- oder Oberflachen-assoziierten mikrobiellen Gemeinschaften. Diese Ergebnisse
heben zusatzlich die Wichtigkeit von Interaktionen zwischen Algen und PA Bakterien in den
Ozeanen hervor. Detailliertere Einblicke in den Metabolismus von PA Bakterien konnten durch
die proteomische Analyse eines PA Isolats gewonnen werden. Die Ergebnisse dieser Analyse
gaben Hinweise darauf, dass PA Bakterien diverse Degradationssysteme verwenden, die sich

teilweise von denen der FL Bakterien unterscheiden.

-2-
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3. Introduction

3.1. Marine carbon cycle

Key processes of the marine carbon cycle include among others the conversion of inorganic
carbon (e.g. CO,) to organic carbon during photosynthesis of phytoplankton, the subsequent
release of dissolved organic matter (DOM) and particulate organic matter (POM) from
phytoplankton, the consumption of phytoplankton biomass by zooplankton grazers as well as
the microbial loop (3.1.1) (Buchan et al. 2014). Heterotrophic bacteria also contribute to the
remineralization of organic nutrients to their inorganic forms, which are then available for
phytoplankton species. Via the microbial carbon pump organic carbon is transformed into
recalcitrant dissolved organic carbon (DOC) that resists further degradation and is sequestered

in the oceans for thousands of years (Buchan et al. 2014) (Figure 1).

3.1.1. Microbial loop

A large part of the global net primary production (NPP) is reprocessed by bacterioplankton in
the so called microbial loop (Figure 1). The microbial loop is a pathway during which dissolved
organic carbon is returned to higher trophic levels via its incorporation into bacterial biomass
(Azam 1998) and highlights the impact of heterotrophic marine bacteria on the global carbon
cycle. The relevance of microorganisms to the ocean ecosystem can also be appreciated from
their high number and biomass throughout the water column and the subsurface: their total
number of cells is more than 102° (Flemming and Wuertz 2019; Azam and Malfatti 2007) and
it is estimated that 90% of marine biomass is composed of microorganisms (Suttle 2007).
Marine microorganisms form the basis of ocean food webs and thus global carbon and nutrient
cycles by fixing nitrogen and carbon (Azam and Malfatti 2007). The sinking, deposition and
burial of fixed carbon in form of particulate organic matter (POM) to marine sediments is a key,

long-term mechanism to sequester carbon dioxide (CO>) from the atmosphere (Figure 1).
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Figure 1. Marine carbon cycle. Used abbreviations: DOM (dissolved organic matter), POM (particulate
organic matter), FL (free-living), PA (particle-associated). (adapted from Buchan et al. 2014)

3.1.2. Biological carbon pump

The biological carbon pump is the export of photosynthetically derived organic carbon from the
sunlit surface ocean to deeper waters and the seafloor (Buchan et al. 2014). The result of this
process is the depletion of nutrient concentrations in surface waters where there is net
photosynthesis and elevation of nutrient concentrations at depth where there is net respiration
(Sigman and Haug 2003; Sarmiento 2013). The interplay between the biological pump and
ocean circulation generate important spatial gradients not only in nutrients but also in oxygen

and dissolved organic carbon (Sarmiento 2013). Furthermore, this process drived carbon
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storage in the deep ocean and throught to function via gravitational settling of organic particles
as well as physical injection pumps and biologically mediated vertical fluxes (Boyd et al. 2019).
However, the largest component of the biological pump is the sinking of particles (Buesseler
et al. 2020). The interaction between bacteria and diatoms is suggested to enhance the
efficiency of the biological pump through increased aggregate formation and particle sinking

(Gérdes et al. 2011).

3.1.3. Phytoplankton blooms

Different to heterotrophic bacteria that depend upon autotrophic organisms for nutrition,
photoautotrophic phytoplankton is able to convert radiant energy into biologically useful energy
and synthesize metabolic compounds using only CO; as a source of carbon. Phytoplankton
performs half of the global CO; fixation through photosynthesis which matches a global NPP
of nearly 50 Pg C per year, and additionally performs half of the oxygen production despite the
fact that they amount to only approximately 1% of the global plant biomass (Behrenfeld 2014).
This can be explained by their distribution over a larger surface area, less exposure to seasonal
variation and faster turnover rates compared to terrestrial plants (Behrenfeld 2014).
Phytoplankton blooms recur in the oceans worldwide (Ye et al. 2011) and emerge when
optimal growth conditions enable the exponential growth of fast-growing micro- or macroalgae
(Smetacek and Zingone 2013). As the algal populations expand, the concentrations of
essential nutrients decrease as the algae consume them. This depletion of essential nutrients
together with viral infections and grazing by zooplankton are thought to cause the rapid decline
of algal abundance. Such blooms can vary in overall phytoplankton composition, and the
composition within an individual bloom can undergo multiple successive changes over its
course. Some phytoplankton blooms happen periodically due to seasonal temperature and
nutrient fluctuations, e.g. the spring phytoplankton blooms in the German Bight, which are often
diatom-dominated (Chafee et al. 2018; Teeling et al. 2012). Diatoms are a class
(Bacillariophyceae) of single-celled algae that have a silica-containing skeleton and are
estimated to contribute nearly 20% of the global NPP (Armbrust 2009; Amin et al. 2012) and

are thus one of the most important oceanic primary producers. Compared to other
-5.-
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phytoplankton groups, diatoms have relatively high sinking speeds, due to porous silica shells
called frustules, which make them account for ~40% of particulate carbon export to depth

(Tréguer et al. 2018; Boyd et al. 2019; Amin et al. 2012).

During phytoplankton blooms, heterotrophic bacterioplankton responds to successional
releases of dissolved organic matter (DOM) as algal cells are lysed as a part of the microbial
loop (Azam et al. 1983; Ducklow and Carlson 1992) (Figure 1). This process leads to rapid
shifts in community structure on the order of weeks (Ward et al. 2017), or even days (Needham
and Fuhrman 2016). Thereby individual bacterial species form response-blooms of their own,
which are also characterized by a rapid growth and mortality (Needham and Fuhrman 2016;
Teeling et al. 2012; Teeling et al. 2016). 16S ribosomal RNA (rRNA) gene-based studies have
revealed recurring diversity patterns within these communities of free-living bacteria
(Andersson et al. 2010; Gilbert et al. 2012; Fuhrman et al. 2015; Teeling et al. 2016; Chafee
et al. 2018; Needham et al. 2018). Many of the bacterioplankton responding to spring bloom
events are represented by fast-growing species, triggering the successions of specialized
clades that are able to rapidly incorporate the algal-derived OM into their biomass by using
diverse repertoires of specialized transporters and carbohydrate-active enzymes (CAZymes)
(Thomas et al. 2011; Koropatkin et al. 2012; Teeling et al. 2012; Teeling et al. 2016; Buchan
et al. 2014; Cuskin et al. 2015; Xing et al. 2015). Subsequently these organisms constitute a
new pool of particulate bacterial biomass, which is available to protozoa and other higher
trophic levels (Azam et al. 1983). Organic matter that is produced but not catabolized in turn is
typically exported to sediments below. Heterotrophic members of the Bacteroidetes,
Gammaproteobacteria, and the alphaproteobacterial Roseobacter clade are often among the
dominant and recurring responders that partake in the degradation of marine phytoplankton-

derived organic matter (Buchan et al. 2014) (see 3.3.1).

Beside algal blooms that happen periodically due to seasonal temperature and nutrient
fluctuation also harmful algal blooms (HABs) can occur for example due to introduction of

fertilized water into the oceans, where it unleashes the growth of algae (Smetacek and Zingone
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2013; Liu et al. 2013). Although only 2% of all phytoplankton species are thought to produce
HABs (Smayda 1997), these phenomena are occurring with increasing frequency and have a
disproportionately large impact on natural ecosystems, public health and local economies
(Hallegraeff 2003). Marine bacteria can both augment and buffer the influence of HABs.
Algicidal bacteria for example lyse toxic phytoplankton species, leading to termination of HABs
(Kodama et al. 2006). However, some bacterial species enhance the growth of HAB-forming
species and can even increase the production of toxins (Bates et al. 1995). Therefore, it is
important to get a better understanding of phytoplankton-bacteria interactions for example to

be able to predict HAB and adopt preventive measures.

3.1.4. Marine microorganisms and climate change

Marine microbial communities are influenced by the availability of sunlight and nutrients, as
well as the water temperature (Sunagawa et al. 2015). Rising temperatures due to climate
change as one example, reduce the density of the water and consequently the circulation and
stratification, which affect organismal dispersal as well as nutrient transport. The impact of
climate change on ocean temperature, acidification, stratification, nutrient supply, extreme
weather effects etc. affects marine microorganisms and leads to substantial environmental
consequences as shifts in marine food webs, carbon export and its burial in the seabed (Hurd
et al. 2018; Gao et al. 2012; Boyd 2013; Brennan and Collins 2015; Hutchins and Fu 2017;
Rintoul et al. 2018). Additionally, marine phytoplankton, due to its distribution over a large
surface area and fast turnover rates, responds rapidly on a global scale to climate variations
(Cavicchioli et al. 2019). Therefore, it is important to learn how phytoplankton and marine
microorganisms will respond to climate change (Riebesell and Gattuso 2015). Predicting the
effect of climate change on phytoplankton and marine microorganisms is complicated, due to
for example phytoplankton blooms, that are affected by both bottom-up (e.g. availability of
nutrients, vertical mixing) and top-down control (e.g. viruses and grazers) (Behrenfeld 2014;
Hutchins and Boyd 2016; Behrenfeld et al. 2016). Furthermore the lack of long-term data on
phytoplankton production and microbial community composition (Cavicchioli et al. 2019)

additionally hampers the prediction of climate change effects. To date only few such datasets
-7 -
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exist, such as the Hawaii Ocean Time-Series and the Bermuda Atlantic Time-series study
(Dore et al. 2009; Saba et al. 2010; Buttigieg et al. 2018) but also the Helgoland Roads Long-
Term Ecological Research Site in the German Bight (Wiltshire and Manly 2004). Additionally
the Global Ocean Sampling Expedition (Rusch et al. 2007), transects of the Southern Ocean
(Brown et al. 2012; Wilkins et al. 2013) and the Tara Oceans Consortium (Sunagawa et al.
2015; Brum et al. 2015; Vargas et al. 2015; Lima-Mendez et al. 2015; Guidi et al. 2016) provide

valuable data on marine microorganisms.

3.2. Marine particles and associated microbial communities

Organic substrates remineralized by heterotrophic bacteria are not evenly distributed in the
oceans. In this large oligotrophic environments marine particles form temporary nutrient-rich
hot spots (Azam 1998; Simon et al. 2002; Stocker 2012). As a results, different heterotrophic
lifestyles evolved in the oceans, namely (a) non-motile bacteria adapted to low nutrient
concentrations, (b) motile bacteria sensing nutrient gradients and moving towards them, and
(c) bacteria attached to or gliding on POM (Stocker 2012; Yawata et al. 2014). The latter two
are referred to as particle-associated (PA) bacteria while the first ecotype is referred to as free-

living (FL) bacteria.

Harsh environmental conditions such as high and low availability of nutrients (Stewart and
Franklin 2008), as well as other environmental stressors like high cell densities (Prakash et al.
2003), have been shown to promote aggregate formation in phylogenetically distinct
microorganisms. Marine particles consist of various kinds of organic matter, i.e. living or
dead/dying zoo- or phytoplankton, bacterioplankton, as well as inorganic small particles held
together by a sugary matrix. This matrix mainly consists out of transparent extracellular
particles (TEP) composed of polysaccharides, which are exuded mostly by phytoplankton but
also by bacteria (Alldredge et al. 1993). Marine particles grow while sinking and thus contribute
largely to the biological pump (Figure 1), by transporting carbon to deeper waters and
sediments (Volkman and Tanoue 2002). These aggregates can reach several centimetres in

diameter. Additionally the exudates of living algae provide a continuous substrate source for

-8-
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heterotrophic bacteria, resulting in the establishment of a phycosphere microbiome (Seymour

et al. 2017).

3.2.1. Particle-associated microbial communities

20% of marine bacteria live attached to marine particles (Azam et al. 1983) and have a high
impact on biogeochemical element cycles, due to their high metabolic activity (Smith et al.
1992; DelLong et al. 1993; Grossart et al. 2007; Ziervogel and Arnosti 2008; Ziervogel et al.
2010). These PA microbial communities have adapted to strive and survive marine
environments. While some bacteria are only loosely associated with algae, others colonize
algal surfaces (Grossart 1999), where they form commensalistic or symbiotic communities with
their host or even forage on algae (Sohn et al. 2005; Amin et al. 2012). PA bacteria are
enzymatically well equipped to metabolize high molecular weight (HMW) substrates, thus
providing nutrition to the attached community as well as leaving smaller carbon compounds to
the surrounding water column community (Simon et al. 2002; Grossart 2010). Previous studies
on PA bacteria have shown that these communities differ taxonomically from their FL
counterparts (Bizi¢-lonescu et al. 2014) and express specific genes to adapt to the availability

of specific polysaccharides such as insoluble glycan fibers (Ganesh et al. 2014).

The most common technique to separate PA bacteria from their FL counterparts is sequential
filtration (Bidle and Fletcher 1995; Crump et al. 1999; Ayo et al. 2001; Crespo et al. 2013; Bizi¢-
lonescu et al. 2014) with 0.2 um pore-sized filters as most frequently used pore size to collect
FL bacteria and 3 pum pore-sized filters as most frequently used pore size to collect PA bacteria
in coastal waters (Eloe et al. 2011; Teeling et al. 2012; Crespo et al. 2013; D'Ambrosio et al.
2014; Teeling et al. 2016; Chafee et al. 2018). This separation method results in a FL fraction
(3-0.2 pm) containing most unicellular cyanobacteria, members of the SAR11 and SAR86
clades and the flavobacterial marine group NS5 (Teeling et al. 2012; Teeling et al. 2016;
Mestre et al. 2020) and a PA fraction (> 3 um) enriched in Rhodobacterales, Alteromonadales,

Bacteroidetes, Planctomycetes and Verrucomicrobia (Mestre et al. 2017). However, it is
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important to notice that marine particles have a limited life span, forcing PA bacteria to spend

some time FL on their way to the next particle (Bizi¢-lonescu et al. 2014).

Our knowledge on specific physiological functions of PA microorganisms is, however,
surprisingly limited due to other methodological problems, i.e., in the difficulty to retrieve

proteins from these polysaccharide-rich entities.

Interactions between photoautotrophic phytoplankton and heterotrophic bacteria have been
extensively studied in both natural environments and laboratory cultures (Buchan et al. 2014;
Christie-Oleza et al. 2017; Amin et al. 2012; Azam and Malfatti 2007). Among these
interactions, synergistic and antagonistic relationships have been commonly observed. It is
generally thought that photoautotrophs and heterotrophs develop synergistic relationships due
to nutrient cycling. Photoautotrophs provide labile OM for growth of heterotrophs, and in return
benefit from the supply of essential micronutrients from heterotrophic bacteria e.g. vitamins
and bioavailable trace metals (Amin et al. 2012; Christie-Oleza et al. 2015; Kazamia et al.
2012) as well as the removal of reactive oxygen species (ROS) (Morris et al. 2008; Morris et
al. 2011). Besides mutualistic interactions, competition and antagonistic behaviors could also
be observed between photoautotrophs and heterotrophs. Such interactions include for
example competition for essential inorganic nutrients like phosphate and nitrate as well as the
production of algicidal compounds by heterotrophic bacteria (Shi et al. 2013; Crenn et al.

2018).

3.3. Marine polysaccharides and their degradation

Marine polysaccharides are a major carbon and energy source for heterotrophic bacteria
(Teeling et al. 2012) as they can constitute for 50% and even up to 90% of algal dry matter
depending on algae species and growth stage (Kraan 2012; Myklestad 1974). They are food
for macro- and microorganisms recycling the carbon and energy stored in them. Microbial
degradation of these diverse and abundant polysaccharide sources is regarded as a bottleneck
in the marine carbon cycle, allowing transfer of organic matter to higher trophic levels (Azam
and Malfatti 2007; Gasol et al. 2008; Buchan et al. 2014). Recalcitrant polysaccharides may
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also escape rapid degradation and transport carbon via vertical sinking to the deep ocean

thereby removing carbon for millennia from the atmosphere.

Marine polysaccharides are natural macromolecules consisting of monosaccharide sugars that
are interconnected by glycosidic bonds. Monosaccharide composition is often dominated by
glucose, mannose, fucose, arabinose, xylose, rhamnose and galactose (reviewed in Gugi et
al. 2015; Mihlenbruch et al. 2018). Various modifications of polysaccharides exist, leading to
diverse functions as storage compounds, cell wall constituents or as intra- or extracellular
matrix components. Marine algae produce many types of polysaccharides with different
complexities and varying physicochemical properties that are distinct from those of land plants
(Popper et al. 2011; Popper and Tuohy 2010; Ficko-Blean et al. 2015). Green macroalgae
contain ulvans, red macroalgae contain agars, carrageenans and porphyrans, brown algae
contain alginates, fucans and laminarin, and diatoms contain chrysolaminarin and sulfated
mannans (Popper et al. 2011). Their properties are mainly influenced by the length, the sugar
composition, the position of the glycosidic bonds and the stereochemistry at the anomeric
carbon (a/B conformation). Additionally, different modifications at the hydroxyl groups like
alkylation, acylation, sulfation, dehydration or additional glycoside side chains can be observed
in nature and lead to the characteristics of a specific polysaccharide (Hehemann et al. 2014;
Percival 1979). However, so far only few structures of marine polysaccharides have been

resolved ( Gugi et al. 2015; Le Costaouéc et al. 2017; Jesus Raposo et al. 2014).

Phytoplankton blooms produce huge amounts of beta-glucans such as laminarin, a soluble f3-
1,3-glucan with B-1,6 side chains. Laminarin is a major food resource for heterotrophic marine
bacteria and diatoms alone are estimated to produce 5-15 Gt of this polysaccharide per year
(Alderkamp et al. 2007). Besides in diatoms, glucans of the laminarin type act as storage
compound also in brown algae, Chrysophyceae and haptophytes such as Phaeocystis spp.
(Beattie A., Hirst E. L., Percival E. 1961; Janse et al. 1996; Davis et al. 2003). Enzymes for the

degradation of laminarin are abundant in ocean surface waters, but also within deeper parts
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of the water column and in sediments (Keith and Arnosti 2001; Arnosti et al. 2005) highlighting

the major role of this polysaccharide.

Another frequent polysaccharide in the oceans is alginate, which is a cell wall polysaccharide
as well as an intracellular component in brown algae and can account for up to 40% of algal
dry weight (Haug et al. 1966; Davis et al. 2003). Alginate is an unbranched copolymer of 1,4-

linked B-D-mannuronate and a-L-guluronate that are arranged in alternating blocks.

Other components of algal organic matter include proteins, lipids and nucleic acids (Villacorte
et al. 2015; Haug and Myklestad 1976) but also the osmolyte dimethylsulfoniopropionate
(DMSP) (Yoch 2002), which plays an important role in the oceanic sulfur cycle. Moreover,
methanol, which is hypothesized to be a product of polysaccharide demethoxylation (Mincer
and Aicher 2016) and glycolate, which is a waste product of photorespiration (Schada von
Borzyskowski et al. 2019; Tolbert N. E., Zill L. P. 1956) are part of algal OM. Furthermore, a
greater variety of secondary metabolites, small molecules and humic substances are part of
OM. Together they represent an important pool of carbon and thus energy for the heterotrophic
community even if they might be less accessible than polysaccharides and proteins, due to
greater diversity of structures among secondary metabolites and humic substance and greater

resistance to degradation.

3.3.1. Heterotrophic bacteria involved in polysaccharide degradation and their

polysaccharide utilization loci (PULS)

Recent studies have shown that marine polysaccharides can be used by diverse specialized
bacterial taxa, including members of Gammaproteobacteria, Planctomyctes, Bacteroidetes
and Verrucomicrobia (Chafee et al. 2018; Wemheuer et al. 2015; Hahnke et al. 2015; Lage
and Bondoso 2014; Martinez-Garcia et al. 2012; Teeling et al. 2012). The decomposition of
polysaccharides is notably different in gram-negative bacteria than in gram-positive bacteria
and Archaea. The latter two have to decompose polysaccharides to di- and monosaccharides
that can subsequently be taken up by for example ABC-type transporters. Many gram-negative

polysaccharide-degrading bacteria harbor so-called “polysaccharide utilization loci” (PULS)
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(Sonnenburg et al. 2010; Martens et al. 2009). The first described PUL was the starch
utilization system (Sus) of the human gut symbiont Bacteroidetes thetaiotaomicron (Shipman
et al. 2000). PULs are operon-like arrangements that harbor genes for numerous functions
necessary for the degradation of a polysaccharide (Martens et al. 2009; Hehemann et al. 2014;
Hehemann et al. 2010; Grondin et al. 2017): (a) binding of the polysaccharide to the outer
membrane, e.g. by SusD-like proteins, (b) initial degradation to oligosaccharides by endo-
glycoside hydrolases (GHs) or polysaccharide lyases (PLs) at the outer membrane, (c) binding
and transport of the resulting oligomers into the periplasmic space by TonB-dependent-
receptors (TBDRs=SusC-like) (Foley et al. 2016; Bjursell et al. 2006), (d) processing the
oligomers by several carbohydrate-active enzymes (CAZymes) into dimers or monomers, (e)
transport of the dimers/monomers through the cytoplasmic membrane, (f) funneling the
monomers into the basic metabolism through further degradation, e.g., through cleavage of
decorating sulfate or acetate esters and demethylation by auxiliary CAZymes, and (g) proteins
for sensing and regulation of gene expression. The size of a PUL correlates with the complexity
of its target polysaccharide as a larger set of enzymes is required to degrade polysaccharides

with several modifications and variations.

Well-known polysaccharide degraders, which are not only found in the marine environment but
also in the gut of humans and animals, are bacteria from the gram-negative clade
Bacteroidetes (Grondin et al. 2017). Previous studies showed high abundances of
Bacteroidetes in the bacterioplankton during blooms of phytoplankton in the coastal East
Antarctica (Williams et al. 2013) and in the coastal North Sea (Teeling et al. 2012). In recent
years they have been recognized for their pivotal role in the decomposition of biopolymers,
including polysaccharides (Cottrell and Kirchman 2000; Bauer et al. 2006; Kirchman 2002;
Gonzalez et al. 2008; Gonzalez et al. 2011; Gémez-Pereira et al. 2010; Fernandez-Gémez et
al. 2013; Thomas et al. 2011). One typical feature observed in marine and gut Bacteroidetes
is the so-called “selfish” polysaccharide utilization that describes the direct uptake of larger
oligomers, produced by a first extracellular degradation (Cuskin et al. 2015; Reintjes et al.

2017). After this import the depolymerization to monosaccharides takes place in the periplasm,
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which allows a protection of the oligosaccharide from surrounding bacteria in the diffusion-
open environment. Oligosaccharides can be bound at the interface of SusCD complexes. It
was recently shown, that these two proteins form a “pedal bin” complex in Bacteroidetes
thetaiotaomicron, with SusD acting as a substrate binding lid on top of the SusC-like TonB-
dependent transporter (TBDT). Upon binding of an oligosaccharide, the SusD lid closes and
conformational changes lead to substrate release into the periplasm (Glenwright et al. 2017).
However only the Bacteroidetes are known to have evolved SusCD complexes, for which it
was recently proposed, that they do not only transport polysaccharides, but also other
macromolecules such as peptides (Glenwright et al. 2017) or nucleic acids (Schauer et al.

2008).

The largest family of the Bacteroidetes phylum is the Flavobacteriaceae whose members thrive
a wide variety of habitats. The members of this family are non-spore forming, rod-shaped,
aerobic bacteria and commonly referred to as flavobacteria (Rosenberg et al. 2014). They are
common in terrestrial and freshwater environments, as well as numerically predominant in
marine habitats (Kirchman 2002). Marine flavobacteria have been found to establish an either
FL or PA lifestyle. (Bennke et al. 2016; DeLong et al. 1993). In particular members of the class
Flavobacteriia are associated with the degradation of high molecular weight (HMW) POM in
marine environments, because they were often found enriched on detritus, and colonizing
surfaces of higher plants (Crump and Koch 2008) as well as macroalgae (see e.g. Barbeyron
et al. 2001; Martin et al. 2015; Nedashkovskaya et al. 2003; Nedashkovskaya et al. 20044a,;
Nedashkovskaya et al. 2004b; Nedashkovskaya et al. 2013; Nedashkovskaya et al. 2005;
Nedashkovskaya et al. 2006; Ivanova and Dedysh 2006). Furthermore, this class was also
found in close association with invertebrate animals such as corals (Sweet et al. 2011; Frias-
Lopez et al. 2002; Rohwer et al. 2002), echinoderms (Romanenko et al. 2007) and sponges
(Yoon and Oh 2012). Many marine flavobacteria degrade HMW macromolecules like complex
polysaccharides and proteins and thus contribute to the carbon turnover in marine
environments (Bennke et al. 2016; Mann et al. 2013; Barbeyron et al. 2016b). Additionally,

several studies have indicated that sequenced genomes of marine Flavobacteriaceae feature
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high proportions of PULs (Bennke et al. 2016; Mann et al. 2013; Barbeyron et al. 2016b;
Fernandez-Gomez et al. 2013; Kappelmann et al. 2018; Xing et al. 2015), reinforcing their

adaptations towards biopolymer degradation.

It is suggested that due to the high structural diversity of polysaccharides and their wide variety
of sugar monomers and moieties, polysaccharide-degrading bacteria specialize on
polysaccharide subsets and their monomers and therefore harbor only a restricted set of
polysaccharide-degrading enzymes. In most bacterial genomes CAZymes account for roughly
2% of the genes and seldom exceed 5% of the genes in bacteria, that are specialized on
polysaccharide degradation (Mann et al. 2013; Coutinho et al. 2003; Henrissat and Coutinho
2001; Lairson et al. 2008). This leads to the hypothesis, that niche-adapted specialists,
degrading dedicated polysaccharides and their sugar monomers, are necessary for the
coordinated break down of complex polysaccharide mixtures in nature. This type of resource
and niche patrtitioning could already be shown in human gut Bacteroidetes (Hehemann et al.

2012; Martens et al. 2011).

Teeling et al. (2012) investigated the free-living fraction of a spring diatom bloom and could
identify marine Flavobacteria and Gammaproteobacteria as key polysaccharide degraders,
which  showed consecutive blooms of Formosa (Flavobacteria), Reinekea
(Gammaproteobacteria) and Polaribacter (Flavobacteria) as most prominent clades with a
relative abundance of 15-25% of total bacterial abundance. With a combination of
metagenome and metaproteome analyses they could show a succession of protein functions
(especially CAZymes and transporters), which indicates that the above-mentioned clades
adapted to distinct polysaccharide substrates and that this succession of the clades is driven

by step-wise degradation of complex algal polysaccharide structures.

3.3.1.1. The genus Muricauda

The genus Muricauda belongs to the class of Flavobacteriia of the Phylum Bacteroidetes and
was e.g. identified as one of the most abundant genera in a Synechococcus cultivation

experiment (Zheng et al. 2020). The in this thesis used strain Muricauda sp. MAR_2010_75
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was isolated from phytoplankton in the North Sea at the island Sylt (Hahnke and Harder 2013)
and in therefore referred to as PA. Muricauda sp. MAR_2010 75 has 96,3% 16S rRNA gene
identity to Muricauda flavrescens, forms round orange colonies when it grows on agar and
shows gliding matility. Its predicted degradation capacity of polysaccharide classes based on
PUL-associated CAZyme annotations is starch, glycogen, B-mannan, B-xylose, rhamnose and

N-acetylglucosamin (Kappelmann et al. 2018).

3.3.2. Carbohydrate-active enzymes (CAZymes)

For utilization of polysaccharides heterotrophic bacteria need various specific enzymes, which
are called carbohydrate-active enzymes (CAZymes), i.e., enzymes that synthesize, modify or
cleave glycosidic bonds. CAZymes are classified into over 300 families and are listed in the
CAZy.org database (Lombard et al. 2014). The degradative enzymes are grouped into endo-
or exo-acting enzymes, depending on the cleavage position in the polysaccharide chain. Endo-
enzymes cleave bonds within the chain and exo-enzymes catalyze the depolymerization from

the ends of the chain. The following enzyme classes belong to the CAZymes:

Glycoside hydrolases. The class with the highest number of families within the CAZy database
are the glycoside hydrolases (GHs) which catalyze the hydrolytic cleavage of the glycosidic
bonds. GHs are involved in nearly all polysaccharide degradation processes and are often very
specific for a certain oligosaccharide substructure within a polysaccharide. For example, GHs
active on the B-glucan laminarin do not cleave in a-glucans like starch and vice versa (Roche-

Mayzaud and Mayzaud 1987).

Polysaccharide lyases. Some polysaccharides like alginate, pectin or ulvan contain uronic
acids that can be cleaved off via a non-hydrolytic elimination mechanism by polysaccharide

lyases (PLs) (Garron and Cygler 2014).

Carbohydrate esterases. Carbohydrate esterases (CEs) remove additional ester linkages that

can be found in some carbohydrates.
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Carbohydrate-binding modules. Carbohydrate-binding modules (CBMs) increase the affinity of

CAZymes to the polysaccharide.

Sulfatases. Unlike in terrestrial polysaccharides, sulfation is a common modification in marine
carbohydrates (Helbert 2017). To utilize the through degradation resulting monomeric sugars
in the cellular metabolism, heterotrophic bacteria need to remove these sulfate groups. This is
achieved by type | polysaccharide sulfatases which were found to be highly expressed during
microalgal blooms and showed high abundance in marine bacteria specialized on
carbohydrate degradation (Teeling et al. 2012; Helbert 2017; Kappelmann et al. 2018; Mann
et al. 2013; Barbeyron et al. 2016b). Known sulfatases are classified in the SulfAtlas database

(Barbeyron et al. 2016a)

3.3.3. TonB-dependent transporter (TBDT)

It was previously shown that TBDRs, which are parts of the TonB-dependent uptake systems,
were among the most abundantly expressed proteins during the bacterial remineralization of
algal biomass during a North Sea spring phytoplankton bloom (Teeling et al. 2012; Francis et
al. 2021). TBDRs seem to play a pivotal role in the uptake of oligosaccharides, which was also
indicates by in situ metaproteome studies of samples from coastal upwelling zones in the South
Atlantic Ocean (Morris et al. 2010) and from the Antarctic Southern Ocean (Williams et al.
2012). They are often found in Bacteroidetes, but also widely distributed among other gram-
negative bacteria such as Gammaproteobacteria (Grondin et al. 2017; Hehemann et al. 2017;
Neumann et al. 2015) or Cyanobacteria (Mirus et al. 2009). TBDT are known to transport bulky
compounds such as iron-siderophores, nickel complexes, vitamin Bi», and oligosaccharides
(reviewed in: Noinaj et al. 2010; Schauer et al. 2008). They consist of an outer membrane
TBDR, that is linked to the cytoplasmatic membrane via a TonB-ExbBD complex (Schauer et
al. 2008). The TonB protein interlinks the components of the inner and outer membrane by 3-
strand paring with the TBDR N-terminus. This connection is suggested to translate the proton
motif force across the cytoplasmic membrane into a movement that opens or closes a pore

formed by the TBDR via its plug domain (Krewulak and Vogel 2011; Noinaj et al. 2010). TBDRs
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are suggested to be selective for specific substrates, due to their substrate-binding function

and high sequence diversity (Schauer et al. 2008; Tang et al. 2012).

3.4. Metaproteomics

Through metagenomic studies valuable knowledge about diversity and distribution of
microorganisms in natural environments can be gained. However, metagenomes do not allow
linking microbial diversity and functionality. Moreover, most microbes overcome environmental
changes by altering their gene/protein expression profiles and to a much lesser extend by
genomic rearrangements such as horizontal gene transfer. Therefore, metatranscriptomic and
metaproteomic approaches were established to be able to investigate, which genes are
expressed at a given time point as well as which proteins are particularly abundant in complex
biological systems. Metaproteomics, due to its opportunity to study many protein functions and
responses simultaneously, has proven to be an excellent tool for improving our understanding
of the complex interplay between environmental parameters, microbial community architecture
and composition as well as ecosystem functioning. Various studies, describing e.g., large-
scale proteome analyses of acid-mine drainage biofilms (Ram et al. 2005), wastewater
treatment plants (Wilmes et al. 2008; Puttker et al. 2015; Salerno et al. 2016), and fresh-water
stream biofilms (Hall et al. 2012) have demonstrated the success of metaproteomics to unveil
molecular mechanisms involved in function, physiology, and evolution of surface-associated
aquatic microbial communities. Marine metaproteomics has been widely applied (Saito et al.
2019; Wang et al. 2014), especially in habitats such as ocean scale shifts (Morris et al. 2010),
the Atlantic (Bergauer et al. 2018) or Antarctic oceans (Williams et al. 2012), e.g. to investigate
the Roseobacter clade (Christie-Oleza and Armengaud 2015) and bacterioplankton physiology
(Wohlbrand et al. 2017b). Recent ocean metaproteomics studies have provided new insights
into microbial nutrient transport (Sowell et al. 2009; Morris et al. 2010), co-limitation of carbon
fixation processes (Saito et al. 2014), the composition of microbial biofilms (Leary et al. 2014),
dynamic of carbon flux in marine ecosystems (Moore et al. 2012; Moore et al. 2014; Bridoux

et al. 2015) and seasonal shifts in microbial metabolic diversity (Georges et al. 2014).
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3.4.1. Typical workflow for sample preparation and quantification

A metaproteomics experiment typically comprises three basic steps: (a) the sample
preparation, including protein extraction, purification and tryptic digestion into peptides, (b)
peptide separation and subsequent MS analysis and (c) peptide identification based on the
obtained MS/MS spectra followed by an assignment of the peptides to protein groups in an
appropriate database (Keiblinger et al. 2012). Therefore, raw mass spectrometry files,
containing the mass spectra from peptide fragmentation, are searched against a database that
contains the sequences of proteins which could theoretically be present in the sample and from
which theoretical mass spectra are generated in silico. Various search algorithms have been

developed to tackle this highly complex task (Verheggen et al. 2020).

(Meta)proteomic techniques also enable the quantification of proteins. One possibility is the so
called label-free quantification, that can be based on MS/MS spectra assigned to a protein
(spectral counting), or in the intensity of peptide precursor ions of a protein as calculated by
the area under the curve or the peak height for the respective peptide (Nahnsen et al. 2013;
Ankney et al. 2018). In spectral counting, the total number of tandem mass spectra that match
peptides to a particular protein is used to measure the abundance of proteins in a complex
mixture. Zybailov et al. 2006 developed the normalized spectral abundance factor (NSAF)
approach for using spectral counting in quantitative proteomics. This approach takes into
account the sample-to-sample variation that is obtained when replicates are used and the fact
that longer proteins tend to have more peptide identifications than shorter proteins. Another
frequently used method for quantification is the iBAQ algorithm (Schwanh&usser et al. 2011),
where the intensities of the precursor peptides that map to each protein are summed together
and divided by the number of theoretically observable peptides, which is considered to be all

tryptic peptides between 6 and 30 amino acids in length.
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3.4.2. Challenges and bottle necks for metaproteomic analysis of marine

samples

Besides its great potential, metaproteomics, especially when dealing with highly complex
environments such as the marine, is facing numerous challenges: (a) the tremendous
heterogeneity and complexity e.g. due to additional biogenic and nonbiogenic materials within
the samples, (b) protein extraction and the comparably little protein yield than can be obtained
compared to other environmental samples, (c) the wide range of protein abundance levels,
where numerous low abundance peaks among more abundant ones remain uncharacterized
due to physical limits on the number of ions entering the MS, (d) the (up to-now) limited amount
of genomic sequence information of the mostly unculturable biota (Schneider and Riedel 2010)
and thus the generation of a fitting database, and (e) assigning peptides to proteins, especially
if proteins are highly similar, known as the protein inference problem (Nesvizhskii and
Aebersold 2005; VerBerkmoes et al. 2009; Muth et al. 2013; Wang et al. 2014; Timmins-
Schiffman et al. 2017; Verheggen et al. 2020). Additionally, especially marine metaproteomics
faces low microbial densities compared to for example soil. Microbial densities in the oceans
(10° to 10° cells/g) are orders of magnitudes lower than those found in sediments (108 cells/g)

or soil (10° cells/g) (Savage 1977; Schloss and Handelsman 2006; Whitman et al. 1998).
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4. Scope of the thesis

Marine ecosystems are important to human society in a variety of ways, including maintaining
Earth’s habitability through microbial biogeochemical cycling and economic activities such as
fisheries and aquaculture. Improving the understanding of the processes shaping the marine
ecosystem is important to maintain its stability, predict consequences of e.g., environmental

pollution or climate change, and prevent for example harmful algal blooms.

So far, the majority of published studies focused on free-living (FL) bacterial communities.
Thereby the community structure and functionality of particle-associated (PA) bacterial
communities remained largely unexplored and knowledge on specific contributions of these
microorganisms to carbon cycling is still surprisingly limited. Since PA bacteria are expected
to mineralize a significant fraction of the decaying algal biomass in marine ecosystems it is
important to also gain insights into their role in the oceans. The particulate fraction of
bacterioplankton has proved challenging to comprehensive meta-omics characterization due
to its high complexity, the presence of DNA/protein-binding polysaccharides, process-
interfering substances and lack of (meta)genomic information on marine particles. Thus, one
aim of this thesis was the establishment of a robust and reproducible metaproteomics protocol
for culture-independent analyses of seasonal taxonomic and functional successions of PA
microbial communities in aquatic habitats, which helps to address and fill the above-described

knowledge gap.

Recent studies investigated bacterioplankton communities during phytoplankton blooms and
revealed that community structure and diversity were highly affected. However, recent
research focused mainly on changes of community structure as a response to phytoplankton
blooms, but functional changes have been rarely studied. Understanding the dynamics of
interactions between bacterial communities and phytoplankton blooms on both taxonomic and
functional level is crucial to validate the ecological impact of bloom events. Therefore, the in
this study established metaproteomics protocol was used for analysing multiple time points
during a spring phytoplankton bloom to investigate succession of taxonomical clades together
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with expressed functions of marine particles. Thereby PA community’s specific contribution to
polysaccharide decomposition in marine habitats should be unravelled. Furthermore, it should
be tested if PA communities express specific genes to adapt to the sessile life style and to the
availability of high concentration of polysaccharides as well as if evidences for algal-bacterial

interactions could be found.

FL planktonic bacteria remineralize polysaccharides using the enzymes encoded in specific
polysaccharide utilization loci (PULs). However, first insights into the genomes of PA bacteria
showed the absence of characterized PULs for the degradation of naturally abundant
polysaccharides as laminarin and alginate. First experiments showed, that the in this thesis
chosen PA marine bacterial isolate is able to grow on laminarin and alginate, despite the
absence of known PUL structures for these polysaccharides. Therefore, another goal of this
thesis was to get insights into the degradation of laminarin and alginate by this specific PA
marine bacterial isolate employing proteomic analysis of cultures grown on the mentioned

polysaccharides.
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5. Material and methods

5.1. Material

5.1.1. Software

All software used in this study is shown in Table 1.

Table 1. Software used in this study

Software Software producers
bbduk version 35.14 http://bbtools.jgi.doe.gov
CD-HIT program for clustering and http://weizhongli-lab.org/cd-

dbCAN meta sever

FastQC

Mascot

MaxQuant

MEGAHIT

metaSPAdes

MSConvert

Paver
prodigal
Prokka

ProPHANE

Scaffold

SIMCA®

SulfAtlas

comparing protein or nucelotide
sequences; version 4.8.1

CDD version 3.18-55426
PSSMs

version 0.11.2

version 2.6.0 (samples from
2009) and 2.7.0 (samples from
2018)

version 1.6.10.43

version 1.1.3

version 3.10.1

64-bit, Proteowizard 3

version 2.6.3
version 1.11

version 3.1.1 (samples from
2009) and 4.1 (samples from
2018)

versions Scaffold_4.8.7
(samples from 2009) and
Scaffold 4.10.0 and
Scaffold_4.11.0 (samples from
2018)

Version 16.0.1

Version 1.3 (35,637 entries)
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hit/download.php

http://bcb.unl.edu/dbCAN2/index
-php

http://www.bioinformatics.babrah
am.ac.uk/projects/fastqc

Matrix Science

Max-Planck Institute for
Biochemistry, Martinsried

https://github.com/voutcn/megah
it

http://cab.spbu.ru/software/spad
es

http://proteowizard.sourceforge.
net/download.html

DECODON GmbH
http://compbio.ornl.gov/prodigal/
http://vicbioinformatics.com

http://prophane.de

Proteome Software Inc.

Sartorius Stedim biotech

http://application.sb-
roscoff.fr/blast/blast_sulfatlas/
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5.1.2. Databases

All protein sequence databases used in this stud are shown in Table 2.

Table 2. Protein databases used in this study

Database Description Supplier
NCBInr Non redundant NCBI database; National Center of
NCBlprot_20171030; Biotechnological information
136,216,794 entries
PABD Protein sequences of abundant  Uniprot KB
bacteria and diatoms based on
the data from Teeling et al.
(2012);
Uniprot_DoS_complete_20170
829; 2,683,314 entries
MIMAS Protein sequences of the FL Metagenomes of the 0.2 um

0.2 + 3 pm 2009

3+ 10 um 2018

Muricauda NCBI

fraction from Teeling et al.
(2012);
MIMAS_forward_reverse_all_c
ontaminants; 1,579,724 entries

02_plus_3_POMPU_nr97_fw_
cont_20181015; 1,463,571
entries

3_plus_10um_all_cont_nr_
2018; 14,764,755 entries

Protein sequences of
Muricauda sp. MAR_2010_75;
Muricauda_NCBI_fw_rev_cont
_DS; 7,198 entries

5.1.3. Laboratory equipment

fraction from 2009

Metagenomes of the 0.2 um
and 3 um fractions from the
04/14/2009

Metagenomes of the 3 um and
10 pm fractions from
03/19/2018, 04/12/2018,
04/17/2018, 04/26/2018,
05/08/2018, 05/11/2018,
05/22/2018 and 05/29/2018

National Center of
Biotechnological information

All laboratory equipment that was used in this study is shown in Table 3.

Table 3. Laboratory equipment used in this study.

Device

Description/type

Manufacturers

Centrifuges
Easy-nLC 1000

Easy-nLC 1200

Electrophoretic power

supply
FastPrep-24™
Homogenisator

LTQ Orbitrap Velos mass

spectrometer

Heraeus Megafuge 8R
Micro Star 17R
Reversed phase
chromotography
Reversed phase
chromotography
PowerPac™ HC

TeenPrep and QuickPrep rotor
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Magnetic mixer
Micropipettes

Orbital shaker

pH Meter

Q-Exactive™ HF Hybrid-
Quadrupol Orbitrap mass
spectrometer

Qubit 4 Fluorometer
Scanner (gel documentation)
SDS-PAGE chambers
Shaker
Spectrophotometer
Thermomixer

Ultrasonic bath
Ultrasonic probe
Vacuum centrifuge
Vortexer

Water Bath

Weighing scales

VMS-A

P10

P20

P100

P200

P1000
LOOPSTER digital

FiveEasy pH/mV

ViewPic 700

Criterion™

Polymax 1040

Ultrospec 2100 pro
ThermoMixer C

Ultrasonic cleaner

Sonopuls HD2200 with microtip
MS 73

Vacufuge Concentrator Plus
Vortex Genie 2

AQUA line AL5

Adventurer™
Entris

5.1.4. Chemicals, kits and enzymes

All chemicals, comerial kits and enzmyes that were used in this study are shown in Table 4.

Table 4. Chemicals, comerial kits and enzymes used in this study.

VWR

Gilson

IKA®
Mettler Toledo

Thermo Fisher Scientific

Thermo Fisher Scientific
Biostep

BioRad

Heidolph

biochrom
Eppendorf

VWR

Bandelin electronic
Eppendorf

VWR

LAUDA

OHAUS®
Satorius

Chemicals/comerical kits/enzymes Manufacturers
B-mercaptoethanol Carl Roth
Acetic acid Carl Roth
Acetone Carl Roth
Acetonitrile LC-MS Grade VWR
Acetonitrile + 0.1% acetic acid Carl Roth
Ammoniumacetate Carl Roth
Ammoniumbicarbonate Sigma-Aldrich
Ammoniumsulfate Carl Roth
Bovine serum albumin Thermo Fisher Scientific
Bromphenol Blue Sigma-Aldrich
Chloroform Carl Roth
Coomassie Brilliant Blue G-250 dye Sigma Aldrich
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Compat-Able™ Protein Assay Preparation

Reagent Kit

CTAB

Disodium phosphate
Dithiotreitol (DTT)

EDTA

Ethanol

Formic acid

Glycerol

Glycin

Hydrochloric acid
lodoacetamide

Isoamylalcohol

Isopropyl

Laminarin from Laminaria digitata
Magnesium chloride

Methanol fur HPLC
Orthophosphoric Acid

Page Ruler™ Prestained Protein Ladder
Phenol

PMSF

Pierce™ BCA Protein Assay Kit
Proteinase K

Qubit™ dsDNA HS Assay kit
SDS

Sodium chloride

Sodium dihydrogen phosphate
Sodium hydroxide

Sodium phosphate

Thiourea

Trichloroacetic acid
TRI-Reagent™

Tris

Trypsin, sequencing grade
Urea

Water with 0.1% acetic acid

5.1.5. Consumables

Thermo Fisher Scientific

Carl Roth

Carl Roth

GE Healthcare
Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth
Sigma-Aldrich
Carl Roth

Carl Roth
Sigma Aldrich
Carl Roth
VWR

Carl Roth
Thermo Fisher Scientific
Sigma Aldrich
Carl Roth
Thermo Fisher Scientific
Sigma Aldrich
Thermo Fisher Scientific
AppliChem
Carl Roth

Carl Roth

Carl Roth

Carl Roth
Sigma-Aldrich
Carl Roth
Sigma Aldrich
Carl Roth
Promega
Merck

Carl Roth

All consumables that were used in this study are shown in Table 5.

Table 5. Consumables used in this study.

Consumables Description/type Manufracturers
C18 analytical columns 100 um x 20 cm self-packed
C18 Millipore® ZipTip pipette tips Merck
Conical test tubes 15 mL, sterile Sarstedt

50 ml, sterile Sarstedt
Cuevettes polystyrole, 10 mm, Sarstedt

1.5 ml
Eppendorf tubes 1.5ml Eppendorf

2ml
Gelloader tips 200 ul Biozym
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Glas beads 0.1-0.12 mm @ Scientific Industries, Inc.
Low protein binding tubes 1.5ml Carl Roth
MS inserts 100 VWR
MS sample vials VWR
Pipette tips 10 p Sarstedt
200 pl
1000
Polycarbonate filter 10 pm,142 mm &, TCTP ~ Millipore
3 um,142 mm &, TSTP
Polyethersulfone filter 0.2 um, 142 mm @, Millipore

Qubit™ Assay GefidRe

GPWP
polypropylene, 0.5 ml

Thermo Fisher Scientific

Reaction tubes 2ml Sarstedt
Scalpel steril Swann-Morton
TGX precast seperation gel 4-20% Biorad

5.2. Methods

5.2.1. Metaproteomic analysis of filters

Bacterial biomass sampling. Sampling of bacterioplankton was performed during spring of
the years 2009 and 2018 as previously described in Teeling et al. 2012. Summarized, 500 L
of subsurface seawater (1 m depth) were sampled weekly in 2009 and twice a week in 2018
at the station “Kabeltonne” (50° 11.3’ N, 7° 54.0’ E) between the main island Helgoland and
the minor island “Dune” about 40 km offshore in the south-eastern North Sea in the German
Bight. Bacterial biomass for protein extraction was sequentially filtered with peristaltic pumps
onto 10 ym, 3 um, and 0.2 um pore-sized filters (142 mm diameter) to separate PA and FL
bacteria. In detail, the samples were first filtered through 10 um pore-size polycarbonate filters
to collect large particles and eukaryotic plankton. Then, the water samples were filtered onto
3 um pore-size polycarbonate filters to collect bacteria associated with smaller particles and
algae and finally the water samples were filtered onto 0.2 um pore-size polyethersulfone filters
to collect FL bacteria. All filters were stored at -80 °C until further analysis. Usually the entire

filtration process was finished within 6-8 hours.

Testing of protein extraction protocols. To test six different existing protein extraction
protocols for their applicability on PA bacteria, filters from several sampling events (2-4, Table
S1) containing varying amounts of biomass were chosen. Sample preparation for the

metaproteomic analysis included cutting the filters into quarters and subsequently into small
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pieces (1-2 mm in diameter). Pieces from one quatrter filter were transferred into 15 ml falcon

tubes and treated according to the respective protocol.

Protocol 1 - Phenol. Filter pieces were incubated shaking in 2.4 ml of a 0.1 M NaOH solution
for 30 min at room temperature and subsequently sonicated three times for 30 s with 10%
pulse and 20% amplitude. The supernatant was transferred into a new tube and protein
extraction using phenol was performed according to the protocol published by Kuhn and
colleagues (Kuhn et al. 2011) with slight modifications. In summary 5.6 ml phenol and 2.4 ml
a. bidest were added to the supernatant and the samples were mixed for 1 h at RT. To separate
the aqueous phase from phenol phase the sample was centrifuged for 30 min at 12,500 x g
and 20 °C. The phenol phase was transferred into a new tube and washed by mixing it with an
equal volume of a. bidest for 30 min. Subsequently, the sample was centrifuged as described
above, the phenol phase was transferred into a new tube and the 5-fold volume of a 0.1 M
ammonium acetate in methanol -solution was added for precipitation of proteins over night at
— 20 °C. The next day the sample was centrifuged for 20 min at 12,500 x g and 4 °C and the
resulting protein pellet was washed two times with ammonium acetate in methanol, two times
with 80% ice-cold aceton g and once 70% ice-cold ethanolq). Every washing step was carried

out for 15 min at — 20 °C and followed by centrifugation as described above.

Protocol 2 - SDS-TCA. Filter pieces were mixed with 5 ml extraction buffer and vigorously
shaken for 2 min at RT. The cell disruption by sonication, boiling and shaking was performed
with following modifications according to the protein extraction protocol published by Schneider
and colleagues (Schneider et al. 2012). The sample was sonicated three times for 40 s with
one min break on ice between the cycles (10% pulse, 70% amplitude). This was followed by
boiling for 20 min and shaking for 1 h at4 °C. To remove cell debris the sample was centrifuged
for 15 min at 12,500 xg and 4 °C and the supernatant was transferred into a new tube.
Subsequently, proteins were precipitated with 100% TCA over night at 4 °C. The precipitated
proteins were centrifuged as described above and the pellet was washed twice in ice-cold

acetone.

-28-



Material and methods

e Extractionbuffer SDS-TCA 50 mM Tris
1% SDS
pH 7.0 (HCI)

Protocol 3 - TRI-Reagent®. The TRI-Reagent® (Sigma-Aldrich, Rio et al. 2010) is used for the
simultaneous isolation of RNA, DNA, and proteins. Filter pieces were transferred into 4 ml TRI-
Reagent and shaken vigorously for 5 min. Subsequently, proteins were extracted according to
the manufacturer’s guidelines. In summary, 800 pl chloroform were added and the suspension
was again shaken vigorously for 15 s. After an incubation of 15 min at RT the sample was
centrifuged for 15 min at 12,000 x g and 4 °C to separate the suspension into three phases: a
red organic phase (containing proteins), and interphase (containing DNA), and a colorless
upper aqueous phase (containing RNA). The aqueous phase was discarded. To precipitate
DNA 1.2 ml 100% ethanol was added and the suspension was mixed by inversion, incubated
for 3 min at RT and centrifuged for 5 min at 2,000 x g and 4 °C. Afterwards the supernatant
was transferred into a fresh tube and used for protein extraction. The proteins were precipitated
with 6 ml 2-propanol for 15 min at RT. A centrifugation step for 10 min at 12,000 x g and 4 °C
followed. The supernatant was discarded and the pellet was washed three times with 8 ml of
a 0.3 M guanidine hydrochloride/ 95% ethanol solution. Each washing step included an
incubation for 20 min at RT and a centrifugation step for 5 min at 7,500 x g and 4 °C. After the
third washing step, 2 ml of 100% ethanol were added to the protein pellet and the sample was

shaken vigorously. The sample was incubated and centrifuged as described above.

Protocol 4 - Freeze and Thaw. Protein extraction was carried out using a combination of the
extraction protocols of Chourey et al. (2010) and Thompson et al. (2008). To this end, filter
pieces were mixed with 4 ml lysis buffer and vigorously shaken for 3 min. Subsequently, the
samples were boiled for 10 min, followed by two freezing and thawing cycles with liquid
nitrogen. After another boiling procedure and cooling at 4 °C, the samples were vigorously
shaken for 3 min. To remove cell debris, samples were centrifuged for 20 min at 12,500 x g at
4 °C. The proteins in the supernatant were precipitated with 25% TCA over night at 4 °C.
Precipitated proteins were centrifuged as described above and the resulting protein pellet was

washed with ice-cold acetone.
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e Lysisbuffer 50 mM Tris

5% SDS

0.1 mM EDTA

0.15 M NacCl

1 mM MgCl;

50mMDTT

pH 8.5 (HCI)
Protocol 5 - SDS-Acetone. Filter pieces were mixed with 5 ml extraction buffer and vortexed
vigorously for 2 min. Proteins were extracted by sonication, boiling and shaking as described
by Hall and colleagues (Hall et al. 2012). In summary, cells were sonicated five times for 1 min
with 1 min break on ice (10% pulse, 70% amplitude). Sonication was followed by boiling for
15 min and shaking for 1 h at 4 °C. Afterwards the sample was centrifuged for 5 min at
12,5000 x g and 4 °C. The whole procedure was repeated with the pellet after addition of 3 ml
extraction buffer and the supernatants were pooled. Subsequently, proteins were precipitated

with five volumes acetone over night at -20 °C. The precipitated proteins were centrifuged for

20 min at 12,500 x g at -20 °C and the pellet washed twice in ice-cold acetone.

During the course of the establishment of an appropriate protein extraction protocol for PA
bacterial communities following modification of the above-described protocol was tested:

boiling was skipped to prevent the loss of membrane proteins.

e Extractionbuffer 50 mM Tris

1% SDS

pH 7.5 (HCI)
Protocol 6 — Bead Beating. Protein extraction was carried out according to the extraction
protocol of Moog (2012), which is based on the protocol of Teeling and colleagues (Teeling et
al. 2012), with slightly modified cell disruption parameters. To this end, filter pieces were
covered with 4 ml lysis buffer and 2 ml glass beads were added. The cells on the filter pieces
were subsequently disrupted four times for 30 s with 6.5 m/s via bead beating with a Fast
Prep™-24 with a 2 min break on ice between the cycles. To remove cell debris and glass
beads, samples were centrifuged for 20 min at 12,500 x g at 4 °C and the supernatant was

transferred into new tubes. This washing step was repeated 2 to 4 times until the beads were

colourless. The glass beads were washed with 3 ml lysis buffer and vigorously shaken.
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Proteins enriched in the pooled supernatants were precipitated with 1:4 acetone at -20 °C over
night. Precipitated proteins were centrifuged for 20 min at 12,500 x g at 4 °C and the resulting

protein pellet washed with ice-cold acetone.

During the course of the establishment of an appropriate protein extraction protocol for PA
bacterial communities following modification of the above-described protocol were tested: only

one washing step, 2 times 40 s with 6.0 m/s and 3 times 30 s with 6.5 m/s.

e Lysisbuffer 50 mM Tris
5% SDS
0.1MDTT
0.01 M EDTA
10% (v/v) glycerol
1.7 mM PMSF
pH 6.8 (HCI)

All resulting protein pellets were air-dried and resolved in 50-200 pul 8 M urea / 2 M thiourea
buffer according to the size of the resulting protein pellet. After addition of the buffer samples

were frozen at -20 °C and the following day shaken for at least 2 h at 4 °C.

e Urea/Thiourea Buffer 8 M urea
2 M thiourea

Determination of protein concentrations. Protein concentrations were determined using the
Pierce™ BCA Protein Assay Kit. Protein extracts were prepared with the Compat-Able™
Protein Assay Preparation Reagent Kit to remove interfering thiol concentrations. The
preparation of the samples was performed according to the manufacturer’s instructions for the
micro centrifuge-tube procedure. Afterwards the concentration of protein solutions was
determined according to the test-tube procedure of the manufacturer's guidelines. The
Pierce™ BCA Protein Assay Kit uses the purple coloured product of the cuprous cation (Cu?")
and bicinchoninic acid reaction (Smith et al. 1985), which allows photometric measurement at
562 nm. All measurements of protein solutions were conducted in duplicates and samples
were diluted appropriately to fit into the range of the standard curve. The measurements of

standard samples were conducted in triplicates.
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SDS-PAGE protein separation. To separate proteins according to their molecular weight the
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970)
was used. To this end 30 pg protein (method development of protein digestion and MS/MS
sample preparation and application example) or 30 pl protein extract (comparison of the
protein extraction protocols) was mixed with 4x SDS sample buffer and loaded on TGX precast
4-20% gels. Between the different samples one gel lane each was left empty, because the
protein lanes got wider during electrophoretic separation. 3 ul of PageRuler Prestained Protein
Ladder were used as a molecular weight marker. Samples were separated by electrophoresis
at 150 V for 45 min. After fixation for 30 min the gels were stained with Brilliant Blue G250
Coomassie overnight. The next day, the gel was washed several times until protein bands

were clearly distinguishable from the background and subsequently imaged and stored at 4 °C.

4 x SDS Sample buffer 100 mM Tris
10% SDS
20% glycerol
5% B-mercaptoethanol
0.8% bromphenol blue
pH 6.8 (HCI)
10 x SDS-Running buffer 250 mM Tris
1.92 M glycine
1% SDS
pH 8.3
Colloidal Coomassie staining solution
10% (w/v) (NH4)2SO4
0,12% (w/v) Coomassie® Brilliant Blue G-250
10% (v/v) H3aPO4
20% (v/v) methanol
Fixing solution 50% a. bidest
10% acetic acid
40% ethanol

Protein digestion and MS sample preparation. Three different protocols were tested on

proteins extracted from 3 pm and 10 um filters in two technical replicates each.

Protocol 1 - 10 gel pieces. Protein lanes were cut into 10 equal-sized pieces, placed into low
protein binding tubes and washed 3 times with 700 pl washing solution at 37 °C for 15 min with
shaking (1200 rpm) to remove Coomassie stain and SDS residue. Prior to tryptic digestion, gel
pieces were dried in a vacuum concentrator (30 °C) and re-swollen with 100 pl of a 2 ng/ul

trypsin solution. Any excess of trypsin was removed followed by an overnight digestion at
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37 °C, placing the reaction tubes upside down. After digestion, the gel pieces were covered
with water and after a short centrifugation step at 10,000 x g for 30 s, peptides were eluted
from the gel in an ultrasonic bath for 15 min. Tubes were centrifuged as described above and

the supernatant containing peptides transferred into new tubes.

Protocol 2 - 20 gel pieces. The protein lanes were cut into 20 equal-sized pieces and treated

as described above.

Protocol 3 - 20 gel pieces with reduction and alkylation (red. and alk.). Protein lanes were cut
into 20 equal-sized pieces, placed into low protein binding tubes and washed 3 times with
washing solution at 37 °C for 15 min with shaking (1200 rpm) to remove Coomassie stain and
SDS residue. Gel pieces were dehydrated in 100% acetonitrile and reswollen in a 50 mM
NH4HCO3; solution. After another dehydration step in acetonitrile, proteins were reduced in
reduction solution for 30 min at 60 °C, followed by another dehydration step and an alkylation
in alkylation solution for 60 min in the dark at room temperature. Prior to tryptic digestion, the
gel pieces were dehydrated and washed as described above, dried in a vacuum concentrator
(30 °C), re-swollen with 300 ul of a 0,1 pg/ul trypsin solution and incubated at 37 °C over night.
Peptides were eluted from the gel pieces by an eight-step procedure (200 ul of solution each),
using acetonitrile for 5 min, 1% (v/v) acetic acid in water solution for 10 min, acetonitrile for
5 min, 5% (v/v) acetic acid, elution of peptides in ultrasonic bath for 10 min and two times
acetonitrile with an additional elution step in an ultrasonic bath in between. Peptide-containing
supernatants were pooled and completely dried in a vacuum concentrator (30 °C). Samples

were subsequently resolved in 20 pl washing solution.

e Washing solution 200 mM NH4sHCO3
30% (v/v) acetonitrile

e Washing solution (red and alk) 100 mM NH4HCO3
50% (v/v) methanol

e Reduction solution 50 mM NH4HCOs3
10 MM DTT

e Alkylation solution 50 mM NHsHCO3
50 mM IAA

Zip Tip Purification. The eluted peptides from each protocol were desalted with C18 Millipore®

ZipTip columns according to the manufacturer’s guidelines. In summary the Zip Tip pipette tip
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was prewetted twice with 10 ul wetting solution and subsequently equilibrated for binding by
washing it twice with 10 ul equilibration solution. Peptides were bound to the Zip Tip column
by aspirating and dispensing the peptide solution 10 times. Peptides were then washed twice
with 10 pl washing solution followed by the elution of the peptides into 10 ul elution solution by
aspirating and dispersing it 3 times. The elution solution containing the peptides was
transferred into MS sample vials with 100 pl inserts. To assure the equal volume of samples,
15 pl a. bidest was added and filled vials were vacuum centrifuged to dryness. 11 pl a.bidest
was added to each sample, vials were vortexed and incubated for 1 h at 4 °C. The vials were

stored at — 20 °C until LC-MS/MS measurement.

e Wetting solution 70% (v/v) acetonitrile
30% (v/v) a. bidest
o Equilibration solution 3% (v/v) acetonitrile

0.1% (v/v) acetic acid
96.9% (v/v) a. bidest

e Washing solution 0.1 (v/v) acetic acid
99.9% (v/v) a. bidest
e Elution solution 60% (v/v) acetonitrile

0.1% (v/v) acetic acid
39.9% (v/v) a. bidest

Constructions of a protein sequence database from marine metagenomes.

Extraction of environmental DNA. Environmental DNA was extracted by the Max Planck
Institute for Marine Microbiology in Bremen, according to a modified standard protocol of Zhou
et al. (1996). In detail, one polycarbonate filter was cut into 4 pieces and mixed with 13.5 ml
extraction buffer. Subsequently, 100 ul 10 mg/ml Proteinase K was added and the sample was
incubated shaking at 37 °C for 30 min. 1.5 ml 20% SDS was added and the sample was
incubated shaking at 65 °C for 2 h. The sample was centrifuged at 6,000 x g for 10 min at RT
and the supernatant was transferred to a fresh tube. Subsequently, an equal volume of
chloroform/isoamylalcohol (24:1)-solution was added and the sample was mixed carefully by
shaking for 20 min and was subsequently centrifuged at 10,000 x g for 10 min at RT.
Afterwards the aqueous upper phase was transferred into a new tube and the DNA was
precipitated by addition of 0.6 volumes isopropanol. The sample was moderately shaken over

night at 4°C. After centrifugation at 50,000 x g for 20 min at RT, the pellet was washed with 10
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ml 80% (v/v) ethanol and dried. The pellet was resuspended in 200 pl TE buffer and stored
at -20 °C until sequencing. DNA-concentration was determined with the Qubit™ dsDNA HS

Assay Kit according to the manufacturer’s guidelines.

e Extraction buffer 1 M Tris
0.5 M EDTA
1 M Na-phosphate buffer
5 M NacCl
10% CTAB
pH 8.0
e Na-phosphate buffer 1 M NapHPO4
1 M NaH2PO4
e TE buffer 10 mM Tris
1 mM EDTA

DNA-sequencing, metagenome assembly and gene annotation. DNA was sequenced at the
Max Planck Sequencing Centre (Cologne, Germany), using the lllumina HiSeq 2500 platform
and 2 x 250 bp chemistry. The further processing of the metagenome sequences was done by
Dr. Thomas Ben Francis at the Max Planck Institute for Marine Microbiology in Bremen. In

summary, sequences were trimmed using bbduk v35.14 (http://bbtools.jgi.doe.gov) with the

following parameters: ktrim =r k =28 mink = 12 hdist =1 tbo =t tpe =t gtrim =rl trimqg = 20
minlength = 100. Read quality for each sample was then confirmed using FastQC v0.11.2
(Andrews 2010). Trimmed and filtered reads from the three size fractions were assembled
individually. The 0.2 um pore-sized filter sample was assembled with metaSPAdes v3.10.1
(Nurk et al. 2017) with kmers of length 21, 33, 55, 77, 99, and 127, and error correction mode
switched on. Assembly of the larger size fraction was done with MEGAHIT v1.1.3 (Li et al.
2015) with kmers 21, 33, 55, 77, 99, 127, 155, 183, and 211. Assembled contigs longer than
1,500 base pairs were kept for gene predictions. Genes were predicted and annotated using
Prokka v1.11 (Seemann 2014), which implements prodigal v2.6.3 (Hyatt et al. 2010) for ORF
prediction. Raw read sequences and assembled contig sequences have been deposited in the
European nucleotide archive (ENA) under the project accession numbers PRJEB2888 (2009

metagenomes and PRJEB38290 (2018 metagenomes).

Construction of a protein sequence database. A list of common contaminants was added to

downloaded protein sequences or translated ORF sequences, which were found through the
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metagenomic analyses of the different size fractions. Redundant sequences were eliminated
(100% redundancy for one single size fraction, 97% redundancy for combined sequences of
different size fractions; elimination of shorter sequences) using CD-Hit, a program for

clustering and comparing protein or nucleotide sequences.

LC-MS/MS data acquisition and data analysis.

LC-MS/MS measurements. LC-MS/MS measurements were done by Dr. Claudia Hirschfeld
(samples from 2009) and Dr. Pierre Micke (samples from 2018) in the group of Prof. Dr. Dorte
Becher at the Institute of Microbiology at the University of Greifswald. Peptides were separated
by reversed-phase chromatography on an Easy-nLC 1000 with self-packed C18 analytical
columns (100 um x 20 cm) and coupled to an LTQ Orbitrap Velos mass spectrometer using a
non-linear binary gradient of 80 minutes from 5 % solvent A to 99 % solvent B and a flow rate
of 300 nl/min. Survey scans at a resolution of 30,000 were recorded in the Orbitrap analyser
(m/z 300 - 1700) and the 20 most intense precursor ions were selected for CID fragmentation
in the LTQ. Dynamic exclusion of precursor ions was enabled; single-charged ions and ions
with unknown charge state were excluded from fragmentation. Internal lock mass calibration

was enabled (lock mass 445.120025).

e Solvent A 0.1% (v/v) acetic acid
99.9% (v/v) a. bidest
e SolventB 0.1% (v/v) acetic acid

99.9% (v/v) acetonitrile

Database search. The mass spectrometry raw data was converted into mgf files using
MSConvert and subsequently subjected to database searching via Mascot. Four different
protein sequence databases were used for peptide to spectrum matching: 1) the non-redundant
NCBI database (NCBI nr - NCBlprot 20171030 database (136,216,794 entries)), 1) a
database containing protein sequences of abundant bacteria and diatoms (PABD) based on
the study of Teeling et al. (2012), and retrieved from Uniprot KB
(Uniprot_DoS_complete_20170829 database (2,638,314 entries)), lll) a database containing
protein sequences of the free-living fraction from Teeling et al. (2012) (0.2 um 2009 (MIMAS)

- MIMAS forward_reverse_all_contaminants database (1,579,724 entries)), and IV) a
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database based on translated metagenomes from 0.2 ym and 3 um filters (see 5.2.1:
Constructions of a protein sequence database from marine metagenomes for details) (0.2 + 3
pm 2009 - 02_plus_3 POMPU_nr97_fw_cont_20181015 database (1,463,571 entries)). Data
from samples from 2018 were searched against a database based on translated metagenomes
from 3 and 10 um filters of eight different sampling time-points (3 + 10 um 2018 -
3_plus_10um_all_cont_nr_ 2018 (14,764,755 entries)). Mascot search was performed with a
fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10.0 ppm. Oxidation of
methionine was specified as a variable modification; trypsin was set as digestion enzyme and

a maximum of two missed cleavages was allowed.

Data analysis. Scaffold was used to validate MS/MS-based peptide and protein group
identifications. Peptide identifications were accepted if they could be established at greater
than 95.0% probability by the Peptide Prophet algorithm (Keller et al. 2002) with Scaffold delta-
mass correction. Protein group identifications were accepted if they could be established at
greater than 99.0% probability and contained at least one identified peptide. Protein group
probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al. 2003). Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Peptides that were only found in one of
the replicates were excluded from subsequent data analysis. For data obtained from samples
from 2018 the X! Tandem search engine (The Global Proteome Machine Organization), which
is included in Scaffold, was used. X! Tandem automatically searches for missed cleavages,
semi-tryptic peptides, post-translational modifications and point mutations and with this
improves the number and confidence of protein group identifications by combining its results
with the Scaffold search engine results. Mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Perez-
Riverol et al. 2019) with the data set identifiers PXD12699 (data from 2009) and severs of the

Institute of Microbiology of the University Greifswald (data from 2018).

For further data analysis, the software ProPHANE (Proteomics result Pruning and Homology

group Annotation Engine) (Schneider et al. 2011; Schiebenhoefer et al. 2020) was used. For
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the taxonomical classification of the identified protein groups the NCBI NR database (version
2018-08-02; e-value 0.01, query cover 0.9, max-target-seqs 1) and the diamond blastp
algorithm (version 0.8.22) were used. For functional classification of the identified protein
groups the eggnog database (version 4.5.1, downloaded at 2018-07-31) and the algorithm e-
mapper were used for the data from 2009. For the data from 2018 following databases and
parameters were used. For the taxonomical classification of the identified protein groups the
NCBI NR database (version 2019-09-30; e-value 0.001, diamond blastp search algorithm) and
the UniprotKB database (version 2019-09-30; e-value 0.001; diamond blastp search algorithm)
were used. For functional classification of the identified protein groups the eggnog database
(version 4.5.1; e-value 0.001; emapper search algorithm), the PFAMs database (version 32;
e-value 0.001; hmmscan search algorithm), the TIGRFAMs database (version 15.0; e-value
0.001; hmmscan search algorithm), the FOAM database (version rella; e-value 0.001;
hmmscan search algorithm), the CAzY/dbCAN database (version 8; e-value 0.001; hmmscan
and hmmsearch search algorithm and the ResFAMs(core) database (version 1.2; e-value
0.001; hmmscan search algorithm) were used. Functional classification of the identified protein
groups used for the data interpretation was carried out manually. As the PFAMs database led
to the highest number of both annotated bacterial and eukaryotic protein groups, this database
was used as main annotation source. Results of the other databases were compared to the
PFAM database results and differences were controlled via BLAST search and possibly
changed to the verified annotation. Functional clustering of protein groups used for data

interpretation and creation of figures was based on TIGRFAMs descriptions.

The NSAF (normalized spectral abundance factor)-value was used for the examination of the
abundance of protein groups (Zybailov et al. 2006). For the calculation of this value the sum
of spectral counts, the number of aa of the longest protein sequence (samples from 2009) and
number of aa of the mean length of protein sequences (samples from 2018) of the respective
protein groups and the number of overall identified protein groups is taken into account. In the
method of spectral counting (Zhu et al. 2010b) it is assumed that the number of peptides of a

distinct protein that contributes to the peptide mixture, correspond to the concentration of this
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protein group in the sample and that the number of peptides mirror the number of recorded
MS-spectra. The NSAF value of a protein group can have a value between 0 and 1. A value

nearer to 1 indicates a higher amount of the respective protein group in the sample.

PCA (principal component analysis) and OPLS-DA (orthogonal partial least squares-
discriminant analysis) plots were used to visualize differences and similarities within the
complex metaproteomics dataset of the spring phytoplankton bloom 2018. The plots were
further used to investigate, if the differences between the samples were based on pore-size of
the used filters or on sampling time point during the bloom. To generate the plots the SIMCA®
software was used. The NSAF-values of all identified protein groups assigned to the same
taxonomical class or family were summed up as variables. To handle the inhomogeneity within
the absolute values of the variables and secure that each variable has the same influence on

the statistical model, the variables were centred and scaled to “Unit Variance” (UV).

5.2.2. Proteomic analysis of a selected marine particle-associated bacterial

isolate grown on different polysaccharides

Isolation and Cultivation of Muricauda sp. MAR_2010_75

Isolation. The strain Muricauda sp. MAR_2010_75 was isolated from the colleagues Hahnke
and Harder (2013) from phytoplankton near List on the German island Sylt in the North Sea.
The strain belongs to the genus Muricauda within the class of Flavobacteriia of the Phylum
Bacteroidetes. The strain has 96,3% 16S rRNA gene identity to Muricauda flavrescens.
Muricauda sp. MAR_2010_75 forms round orange colonies when it grows on agar and shows

gliding motility.

Cultivation. The cultivation of the strain was performed at the Max Plank Institute for Marine
Microbiology in Bremen. The strain was cultivated in HaHa100V medium according to Hahnke
et al. (2015). Before inoculation 2 g/l of a specific carbon source were added to the medium.
In this study glucose and the polysaccharides laminarin and alginate were used. For the

inoculation of the liquid culture 0.4% (v/v) of a respective preculture was used. Precultures
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were inoculated by picking a colony of the bacterium from an agar plate (marine agar 2216;

55.1 g/l). Liquid cultures were incubated at 25 °C till they reached an ODgoonm Of roughly 0,25

(reached after 45,5-47,5 h).

Strain

NCBI Accession number

Muricauda sp. MAR_2010_75

¢ HahalOOV medium

e Supplementation Hahal00V

e Trace elements solution

e SeW solution

e 7 vitamins solution

PRJINA24852

26.37 g/l NaCl

5.67 g/ MgCl> x 6 H.O

6.8 g/l MgSO4x 7 H20

1.47 g/l CaClz x 2 H20

0.72 g/l KCI

0.1 g/l KBr

0.02 g/l H3sBOs

0.02 g/l SrCl,

0.003 g/l NaF

2 ml/l trace elements solution
(Pfennig and Triper 1981)

1 ml/l SeW solution (Widdel and Bak 1992)
5 mg/l KH2PO4

0.8 g/l NH.CI

0.1 g/l yeast extract

0.1 g/l casaminoacids

0.1 g/l trypton peptone

1 ml 7 vitamins solution
(Winkelmann and Harder 2009)
1 ml vitamin B12 solution (Widdel and Bak 1992)
1 ml riboflavin solution
(Winkelmann and Harder 2009)
1 thiamin solution

(Winkelmann and Harder 2009)
pH 7.5 (1 M NaHCO3)

2.1 g/IFeSO4x 7 H.0

5.2 g/l Nax-EDTA

30 mg/l HgBO3

100 mg/l MnCl; x 4 H,O

190 mg/l CoCl2 x 6 H20

24 mg/I NiCl, x 6 H20

10 mg/l CuClz x 2 H20

144 mg/l ZnSO4 x 7 H,O

36 mg/l Na2MoO4 x 2 H.0

pH 6.0 (5 M NaOH)

18 mg/l Na>SeOs3 x 5 H,O

18 mg/l Na;Wo0O4 x 2 H,0

200 mg/l NaOH

4 mg 4-aminobenzoic acid

1 mg D (+) - biotin

10 mg nicotinic acid

5 mg D (+) — panthothenic acid, Ca-salt
15 mg pyridoxine dichloride

4 mg folic acid
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1.5 mg lipoic acid

in 100 ml 10 mM NaH2PO4 + Na;HPOg4, pH 7.1
e Vitamin B12 solution 50 mg/I cyanocobalamin
¢ Riboflavin solution 5 mg riboflavin

in 100 ml 25 mM NaH:PO.

pH 3.4
e Thiamin solution 5 mg thiamin

in 100 ml 25 mM NaH:PO.,

pH 3.4

Harvest. Cultures were transferred into 50 ml test tubes and centrifuged for 20 min at
5,000 rpm and 4 °C. The resulting cell pellet was resuspended in 1 ml medium and transferred
into a 1.5 ml tube. After another centrifugation step for 15 min at 130,000 rpm and 4 °C the
pellet was frozen in liquid nitrogen and stored at — 20 °C till further analysis. The identity of the

strain was confirmed by use of partial 16S rRNA sequencing.

Protein extraction. For protein extraction, cell pellets were resuspended in 500 ul lysis buffer
and transferred into a reaction tube containing 250 pl glasbeads. The cells were subsequently
disrupted four times for 30 s with 6.5 m/s via bead beating with a Fast Prep™-24 with 2 min
break on ice between the cycles. To remove cell debris and glass beads, samples were
centrifuged for 10 min at 12,500 x g at 4 °C and the supernatant was transferred into new 2 ml
Eppendorf tubes. The glass beads were washed with 500 pl lysis buffer and vigorously shaken.
Proteins enriched in the pooled supernatants were precipitated with 1:4 acetone at -20 °C over
night. Precipitated proteins were centrifuged for 20 min at 12,500 x g at 4 °C and the resulting
protein pellet washed with ice-cold acetone. The resulting protein pellet was air-dried and
resolved in 200 pl 8 M urea / 2 M thiourea buffer. After addition of the buffer samples were

frozen at -20 °C and the following day shaken for at least 2 h at 4 °C.

e Lysis buffer 50 mM Tris
5% SDS
0.1 MDTT
0.01 M EDTA
10% (v/v) Glycerol
1.7 mM PMSF
pH 6.8 (HCI)
e Ureal/thiourea buffer 8 M urea
2 M thiourea

Determination of protein concentrations. Protein concentrations were determined using the

Pierce™ BCA Protein Assay Kit. Protein extracts were prepared with the Compat-Able™
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Protein Assay Preparation Reagent Kit to remove interfering thiol concentrations. The
preparation of the samples was performed according to the manufacturer’s instructions for the
micro centrifuge-tube procedure. Afterwards the concentration of protein solutions was
determined according to the test-tube procedure of the manufacturer's guidelines. All
measurements of protein solutions were conducted in duplicates and samples were diluted
appropriately to fit into the range of the standard curve. The measurements of standard

samples were conducted in triplicates.

SDS-PAGE protein separation. To separate proteins 30 ug protein was mixed with 4x SDS
sample buffer and loaded on TGX precast 4-20% gels. Between the different samples one gel
lane each was left empty, because the protein lanes got wider during electrophoretic
separation. 3 pl of PageRuler Prestained Protein Ladder were used as a molecular weight
marker. Samples were separated by electrophoresis at 150 V for 45 min. After fixation for
30 min the gels were stained with Brilliant Blue G250 Coomassie overnight. The next day, the
gel was washed several times until protein bands were clearly distinguishable from the

background and subsequently imaged and stored at 4 °C.

Protein digestion and MS sample preparation.

Protein in-gel digest. Protein lanes were cut into 10 equal-sized pieces, placed into low protein
binding tubes and washed 3 times with 700 pl washing solution at 37 °C for 15 min with shaking
(1200 rpm) to remove Coomassie stain and SDS residue. Prior to tryptic digestion, gel pieces
were dried in a vacuum concentrator (30 °C) and re-swollen with 100 pl of a 2 ng/ul trypsin
solution. Any excess of trypsin was removed followed by an overnight digestion at 37 °C,
placing the reaction tubes upside down. After digestion, the gel pieces were covered with water
and after a short centrifugation step at 10,000 x g for 30 s, peptides were eluted from the gel
in an ultrasonic bath for 15 min. Tubes were centrifuged as described above and the

supernatant containing peptides transferred into new tubes.

Zip Tip Purification. The eluted peptides from each protocol were desalted with C18 Millipore®

ZipTip columns according to the manufacturer’s guidelines. In summary the Zip Tip pipette tip
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was prewetted twice with 10 pl wetting solution and subsequently equilibrated for binding by
washing it twice with 10 ul equilibration solution. Peptides were bound to the Zip Tip column
by aspirating and dispensing the peptide solution 10 times. Peptides were then washed twice
with 10 pl washing solution followed by the elution of the peptides into 10 ul elution solution by
aspirating and dispersing it 3 times. The elution solution containing the peptides was
transferred into MS sample vials with 100 ul inserts. To assure the equal volume of samples,
15 pl a. bidest was added and filled vials were vacuum centrifuged to dryness. 11 pl a. bidest
was added to each sample, vials were vortexed and incubated for 1 h at 4 °C. The vials were

stored at — 20 °C until LC-MS/MS measurement.

LC-MS/MS data acquisition and data analysis.

LC-MS/MS measurements. LC-MS/MS measurements were done by Dr. Daniela Zuhlke in the
group of Prof. Dr. Katharina Riedel at the Institute of Microbiology at the University of
Greifswald. Peptides were separated by reversed-phase chromatography on an Easy-nLC
1200 with self-packed C18 analytical columns (100 um x 20 cm) and coupled to an Q
Exactive™ HF Hybrid-Quadrupole-Orbitrap mass spectrometer using a non-linear binary
gradient of 80 minutes from 5 % solvent A to 99 % solvent B and a flow rate of 300 nl/min.
Survey scans at a resolution of 60,000 were recorded in the Orbitrap analyser (m/z 333 - 1650)
and the 15 most intense precursor ions were selected for HCD fragmentation. Dynamic
exclusion of precursor ions was enabled; single-charged ions and ions with unknown charge
state were excluded from fragmentation. Internal lock mass calibration was enabled (lock mass

445.12003).

Database search. The mass spectrometry raw data was subjected to database searching via
MaxQuant software (Cox and Mann 2008). A database containing all available protein
sequences of Muricauda sp. MAR_ 2010 75 (Muricauda_NCBI_fw _rev_cont DS; 7,198
entries) was used for peptide to spectrum matching: Peptide search was performed with the
Andromeda search algorithms (Cox et al. 2011). For positive protein identification the following

criteria hat to be met: a minimum peptide length of 6 aa, a maximum of 2 missed cleavages,
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oxidation of methionine was specified as a variable modification and trypsin was set as
digestion enzyme. The false discovery rate (FDR) was estimated and protein identifications
with FDR < 1% were considered acceptable. Furthermore, a protein hat to be identified in at
least 2 out of 3 biological replicates and a minimum of two unique peptides per protein was
required for relative quantification using the iBAQ (intensity based absolute quantification)

algorithm provided by MaxQuant.

Mass spectrometry proteomics data is available on the serves of the Institute of Microbiology

of the University Greifswald.

Data analysis. Provided iBAQ values, whereby the peak area is divided by the sum of all
theoretical peptides, were used to manually calculate riBAQ (relative iBAQ) values for semi
guantitative comparison of protein abundances. riBAQ values give the relative protein
abundance in percent of all proteins in the same sample by normalizing each protein’s iBAQ

value to the sum of all IBAQ values (Shin et al. 2013).

For further data analysis and annotation of identified protein the web CD-Search Tool (Lu et
al. 2020) was used which is a NCBI interface to search the Conserved Domain Database and
uses RPS-BLAST to quickly scan a set of precalculated position-specific scoring matrices
(PSSMs). For the search the CDD database was used a superset which includes NCBI-curated
domains and data imported from Pfam, SMART, COG, PRK and TIGRFAMs. For the search
the expected e-value was set to 0.01. Furthermore the dbCAN (automated Carbohydrate-
active enzyme Annotation) meta sever (Zhang et al. 2018b) was used for the identification of
CAZymes among the identified proteins. For this annotation the bio sequence analysis tool
HMMER, which uses profile hidden Markov models, was used for the annotation of CAZyme
domain boundaries according to the dbCAN CAZyme domain HMM database and the protein
alignment tool DIAMOND was used to obtain blast hits in the CAZyme database. The proteome
data was combined with the locus tags from NCBI. PULs predicted in the study from
Kappelmann et al. 2018 were translated into the locus tags from NCBI via start- and stop

codons.
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6. Results

6.1. Establishment of a metaproteomic pipeline for PA microbial
communities (Schultz et al. 2020)

Metaproteomic analyses of PA microbial communities are hindered by their high complexity,
the high amount of eukaryotic proteins, the sugary particle-matrix as well as the lack of
(meta)genomic information on PA-specific pro- and eukaryotes (Wohlbrand et al. 2017a; Saito
et al. 2019). Metaproteomics analyses of FL bacterioplankton (sampled on 0.2 um filters)
during spring phytoplankton blooms from 2009 to 2012 off the German island Helgoland
(station “Kabeltonne”, 54°11°03"°'N, 7°54°'00"'E) resulted in the identification of several
thousand protein groups (Teeling et al. 2012, Kappelmann et al. 2018). However, the PA
microbial communities retained on 3 and 10 um pore-sized filters were substantialy more
difficult to analyze by the integrated metagenomic/metaproteomic approach employed at that
time (Teeling et al. 2012). For sample preparation, 500 L raw seawater were sequentially
filtrated through 10 um, 3 um (PA fractions) and 0.2 um (FL fraction) pore-sized filters.
Everything retained on 3 um and larger pore-sized filters is regarded as marine particles in the

following.

Among others this thesis aimed to develop a suitable and effective metaproteomics pipeline
for in depth analyses of taxonomic composition and functionality of marine PA microbial
communities. Therefore, six different already well established protein extraction protocols for
various particulate samples were tested using biomass from 3 and 10 um pore-sized filters of
the MIMAS bio archive (www.mimas-project.de). These samples covered different stages of
the spring phytoplankton bloom, which had been sampled in 2009 during the sampling
campaign by Teeling et al. 2012. Moreover, various MS sample preparation protocols and

different protein sequence databases were analyzed.

6.1.1. Protein extraction

Efficient protein extraction is an essential part in the successful metaproteomics analyses of
microbial communities. Therefore first of all, five different protein extraction methods were
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tested, which employed different strategies and were already successfully applied for
metaproteome analyses of microbial communities from different environments. These
protocols were applied for sewage sludge (phenol extraction; Kuhn et al. 2011), leaf litter (SDS-
TCA; Schneider et al. 2012), stream hyporheic biofilms (SDS-acetone; Hall et al. 2012),
hypersaline microbial mats (bead beating; Moog 2012), and soil (freezing and thawing;
Chourey et al. 2010; Thompson et al. 2008). Additionally, the commercially available TRI-
Reagent® (Sigma Aldrich) for simultaneous isolation of RNA, DNA and proteins was tested
(Table 6 Appendix; Figure 2A). Filter samples used for protocol evaluation were sampled at
different sampling events in the 2009 spring bloom sampling campaign (9" of February, 7™ of
April, 215t of April, and 16™ of June 2009). Filters were cut into pieces and underwent the
respective extraction protocol (Figure 2A; 2-4 sampling events; Table S 1 Appendix). Total
protein amounts extracted from the filters by each of the tested methods were quite variable
(Table 6, Table S 1 Appendix, Figure 2B). Highest protein yield as determined by the Pierce™
BCA Protein Assay and 1D SDS-PAGE was obtained using the SDS-acetone or bead-beating
approach for both analyzed fractions (Table 6, Figure 2). Therefore, these two methods were

used for the optimization of the downstream MS sample preparation procedure.
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Table 6. Comparison of the six tested protein extraction protocols

4 - Freeze and thaw

5 - SDS-acetone

6 — Bead-beating

Protocol. 1 - Phenol 2 - SDS-TCA 3 - TRI-reagent®
. . . Chourey et al. (2010)
Reference Kuhn et al. (2011) Schneider et al. (2012) Sigma Aldrich Thompson et al. (2008) Hall et al. (2012) Moog (2012)
simultaneous extraction of . stream hyporheic . . .
soil hypersaline microbial mats

Originally used for

sewage sludge from

leaf litter

RNA, DNA, and proteins

biofilms

Composition of the

biomembrane reactors

1% (w/v) SDS, 50 mM

TRI-Reagent® (guanidine
thiocyanate and phenol

5% (w/v) SDS, 50 mM
Tris/HCI, 0.1 mM EDTA,
0.15 M NaCl, 1 mM

1% (w/v) SDS, 50 mM
Tris/HCI, pH 6.8

5% (w/v) SDS, 0.05 mM
Tris/HCI, 0.1 M DTT, 0.01 M
EDTA, 10% (v/v) glycerol, 1.7

) . 0.1 M NaCOH :
protein extraction buffer Tris/HCI, pH 7 .
monophase solution) MgCls, 50312/I DTT, pH mM PMSF, pH 6.8
sonication
i 0,
Cell disruption sonication sonication 2 freeze and thaw cycles oxd mé?it(zl?tf) powet FastPrep® 6.5 m/s
P 3 x 30 s (20% power TRI-Reagent® (liquid nitrogen, rt), 10 min Itput), PP o. '
methodology output) 3 x40 s (20% power output) boilin 15 min boiling, 4x30s
P 9 procedure repeated on
the pellet
Addlthr_lal protein phenol extraction (2x) / chloroform extraction, / / /
purification ethanol extraction
Protein precipitation 01 mmﬁgﬂgmf‘gf tate 10% TCA 2-propanol (1:1.5) 25% TCA acetone (1:5) acetone (1:4)
Mean total protein
amount [ug] 8.9 22.7 16.1 25.2 38.6 27.3
3-10 ym fraction
Mean total protein
amount [ug] 8.8 12.8 38.2 243 102.1 114.2
=10 pym fraction
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Figure 2. (A) Sampling strategy and (B) evaluation of protein extraction and MS sample preparation
protocols. (A) Water samples collected at “Kabeltonne” Helgoland during the spring bloom 2009 were sequentially
filtered to obtain the 0.2 - 3 um (FL-free-living) and two PA (particle-associated, 3 - 10 ym = medium, = 10 ym =
large) fractions as described in Teeling et al. (2012). Filters were initially cut into three or four pieces, which were
subsequently shredded and mixed with the respective extraction buffer. (B) Filters (medium particles = yellow; large
particles = blue) from different sampling time points (turquoise, green and red) were processed according to the six
different protocols described in the Experimental Procedure section. With regard to the extracted protein amount,
the bead beating and SDS-acetone approaches obviously outcompeted the four other protocols. However, the SDS-
acetone protocol was less reproducible than the bead beating protocol. Considering bead beating and SDS-acetone
as best performing protocols, they were employed to test different MS sample preparation approaches, i.e., different
number of SDS gel fractions for tryptic digestion together with protein reduction (red.) and alkylation (alk.) prior to
tryptic digestion. The subsequent LC-MS/MS analyses revealed best results for the bead beating protocol followed
by GeLC-MS/MS from 20 fractions without protein reduction and alkylation as shown in the bottom line of the figure.
Bubble sizes for the large (blue) and medium (yellow) particles correspond to the number of identified protein groups
(see also Figure 3). (Schultz et al. 2020)

6.1.2. MS sample preparation

Total protein amount was extracted from filters collected on the 28™ of April 2009 employing
the SDS-acetone and bead-beating method and separated by 1D SDS-PAGE (Figure 2B). To
investigate if an increase in the total number of individual gel sub-fractions will lead to more
identified protein groups, gel lanes (two technical replicates for each protocol) were cut in either
10 or 20 equal-sized fractions. Subsequently, proteins were in-gel trypsin digested and the
resultant peptides were subjected to LC-MS/MS analysis. Additionally, it was investigated if
reduction and alkylation of the proteins prior to tryptic digestion increased protein group
identification rates (Figure 2B). The acquired spectra were searched in the so far available
0.2 um 2009 (MIMAS) database (Teeling et al. 2012). The increase of individual gel sub-
fractions led to nearly doubled amount of measured LC-MS/MS spectra. A maximum number
of identified protein groups (1230 identified protein groups) was achieved with the SDS-
acetone method combined with 20 gel fractions without reduction and alkylation for the 3-
10 um fractions. For the = 10 um fraction highest number of identified protein groups (760
identified protein groups) was obtained with the bead-beating method combined with 20 gel

fractions and without reduction and alkylation (Figure 2B, Figure 3).
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Figure 3. Protein group identifications obtained by different extraction and protein pre-fractionation
protocols. For the medium particle size fraction (3 - 10 um, yellow), 20 gel fractions after standard treatment, i.e.
without protein reduction (red.) and alkylation (alk.), resulted in the highest number of identified protein groups, no
matter which protein extraction protocol (SDS-acetone (red) or bead beating (green)) was applied. For the large
particle fraction (= 10 um, blue) the general trend was similar. However, the beat beating protocol performed better
compared to the SDS-acetone protocol. (Schultz et al. 2020)

6.1.3. Optimization of databases

Simultaneously to the optimization of the metaproteomics protocol, metagenomic sequencing,
assembly and annotation of FL (0.2 um pore-sized filters) and PA (3 and 10 um pore-sized
filters) fractions of water samples collected during the Helgoland spring bloom 2009 was
performed. The metagenomic database used for database searches included sequences of
FL bacteria (0.2 um pore-sized filters) and microbial communities present in the medium

particulate fraction (3 um pore-sized filters).

The LC-MS/MS spectra recieved by the application of the bead-beating protocol were
searched against four different databases to identify the database resulting in the highest
number of reliably identified protein groups (Figure 4): (a) the non-redundant NCBI database
(NCBInr), (b) a database with Uniprot sequences of abundant bacteria and diatoms identified
by Teeling et al. 2012 (PABD), (c) the database by Teeling et al. 2012 containing protein
sequences based on translated metagenomes of FL bacteria (0.2 um pore-sized filters from

different sampling time points) of the spring bloom 2009 (MIMAS) and (d) a database based in
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the metagenomes of the 0.2 and 3 um pore-sized filters from samples of the 14" of April 2009
(0.2 + 3 um 2009). For both analyzed fractions highest number of identified protein groups
were sustained with the 0.2 + 3 um database (2120 identified protein groups for the 3-10 um

fraction, 1870 identified protein groups for the = 10 um fraction).

0.2+3 pm
e 2009 | CTONVTE: N I I
@ 0.2 ym
o 1,579,724
g 2000 viken) | N
SR " I
NCBI nr
136,216,794 ‘ *
seque;nce | 1 1 | 1 1
entries 0 500 1000 1500 2000 2500
data base size identified protein groups

Figure 4. Number of identified protein groups obtained with different databases. (a) the non-redundant NCBI
database (NCBInr, 136,216,794 entries), (b) a database with Uniprot sequences of known abundant bacteria and
diatoms identified by the study of Teeling et al. (2012) (PABD, 2,638,314 entries), (c) a metagenome-based
database employed for the FL bacterial fraction within the study of Teeling et al. (2012) (MIMAS, 1,579,724 entries)
and (d) a database based on translated metagenomes of the FL fraction on the 0.2 um filters and particles on the
3 um filters sampled on the 14t of April 2009 (0.2 + 3 um 2009, 1,463,572 entries). (Schultz et al. 2020)

The bead-beating method was used for protein extraction in all subsequent analyses as it
resulted in more reproducible protein yields compared to the SDS-acetone extraction protocol
(Figure 2B), was less time-intensive and led to the identification of the highest number of
unique protein groups. Summarized, the optimized metaproteomics pipeline for marine
particles (Figure 5) included protein extraction by bead-beating, protein fractionation by 1D
SDS-PAGE (20 fractions), followed by in-gel tryptic digestion, LC-MS/MS measurements and

database search against a matching metagenome database.
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Figure 5. Final metaproteomics protocol for analysis of PA communities. Protein extraction from filters was
conducted using 5% (w/v) SDS-containing lysis buffer, cell disruption by FastPrep-mediated bead-beating,
separation of proteins by 1D-SDS-PAGE, tryptic in-gel digestion, LC-MS/MS analyses on an Orbitrap Velos™ mass
spectrometer, MASCOT database search against the metagenome-based database (0.2 + 3 um 2009) and data-
processing and visualization with the in-house-developed bioinformatics tools Prophane 3.1 and Paver. (Schultz
et al. 2020)

6.2. Comparative metaproteome analysis of FL and PA
bacterioplankton harvested during 2009 spring bloom

To evaluate if the optimized protocol is appropriate for a comparative metaproteomics analysis
of FL and PA microbial communities, it was applied to various fractions of a microbial
community sampled at the 14" of April in 2009 (0.2 — 3 um = FL; 3 — 10 um and = 10 pm =
PA). Five technical replicates (tr) of each sample underwent the final optimized workflow
(Figure 5) and resultant MS/MS-data was searched against the matching metagenome-based
database (0.2 + 3 um 2009). Using the optimized pipeline 360,000 to 460,000 spectra per tr

and about 20,000 spectra per gel fraction were identified, which subsequently resulted in the
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identification of 9,354 protein groups (19.4% of spectral IDs; 89,240 out of 460,000), 2,263
protein groups (10.2% of spectral IDs; 36,720 out of 360,000), and 2,771 protein groups
(10.7% of spectral IDs; 47,080 out of 440,000) for the 0.2 -3 um (Table S1 CD-ROM),

3 —10 um (Table S2 CD-ROM), and = 10 um (Table S3 CD-ROM) fractions, respectively.

1,956 of the identified protein groups of the two PA fractions could also be identified in the FL

fraction whereas 276 protein groups were exclusively identified in the PA fractions (Figure 6).

particle fraction
color code

502 um 210 pm
free living (fl) particle associated (pa)

particle sizes small medium large

P s

particle associated
fraction in total 276-"—-—_

Figure 6. Venn diagram showing the number of fraction-specific and shared protein groups of the
planktonic and particulate fractions. The FL (0.2 um) fraction is depicted in red, the medium PA fraction (0.2 —
3 pum) in yellow and the large PA fraction (= 10 ym) in blue. (Schultz et al. 2020)

6.2.1. Taxonomic differences between FL and PA fractions
Despite the similarity of the FL and PA metaproteomic datasets, phylogenetic assignment of
the identified protein groups suggested some remarkable taxonomic differences between the

FL and PA fractions (Figure 7; Table S4 CD-ROM). PA fractions comprised substantially more
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eukaryatic protein groups than the FL fraction (Figure 7A). These protein groups made up 43%
(3 — 10 um fraction) and 54% (= 10 um fraction) of the protein groups identified from particles,
but only 11% of the protein groups identified in the planktonic fraction. Many of these protein
groups could be assigned to known phytoplankton taxa (Figure 8), including numerous
microalgal groups, e.g., diatoms, Pelagophytes, Raphidiophytes, Cryptophytes,
Dinoflagellates and Haptophytes, but also fungi and various protozoa (Table S1 CD-ROM,
Table S2 CD-ROM). For instance, abundant protein groups could be assigned to Oomycetes
(water molds, e.g., Peronosporales, Saprolegniales) and fungi (e.g., Cryptomycota).
Noteworthy, the number of viral protein groups was almost three times higher in the two

particulate fractions compared to their planktonic counterparts (Figure 7B).
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Figure 7. Taxonomic affiliation of protein groups of FL and PA metaproteomes during the spring bloom on
14 of April 2009 at “Kabeltonne” Helgoland. (A) Distribution of pro- and eukaryotes in the FL (0.2 - 3 um) and
PA (3 - 10 um, = 10 pm) fractions based on the relative abundance of protein groups assigned to the different
phylogenetic groups. (B) Voronoi tree maps visualizing the phylogenetic assignment of bacterial protein groups
identified in FL (red) and PA (yellow and blue) fractions. Cell size corresponds to the relative abundance of the
respective bacterial genus on protein level. Protein groups of Reinekea for example are most abundant in the FL
fraction and are therefore encoded by a large red tree map cell. In the PA fractions they can be detected only in
traces, resulting in very small cell sizes (coloured in yellow and blue). Algibacter protein group abundance, on the
other hand, was notably higher in the PA fractions, compared to the FL fraction (Schultz et al. 2020).

The most abundant bacterial phyla within both fractions, were Proteobacteria (FL 55%; PA
41% and 39%, 3 um and 10 um pore-sized filters) and Bacteroidetes (FL 40%, PA 48% and
47%, 3 um and 10 pm pore-sized filters). Protein groups assigned to Alpha-, Beta- and
Gammaproteobacteria were in general more abundant in the FL bacteria, whereas protein
groups assigned to Cyanobacteria (e.g. Synechococcus, Arthrospira), Opituae, Flavobacteriia
(e.g. Arenitalea, Olleya, Algibacter, Lacinutrix), and some proteobacterial genera (e.g.
Oceanicoccus, Canidatus Puniceispirillum, Neptuniibacter, Halioglobus, Ramlibacter,

Pseudomonas) were more abundant in the PA fraction (Figure 7).
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Figure 8. Phylogenetic assignment of eukaryotic protein groups present in the FL and PA fractions during
the spring bloom on 14™" of April 2009 at “Kabeltonne” Helgoland. (A) Distribution of different eukaryotes in
the FL (0.2 um) and PA (0.2 - 3 ym and = 10 ym) fractions as shown by relative protein abundances assigned to
the different eukaryotic phylogenetic groups. (B) Voronoi tree map visualizing the relative abundance of eukaryotic
taxa based on the abundance of assigned protein groups extracted from the FL (red) and PA (yellow and blue)
fractions. Cell size corresponds to the relative abundance of the respective genus. In this preliminary analysis,
protein group identification is based on metagenomic (DNA-based) information from the filtered fractions, which
suffers limitations for eukaryotic protein group identification, probably resulting in incomplete functional and
taxonomic profiles. (Schultz et al. 2020)

6.2.2. PA specific functional differences between FL and PA bacterioplankton

The SusC/D utilization system, specific GHs, i.e. GH family 1, 13, and 16 (including beta-
glucosidases, alpha-1,4-amylases, and exo- and endo-1,3-beta-glycanases), GTs and TBDT
showed higher overall expression levels in the PA fractions than in the FL fraction (Figure 9B).
Additionally, sulfatases were mainly expressed by Flavobacteriia, especially Formosa sp.

(Figure 9A and B).
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Figure 9. Functional assignment of protein groups in FL and PA metaproteomes during the spring bloom
on 14" of April 2009 at “Kabeltonne” Helgoland. (A) Total (black bars) and relative (red for FL, yellow and blue
for PA) abundance of selected protein groups with assigned functions in the FL (0.2 — 3 pm =small) and PA (3 - 10
pm = medium and = 10 ym = large) fractions. (B) Voronoi tree maps showing the phylogenetic assignment of
selected functional protein groups identified in FL (red) and PA (yellow and blue) fractions. Cell size corresponds
to the relative abundance of the respective genus within specific functional categories. (Schultz et al. 2020)

In FL bacteria phosphate and phosphonate ABC-type transporter were highly expressed,
whereas PA bacteria seem to express mainly phytases and phosphate-selective porins.
Moreover, several protein groups involved in oxidative stress defence seem to be less
abundant in the PA fractions, whereas protein groups for heavy-metal and antibiotic resistance
were strongly expressed in the = 10 um fraction (Figure 9A and B). Protein groups involved in
adhesion and motility, i.e. flagella and type IV pili, as well as proteorhodopsin were more
abundant in the particulate fractions.
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6.3. Investigation of phylogenetic and functional succession of

marine particles during 2018 spring phytoplankton bloom

To investigate succession of taxonomical clades and expressed functions of marine particles
during the course of a spring phytoplankton bloom, the PA fractions (3 — 10 um and = 10 pum)
of three sampling time points (three tr of each sample) of a bloom in 2018 ranging from pre-
bloom conditions to the peak of the bacterial response bloom were analyzed, using the above

optimized metaproteomics pipeline.

The spring phytoplankton bloom 2018 at Helgoland roads started at the end of April with
chlorophyll a (chl a) amounts rising from under 5 pug/L up to 22 ug/L during a first peak in the
beginning of May and after a decline to around 6 pg/L a second bloom peak established in the
mid of May with chl a amounts of around 34 pg/L. The bacterial response bloom started in the
beginning of May with total cell counts (tcc) ranging from around 7 x10%ml before the bloom
to 3.2 x10%ml during its peak at the end of May. For the metaproteomics analysis three
sampling time points based on the ongoing of the bacterial response bloom were chosen to
investigate the taxonomic and functional succession of marine patrticles: pre- bloom (17" of
April; chl a 4.6 pg/L; tcc 7.22x10%ml), bloom rise (8" of May; chl a 7.3 pg/L; tcc 1.44x10%/ml)
and bloom peak (24™ of May; chl a 4.7 ug/L; tcc 3.15x10%ml) (spring-bloom sampling
campaign 2018 at Helgoland Roads, chla and tcc measurements by MPI Bremen, person in

authority Dr. Bernhard Fuchs) (Figure 10).
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Figure 10. Spring bloom 2018 at “Kabeltonne” Helgoland. Measured chlorophyll a (Chl A) amounts in pg/L
reflecting the ongoing of the phytoplankton bloom from beginning of March to end of May 2018 are depicted in
green. Total cell counts (TCC) in ml! reflecting the ongoing of the bacterial response bloom are depicted in blue.
Orange circles highlight the time points of metaproteomics analysis of the spring phytoplankton bloom (17t of April
= pre-bloom, 8™ of May =’ bloom rise, 24" of May = bloom peak according to the bacterial response bloom). The
yellow triangles highlight the time points of metagenomic analysis used for the construction of a protein sequence
reference database for metaproteomic analysis. Data provided by Dr. Bernhard Fuchs at the Max-Planck Institute
of Marine Microbiology in Bremen.

Protein extraction and MS-sample preparation was performed according to the established
metaproteomics pipeline described in 6.1. The resulting MS/MS-data was searched against a
matching metagenome-based protein sequence database (3 + 10 um filter 2018; based on
eight sampling time points from mid-March to end of May during the investigated bloom, Figure
10). 339,980 to 390,869 spectra per tr were recorded, which subsequently led to the

identification of 1,614 to 3,084 (14.7% - 18% of spectral IDs) (Table 7Table S5 CD-ROM).
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Table 7. Metaproteomic investigation of a metaproteomic analysis of marine particles during a spring
phytoplankton bloom in 2018. Used abbreviation: FDR (false discovery rate).

number of number of
sample number of identified measured identified FDR in %
protein groups spectra [J] spectrain %
%ri_?(l)om 3,084 386,463 15.0 0.6
pfi%'ﬁ‘r’nm 2,523 390,869 15.4 0.7
b?J"_Olr?) E;e 3,710 376,626 14.7 0.3
b'fig‘lfr'je 3,431 388,107 17.4 0.8
bgofTop:rﬁk 2,504 347,049 17.4 0.6
bigom Srf]ak 1,614 339,980 18.0 0.7

Pre-bacterial bloom samples contained more identified protein groups assigned to eukaryotes
than the bloom rising and bloom peak samples (Figure 11). These protein groups comprised
80% (3 — 10 um fraction) and 86% (= 10 um fraction) of the protein groups identified in pre-
bloom samples, but contributed only 55% (3 — 10 um fraction) and 62% (= 10 um fraction) of

the protein groups identified in bloom peak samples.
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]

Proteins |
assigned to 3 umipre-bloom 3 um/bloom rising 3 pm/ bloom peak 10 pmipre-bloom 10 pm/bloom rising 10 pm/ bloom peak

main taxa
Archaea 0.13 0.10 0.22 0.13 0.14 0.39
Bacteria 7.44 21.31 33.07 4.70 7.52 28.35
Eukaryota 79.66 68.14 5545 85.83 81.18 62.44
various 0.37 0.29 0.13 0.67 0.76 1.13
Viruses 0.25 0.45 0.66 0.1 0.17 0.11

Figure 11. Taxonomic affiliation of protein groups of PA metaproteomes during the spring phytoplankton
bloom 2018 at “Kabeltonne” Helgoland. Distribution of pro- and eukaryotes in the 3 — 10 pm (3 pm) and = 10 pm
(10 pm) fractions in pre-bloom (17t of April), bloom rising (5" of May) and bloom peak (24" of May) samples based
on the relative abundance of protein groups assigned to the different phylogenetic groups.

6.3.1. PA bacterioplankton taxonomic succession during the 2018 spring

phytoplankton bloom

To get a first overview of the data PCA and OPLS-DA plots were generated (Figure 12). The
principal component analysis (PCA) is a qualitative method of analysis during which a
coordinate transformation is performed. The principal components are organized according to
their importance and depict an orthogonal coordinate system. Thus, it is possible to project a
high-dimensional dataset into a low-dimensional space and to show the coherence in a graphic
way. With the orthogonal partial least squares discriminant analysis (OPLS-DA) it is possible
to identify which variables are driving the separation between different groups. For the above
described analyses the NSAF-values of all identified protein groups assigned to the same

taxonomical family were summed up as variables. To handle the inhomogeneity within the
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absolute values of the variables and secure that each variable has the same influence on the
statistical model, the variables were centred and scaled to “Unit Variance” (UV). For the OPLS-
DA plots the two different filter sizes (3 and 10 um) as well as the three different sampling time
points (pre-bloom, bloom rise and bloom peak) were defined as groups. Within the different
plots samples that are located in proximity to each other and cluster are similar and show only
a slight variance, while samples with the greatest distance show the highest variance. The
PCA plot shows, that both size fractions of the pre-bloom sampling time point and the = 10 um
fraction of the sampling time point during the rise of the bacterial bloom cluster together (Figure
12A). The results of the OPLS-DA plots show, that the two analysed size fractions of the
individual sampling time points cluster together in the plot based on sampling time point (Figure
12B). In the OPLS-DA plot based on filter size the 3 — 10 um and = 10 pum fractions show
different trends: the variance between the different sampling time points is bigger in the
3 — 10 um fractions and within the = 10 um fraction the bloom rise and bloom peak sampling

time points cluster together (Figure 12C).
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Figure 12. Multivariant analysis of bacterial taxonomical families identified during metaproteomic analysis
of marine particles during a spring phytoplankton bloom in 2018. (A) PCA plot of bacterial families. (B)
OPLS-DA plot of bacterial families based on sampling time points during the spring phytoplankton bloom 2018
at “Kabeltonne” Helgoland. (C) OPLS-DA plot of bacterial families based on pore-size of the used filters (3 and
10 pm).
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The most abundant bacterial phyla within the analyzed PA fractions, were Proteobacteria
(3 um pre-bloom 61.7%, bloom rise 64.3%, bloom peak 62.3%; 10 um pre-bloom 62.3%,
bloom rise 64.1%; bloom peak 75.5%) and Bacteroidetes (3 um pre-bloom 11.8%, bloom rise
13.8%, bloom peak 16.8%; 10 um pre-bloom 12.9%; bloom rise 12.2%, bloom peak 10.0%)
(Figure 13; Table S6 CD-ROM). Protein groups expressed by Cyanobacteria, Planctomycetes
and Verrucomicrobia were generally more abundant in the 3 — 10 um fraction, whereas protein
groups expressed by Actinobacteria and Proteobacteria, especially by the classes Beta- and
Deltaproteobacteria, were higher abundant in the = 10 um fraction. Protein groups assigned to
the alphaproteobacterial genera Canidatus Pelagibacter, Planktomarina and Tateyamaria as
well as to the flavobacterial genera Ulvibacter and Formosa, were generally more dominant in
the 3 —10 um fraction, whilst protein groups assigned to the alphaproteobacterial genus
Roseobacter and to the flavobacterial genus Tenacibaculum were more abundant in the
2 10 um fraction (Figure 13). Besides the differences in taxonomic distributions between the
two particulate fractions, the phylogenetic assignment of the identified protein groups also
indicated some notable taxonomic differences between the different stages of the investigated
bacterial bloom in response to the spring phytoplankton bloom 2018. Protein groups of
bacterial taxa generally more abundant in the pre-bloom stage were assigned to
Cyanobacteria and the gammaproteobacterial genus Pseudomonas. Protein groups of
bacterial taxa generally more abundant in the rise of the bacterial bloom were assigned to the
verrucomicrobial genus Verrucomicrobiae, the planctomycetal genus Phycisphaera in the
3 — 10 um fraction, as well as the flavobacterial genus Polaribacter in the = 10 um fraction.
During the peak of the bacterial bloom protein groups assigned to the alphaproteobacterial
genera Sulfitobacter, Tateyamaria, Roseovarius and Roseobacter, as well as to the
verrucomicrobial genus Opituae were generally more abundant (Figure 13). Additionally,
protein groups assigned to the alphaproteobacterial genus Planktomarina, and the
flavobacterial genus Tenacibaculum were more abundant during the peak of the bloom in the
3 — 10 um fraction and protein groups assigned to the actinobacterial genus Rhodococcus, the

alphaproteobacterial genera Hyphomonas and Roseobacter, the gammaproteobacterial

- 63 -



Results

genera Oceanicoccus and Psychrospaera as well as to the flavobacterial genera Muricauda

and Leeuwenhoekiella were more abundant in the = 10 um fraction.
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Figure 13. Taxonomic affiliation of prokaryotic protein groups in metaproteomes of pre-bloom, bloom rise
and bloom peak samples during the spring bloom 2018 at “Kabeltonne” Helgoland. Total (horizontal bars)
and relative (vertical bars) abundance of selected protein groups with assigned taxa. Additionally, fold changes
compared to pre-bloom metaproteome calculated based on NSAF values are depicted.
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6.3.2. Eukaryotic taxonomic succession during the 2018 spring phytoplankton

bloom

To get a first overview of the data, again, PCA and OPLS-DA plots were generated. For the
analyses the NSAF-values of all identified protein groups assigned to the same taxonomical
class were summed up as variables. To handle the inhomogeneity within the absolute values
of the variables and secure that each variable has the same influence on the statistical model,
the variables were centred and scaled to “Unit Variance” (UV). For the OPLS-DA plots the two
different filter sizes as well as the three different sampling time points were defined as groups.
Within the different plots samples that are located in proximity to each other and cluster are
similar and show only a slight variance, while samples with the greatest distance show the
highest variance. The PCA plot shows that the two analysed fractions differ from each other
and that the samples from pre-bloom and peak of the bloom cluster together for the 3 — 10 um
fraction (Figure 14A). The results of the OPLS-DA plots show that the two analysed size
fractions of the individual sampling time points cluster together in the plot based on sampling
time point (Figure 14B). In the OPLS-DA plot based on filter size the 3 — 10 um and = 10 pm
fractions show different trends: the variance between the different sampling time points is
bigger in the = 10 um fractions. Within the 3 — 10 um the bloom rise and bloom peak sampling
time points cluster while in the = 10 um fraction the pre-bloom and bloom peak sampling time

points cluster together (Figure 14C).
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Figure 14. Multivariant analysis of eukaryotic taxonomical classes identified during metaproteomic analysis
of marine particles during a spring phytoplankton bloom in 2018. (A) PCA plot of eukaryotic classes. (B)
OPLS-DA plot of eukaryotic classes based on sampling time points during the spring phytoplankton bloom. (C)
OPLS-DA plot of eukaryotic classes based on pore-size of the used filters (3 and 10 pm).

Many of the identified eukaryotic protein groups were assigned to known phytoplankton taxa:
89.7% and 78.8% of identified eukaryotic protein groups in the pre-bloom samples for
3—10 um and = 10 um fractions respectively, 86.7% and 46.4% in the bloom rise samples
and 86.7% and 50.7% in the bloom peak samples (Figure 15; Table S7 CD-ROM). These
include numerous microalgal groups, e.g., diatoms (Bacillariophyta), Cryptophytes and
Chlorophytes but also various Arthropoda, protozoa and fungi such as Ascomycota and
Basidiomycota were identified. Within the Bacillariophyta the order Thalassiosirales and genus
Thalassiosira were the most abundant. Protein groups expressed by protozoa and fungal
Chytridiomycota were generally more dominant in the 3 — 10 um fraction, whilst protein groups
assigned to Arthropoda and the fungal phylum Basidiomycota were more abundant in the
=10 um fractions. Besides the differences in taxonomic distributions between the two
particulate fractions, the phylogenetic assignment of the identified protein groups also
indicated some notable taxonomic differences between the different stages of the investigated

bacterial bloom in response to the spring phytoplankton bloom 2018 (Figure 15). Protein
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groups of eukaryotic taxa generally more abundant in the pre-bloom stage were assigned to
the microalgal phyla Bacillariophyta and Cryptophyta and to protozoa in the 3 — 10 um fraction.
Protein groups assigned to the microalgal phyla Chlorophyta, Ochrophyta and Streptophyta
were generally more abundant during the rise of the bacterial bloom as well as protozoa and
fungal phylum Ascomycota in the =10 um fractions. Protein groups assigned to the fungal
phyla Chytridiomycota and Basidiomycota were generally abundant in the pre-bloom and
bloom rise samples in the 3 — 10 um and = 10 yum fractions, respectively. During the peak of
the bacterial bloom protein groups assigned to the fungal phylum Chytridiomycota and therein
the order Chytridiales were generally dominant, as well as macroalgal phylum Rhodophyta and

therein mainly the order Ceramiales in the 2 10 um fractions (Figure 15).
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Figure 15 Taxonomic affiliation of eukaryotic protein groups in metaproteomes of pre-bloom, bloom rise
and bloom peak samples during the spring bloom 2018 at “Kabeltonne” Helgoland. Total (horizontal bars)
and relative (vertical bars) abundance of selected protein groups with assigned taxa. Additionally, fold changes
compared to pre-bloom metaproteome calculated based on NSAF values are depicted.
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6.3.3. PA bacterioplankton functional succession during the 2018 spring

phytoplankton bloom

In addition to ribosomal subunits and chaperonins, most prevalent identified protein groups
assigned to bacteria belonged to transport and binding proteins (Figure 16; Table S8 CD-
ROM). Therein the most abundant group were ABC transporter proteins, which were generally
more abundant in the 3 - 10 um fraction and during the peak of the bacterial bloom.
Phosphate- and amino acid transporter, oligosaccharide- and monosaccharide transporter
belonged to the dominant ABC transporter classes. The second most abundant transporter
group were porins, where gram-negative porins, phosphate-selective porins O and P as well
as OmpA were the dominant groups. Additionally, protein groups belonging to the SusC/D
utilization system and TBDT were identified as abundant transport and binding proteins.
Thereby TBDT were more abundant during the rise and peak of the bloom while e.g., SusC
was more abundant in the pre-bloom and bloom rise samples. The expression of the group
transport and binding proteins was dominated by Alpha- and Gammaproteobacteria,
bacteroidetal Flavobacteriia and Verrucomicrobia. Besides transporters also protein groups
belonging to Carbohydrate metabolism could be identified, namely specific GHs, i.e., GH family
2,17 (B-1,3-gluccanases), 27, 28, 38, GTs, i.e. family 1, 2 and 39 as well as PLs, i.e., family 4
and 17 (including alginate lyases) and CEs. GHs were generally more abundant in the pre-
bloom stage in the 3 — 10 um fraction and in the bloom rise phase in the =10 um fractions.

Moreover, protein groups belonging to maltose and xylose metabolism could be identified.

Furthermore, protein groups belonging to the group transcription and protein synthesis were

found with high overall expression, especially in the bloom rise and peak samples.
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Figure 16. Functional assignment of prokaryotic protein groups in metaproteomes of pre-bloom, bloom rise
and bloom peak samples during the spring bloom 2018 at “Kabeltonne” Helgoland. Total (horizontal bars)
and relative (vertical bars) of selected protein groups with assigned functions. Additionally fold changes compared
to pre-bloom metaproteome calculated based on NSAF values. Used abbreviations: Pb-Proteobacteria, B-
Bacteroidetes, F-Flavobacteriia, V-Verrucomicrobiae, A-Actinobacteria, Ac-Acidobacteria, N-Nitrospirae, P-
Planctomycetes, Cy-Cyanobacteria, C-Cytophagia, S-Saprospira, G-Gemmatimonadetes, E-Elusimicrobia and Aci-
Acidithiobacillia.

Protein groups involved in motility, i.e., flagella- and gliding-mediated motility were more
abundant in the 2 10 um fractions, as well as protein groups involved in adhesion, phosphate

acquisition, iron storage and toxin production. During the pre-bloom stage protein groups
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involved in the biosynthesis of cofactors, prosthetic groups and carriers, in gliding motility (in
= 10 um fractions), pilus mediated motility (in the 3 — 10 um fractions), antibiotic resistance as
well as antibiotic- and multidrug efflux (in = 10 um fractions) were generally more expressed.
In the stage of the bloom rise protein groups involved in pilus-mediated motility (in =10 um
fractions), adhesion (in the 3 —10 um fractions), toxin production (in =10 um fractions),
protection from foreign DNA and secretion of virulence factors were generally more abundant.
Finally, protein groups involved in flagellum-mediated motility, adhesion (in 2 10 um fractions),
phosphate acquisition, cell redox homeostasis (in the 3 —10 pum fractions), antibiotic
resistance (in the 3 — 10 um fractions), delivery of effector molecules as well as oxidative stress
showed a higher overall abundance in the peak of the bacterial bloom (Figure 16; Table S8
CD-ROM). Identified protein groups were mainly assigned to the most abundant taxonomic
phyla and classes, thus Alpha- and Gammaproteobacteria as well as Flavobacteriia together
with one of the following phyla: Verrucomicrobiae, Actinobacteria, Planctomycetes and
Acidobacteria. One exeption is the group protein fate, within which the identified protein groups
were mainly assigned to Actinobacteria, Nitrospirae and Planctomycetes (Figure 16).
Throughout the bacterial response bloom similar patterns to the overall abundance of the phyla

could be observed ()Figure S 2.

6.3.4. Eukaryotic functional succession of phytoplankton during the 2018

spring phytoplankton bloom

Most of the identified protein groups assigned to phytoplankton species belonged to the group
Energy metabolism and therein Photosynthesis (Figure 17; Table S9 CD-ROM).
Photosynthesis-related protein groups were generally more abundant in the 3 —10 um
fractions as well as during the peak of the bacterial bloom and mainly assigned to the classes
Bacillariophyceae, Coscinodiscophyceae (both phylum Bacillariophyta) and to the phyla
Haptophyta and Cryptophyta. Protein groups assigned to the group of transporter and binding
proteins were mainly transmembrane ATPases (V-type ATPases), which were more abundant

in the 2 10 um fraction and in the pre-bloom stage, as well as eukaryotic porins, which were
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more dominant in the 3 - 10 um fractions and in the pre-bloom stage. Moreover, also

carbohydrate metabolism associated protein groups could be identified, i.e. GHs family 1, 3,

63 (glucosidases), 78 (rhamnosidases) and 81 (endo-B-1,3-glucanases), GTs family 1, 2, 24,

and 28 as well as CBM family 25. They were mainly expressed in the pre-bloom stage and by

the phyla Bacillariophyta (classes Coscinodiscophyceae, Bacillariophyceae), Chlorophyta and

Streptophyta.
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Figure 17. Functional assignment of phytoplankton protein groups in metaproteomes of pre-bloom, bloom
rise and bloom peak samples during the spring bloom 2018 at “Kabeltonne” Helgoland. Total (horizontal
bars) and relative (vertical bars) of selected protein groups with assigned functions. Additionally fold changes
compared to pre-bloom metaproteome calculated based on NSAF values. Used abbreviations: B-Bacillariophyta,
C-Coscinodiscophyceae, Ba-Bacillariophyceae, H-Haptophyta, Cr-Cryptophyta, M-Mediophyceae, D-Dinophyceae,
Ce-Cercozoa, Ch-Chlorophyta, S-Streptophyta, O-Ochrophyta and F-Fragilariophyceae.
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Furthermore, protein groups associated with protein synthesis were found with high overall

expression especially in the pre-bloom phase.

Cytoskeletal protein groups, transport protein groups and protein groups participating in
oxidative stress response were more abundant in the = 10 um fractions. During the pre-bloom
stage protein groups involved in the biosynthesis of cofactors, prosthetic groups and carriers,
i.e. chlorophyll, terpenoids and steroids, as well as protein groups involved in antibiotic
resistance and —efflux as well as in the biosynthesis of antibiotics and plant resistance proteins,
were generally more expressed. In the stage of the bloom rise cytoskeletal protein groups,
protein groups involved in vesicle mediated transport (in the =10 um fractions) and the
biosynthesis of S-adenosylmethionine were generally more abundant. Finally, protein groups
involved in the detoxification of reactive electrophilic compounds (in the = 10 um fractions) and
nitrogen metabolism (in the =10 um fractions) were higher expressed in the peak of the
bacterial bloom. Protein groups involved in cell redox homeostasis (in the 3 — 10 um fractions)
and adhesion (in the =10 um fractions) were dominant in both the bloom rise and peak
samples (Figure 17, Table S9 CD-ROM). Identified protein groups were mainly assigned to the
most abundant taxonomic phyla and classes, thus Bacillariophyta and Haptophyta as well as

Cryptophyta and Chlorophyta (Figure 17).

6.4. Proteomic analysis of a selected PA bacterial isolate grown on
laminarin and alginate

Laminarin is an algal carbon storage molecule and a major molecule in the ocean carbon cycle
(Becker et al. 2020). FL planktonic bacteria remineralize laminarin using enzymes encoded in
specific polysaccharide utilization loci (PULS). Despite the prominent role of laminarin none of
the four well characterized or hypothesized PULs for the degradation of laminarin could be
identified in genomes of PA bacteria (Kappelmann et al. 2018). This is also true for the PA
marine isolate Muricauda sp. MAR_2010_75, which was isolated from phytoplankton in the
North Sea at the island Sylt (Hahnke and Harder 2013). To test if a potential laminarin and also

alginate PUL can be predicted by a proteomic analysis, the degradation of the two
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polysaccharides by the PA isolate Muricauda sp. MAR_2010 75 was investigated. For this
purpose the growth of this strain in a medium without sugars, on the monosaccharide glucose
as well as on the polysaccharides laminarin and alginate was compared. Subsequently
proteomic analyses of the cultures grown on glucose as a control and the two polysaccharides

were performed.

6.4.1. Growth comparison of Muricauda sp. MAR_2010_75

The first step was to test if Muricauda sp. MAR_2010_75 is able to utilize the provided sugars
by growth experiments. Figure 18 shows the growth curves of the strain grown on glucose,
alginate, laminarin and without a sugar addition. The cultures without the addition of sugars
reached a maximal OD of 0.2 after 65.5 hours, whereas the cultures grown with glucose
showed the highest maximal OD at 0.47 after nearly 90 hours. The cultures grown with
polysaccharides reached their maximal ODs at 0.39 for laminarin after 65.5 hours and 0.35 for
alginate after 70 hours. All of the cultures reached the stationary phase after approximately 90

hours but at different ODs (Table S 2 Appendix).
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Figure 18. Growth comparison of Muricauda sp. MAR_2010_75 in Hahal00V medium without sugar, with
the monosaccharide glucose and with the polysaccharides laminarin and alginate (2 g/l). Cultures were
inoculated with 0.4% (v/v) of an over night culture and grown till the harvest point or stationary phase was reached.
The red arrow marks the harvest point of the cultures grown with sugars at an ODsoonm Of 0.25.

6.4.2. Proteomic analysis of Muricauda sp. MAR_2010_75 grown on different

polysaccharides and glucose

For the proteomic analysis proteins of three biological replicates (br) of cultures grown on
glucose, laminarin and alginate were extracted via the above-described beat-beating based
method and separated by 1D-SDS PAGE. For the MS sample preparation gel lanes were cut
into 10 pieces and proteins were in-gel trypsin digested. LC-MS/MS measurement was
performed with a Q Exactive Orbitrap MS and database search was performed with MaxQuant
against a database containing species-specific protein sequences from NCBI. The
guantification of the protein groups that were identified in at least 2 out of 3 br was based on
the relative intensity-based absolute quantification (riBAQ). The riBAQ gives the relative

protein abundance of all proteins in the same sample in percentage (Shin et al. 2013). For
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cultures grown with glucose 2,173 protein groups could be identified which represent 60.4%
of the Muricauda sp. MAR_2010_75 genome. For cultures grown with laminarin 2,140 proteins
could be identified (genome coverage of 59.5%) and for cultures grown on alginate 2,060
proteins could be identified (genome coverage of 48.7%) (Table S10 CD-ROM). 1677 identified
protein groups were identified in cultures grown on all three substrates. Cultures grown on
glucose showed the highest number of specifically identified protein groups (164), followed by

laminarin (132) (Figure 19).

laminarin alginate
132 ‘
glucose

Figure 19. Venn diagram showing the number of substrate-specific and shared protein groups of Muricauda
sp. MAR_2010_75 grown on glucose, laminarin and alginate. The identified protein groups for cultures grown
on glucose are depicted in green, on laminarin in blue and on alginate in yellow.

Proteome of Muricauda sp. MAR_2010_75 grown on laminarin. PULs can be manually detected based on
the presence of CAZyme clusters and co-occurring SusC/D cluster, which in most cases are also part of a
PUL (Bjursell et al. 2006; Kappelmann et al. 2018). CAZymes were annotated based on the dbCAN2
database. In the genome of Muricauda sp. MAR_2010_75 88 GH family proteins were annotated via the
dbCAN2 database of which 71 could be identified during growth on glucose and 73 during the growth on
laminarin (Table 8). Known laminarin PULs contain GH families 2, 3, 5, 16, 17 and 30, whereof GH16 and
GH17 cleave branched laminarin polysaccharides into oligosaccharides (Labourel et al. 2015; Barras and
Stone 1969; Kruger et al. 2019). Both, GH16 and GH17, could not be identified in samples grown on
laminarin. However, two GH2, two GH3 and one GH30_8 were identified. One GH2 protein (FG28_ RS13650)
was not induced, while the other (FG28_RS07890) showed a fold change (fc) of 5.7 compared to glucose.
One of the GH3 protein (FG28_RS00590) showed a fc of 2.1 compared to glucose-grown cells, while the
other (FG28_13800) showed no induction. The GH30_8 protein (FG28_RS07895) could only be identified in
the samples grown on laminarin (

Table 9) and was part of a predicted glucuronoxylan PUL (Kappelmann et al. 2018) (Table S10
CD-ROM). However, considering the identified proteins belonging to the same operon or
genomic neighborhood of the identified CAZyme from other laminarin PULs, no laminarin PUL

structure could be observed (Figure S 3 Appendix). For the identification of SusC proteins
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TIGRFAM profile TIGR04056 (OMP_RagA SusC) was used. With this approach 10 SusC
could be identified in samples grown on laminarin (Table 8, Table S10 CD-ROM). Two showed
a fc over 2 compared to glucose (Table 10). Namely FG28_RS02370 showed a fc of 13.7, is
part of a predicted B-mannan PUL (Kappelmann et al. 2018) and the second most abundant
SusC according to its riBAQ. The most abundant SusC (FG28_RS02640) showed no induction
compared to glucose. The second induced SusC (FG28_RS13765) showed a fc of 11.5 (Table
10) and was part of a predicted PUL with unknown substrate (Kappelmann et al. 2018) (Table
S10 CD-ROM). The latter two SusC proteins were also identified in the samples grown on
alginate. However, considering the identified proteins belonging to the same operon or
genomic neighborhood of the identified SusC protein, no known laminarin PUL structure could

be observed (Figure S 3 Appendix).

Table 8. Number of annotated CAZymes via dbCAN2 database and number of SusC-proteins with the
TIGRFAM profile TIGR04056. Shown are the numbers of CAZymes and SusC-proteins with the TIGRFAM profile
TIGR04056 in the genome of Muricauda sp. 2010_75 and the identified ones in the proteomes of the species grown
on glucose, laminarin and alginate. CAZymes were counted if they were annotated with only one or both of the
used search algorithims (HAMMER; DIAMOND). Used abbreviations: AA (auxiliary activities), CBM (carbohydrate-
binding module), CE (carbohydrate esterase), GH (glycosyl hydrolase), GT (glycosyl transferase), PL
(polysaccharide lyase).

Number Number Number
CAZyme/SusC Number. annotated in annotated in annotated in
TIGRO4056 annotated in proteome after proteome after proteome after

genome growth on growth on growth on

glucose laminarin alginate
AA 5 5 5 5
CBM 19 11 8 8
CE 19 14 16 12
GH 88 71 73 56
GT 43 30 28 21
PL 3 2 2 2
SusC 12 8 10 4

Table 9. Identified GH proteins in the proteomes of Muricauda sp. MAR_2010_75 grown on laminarin and
alginate with their fold changes compared to growth on glucose and locus_tags. Only GH (glycosyl
hydrolase) proteins with a fold change over 1.5 and GH proteins only identified in samples grown on

laminarin are shown.

GH family Locus_tag | f.OId _change
aminarin/glucose
GH2 FG28_RS07890 5.7
FG28 RS1650 1.7
GH3 FG28 RS00590 2.1
GH10 FG28 RS07875 1.9
GH13 19 FG28 RS18610 1.6
GH13 31 FG28 RS07530 only identified (_1urir_19 growth on
- - laminarin
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GH18 FG28 RS03875 only identified c_iuriljg growth on
- laminarin
1.7
GH20 Eggg:gggég;g only identified QUring growth on
laminarin
GH29 FG28_RS03965 3.8
GH30 8 FG28 RSO7895 only identified (juring growth on
- - laminarin
GH31 FG28 _RS14045 6.4
GH37 FG28 RS16860 2.1
GH43 1 FG28 RS07930 1.8
GH43 28 FG28 RS13795 3.5
GH43 29 FG28 RS02610 2.0
GH51 FG28_RS02585 2.7
GH67 FG28_RS07860 3.2
GH74 FG28 RS07535 3.4
GH97 FG28_RS00805 2.4
GH101 FG28_RS00605 3.5
GH105 FG28 RS17990 1.8
FG28_RS19285 15
FG28_RS01285 2.4
FG28_RS16245 1.7
GH109 FG28_RS17865 1.8
FG28_RS05995 5.0
FG28_RS12240 only identified during growth on
laminarin
GH144 FG28 RS13780 only identified (_1urir_19 growth on
— laminarin
FG28_RS02605 1.9
GH146 FG28_RS02595 2.1

A coupling of peptide metabolism and laminarin utilization was suggested (Unfried et al. 2018).
In the Formosa sp. Hell 33 131 proteome 41 peptidases were expressed in the presence of
laminarin of which 9 showed a significantly higher protein abundance compared to glucose or
were exclusively expressed. This coupling was also observed in the proteome of Muricauda
sp. MAR_2010_75, in which 82 peptidases were expressed in the presence of laminarin of
which 15 were induced with a fc over 2 compared to glucose and one was exclusively

expressed.

Proteome of Muricauda sp. MAR_2010_75 grown on alginate. Known alginate lyases belong
to the PL families 6, 7, 12 and 17. However none of these could be identified in samples grown
on alginate. For the identification of SusC proteins TIGRFAM profile TIGR04056
(OMP_RagA SusC) was used. With this approach four SusC could be identified in samples

grown on alginate (Table 8, Table S10 CD-ROM). All of this SusC proteins were also identified
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in samples grown on laminarin (Table 10). One showed a fc over 2 compared to glucose.
Namely FG28 RS13765 showed a fc of 11.9 and is part of a predicted PUL with unknown
substrate (Kappelmann et al. 2018) and was also induced in samples grown on laminarin. Two
of the identified SusC (FG28_RS02370, FG28_RS02640) showed no induction compared to
glucose. The last of the identified SusC (FG28_RS09405) showed a fc of 0.2 compared to
glucose and thus was decreased during growth on alginate (Table 10, Table S10 CD-ROM).
However, considering the identified proteins belonging to the same operon or genomic
neighborhood of the identified SusC protein, no alginate PUL structure could be observed

(Figure S 3).

Table 10. Identified SusC proteins with the TIGRFAM profile TIGR04056 in the proteomes of Muricauda sp.
MAR_2010_75 grown on laminarin and alginate with fold changes compared to growth on glucose and
locus_tags.

locus_tag | f.OId f:hange fold change alginate/glucose
aminarin/glucose
FG28 RS02370 13.7 1.1
FG28 RS02640 1.53 1.14
FG28 RS07675 0.74 not identified
FG28 RS07925 1.47 not identified
FG28 RS09405 1.30 0.23
FG28_RS13665 SIS BT et o not identified
FG28 RS13765 11.52 11.87
FG28_RS14040 only identified during growth on not identified
- laminarin

FG28 RS14995 2.6 not identified
FG28 RS19660 0.98 not identified

Global responses to growth on polysaccharides. Besides DNA-binding proteins, elongation
factors, chaperones, ATP synthases and RNA-polymerases also SusD-like proteins,
Omp_RagA_SusC superfamily proteins and MotA_ExbB family proteins protein belonged to
the 15 most abundant proteins under all growth conditions (Table 11). A PorT family protein
as well as a dihydropicolinate synthase family protein showed lower abundance in the

proteome of cultures grown on glucose compared to cultures grown on polysaccharides.

Table 11. Top 15 abundant proteins according to riBAQ in Muricauda sp. MAR_2010_75 proteome during
growth on glucose, laminarin and alginate.

Glucose Laminarin Alginate
Protein (locus_tag) | riBAQ | Protein (locus_tag) | riBAQ | Protein (locus_tag) | riBAQ
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: HU family DNA- :
Elongation factor TU I : Elongation factor TU
0.038 binding protein 0.052 0.05
(FG28_RS11990) (FG28_RS11990)
- (FG28_RS15560) —
HU family DNA- SusD-like Hvpothetical protein
binding protein 0.032 superfamily protein 0.042 (>|13p628 RSOgO70) 0.031
(FG28_RS15560) (FG28_RS03065) —
SusD-like . : Omp_RagA_SusC
superfamily protein 0.031 %g%’g“é%gg;tfé? 0.034 superfamily protein | 0.028
(FG28 RS03065) - (FG28 RS03060)
Hypothetical protein Elongation factor TU OmpA-like protein
(FG28 RS03070) | 9?8 | (FG2s Rs11990) | 9932 | (FG2g Rsos7io) | 0928
. . : . SusD-like
OmpA-like protein Hypothetical protein : .
0.026 0.030 superfamily protein | 0.027
(FG28_RS05710) (FG28_RS03070) (FG28 RS03065)
Omp_RagA_SusC Omp_RagA_SusC HU family DNA-
superfamily protein 0.023 superfamily protein 0.028 binding protein 0.023
(FG28 RS03060) (FG28 RS03060) (FG28 RS15560)
SusD superfamil Dihydropicolinate
Chaperonin GroEL pe y synthase family
0.014 protein 0.023 ] 0.015
(FG28_RS03870) (FG28_RS04380) protein
- (FG28_RS02625)
G'ycsr:g'sdpehh;ge'} Omp_RagA_SusC MotA_ExbB family
0.012 superfamily protein 0.017 rotein 0.014
dehydrogenase P P P
(FGZ% Rglsz 45) (FG28_RS04375) (FG28_RS09795)
— Dihydropicolinate
ATP synthase ) . .
subunit beta 0.011 synthasefamily | g 13 | ForTlamily Broten | 9,013
(FG28_RS04930) protein (FezE )
- (FG28 RS02625)
ATP synthase . ATP synthase
subunit alpha 0.009 g el Elei=l 0.012 subunit beta 0.012
(FG28_RS06595) (FEZE RAEE) (FG28_RS04930)
OmpA family protein 0.009 MotA_prgtt;I?nfamlly 0.012 OmpA family protein 0.010
(FG28_RS17520) (FG28 RS09795) (FG28_RS15720)
MotA ExbB family . . RNA-polymerase
protein 0.009 | POT family protein | 4 5, subunit alpha 0.010
(FG28_RS12515)
(FG28_RS09795) - (FG28_RS02885)
RNA-polymerase ATP synthase Ribosomal protein
subunit alpha 0.008 subunit beta 0009 | L8 ngss 43y | 0009
(FG28_RS02885) (FG28_RS04930) -
Glyceraldehyde-3-
Catalase/peroxidase phosphate Chaperonin GroEL
(FG28_Rs05165) | 0008 dehydrogenase | 9009 | (FG28 Rsozs7o) | 0099
(FG28_RS15245)
: ATP synthase DUF1573-containing
E('(‘)F”gggoggcgggg)u 0.008 subunit alpha 0.008 protein 0.009
- (FG28_RS06595) (FG28 RS01295)

Muricauda sp. MAR_2010_75 seems to activate type 9 secretion systems (T9SS) during the
growth on polysaccharides. 24 T9SS-related proteins could be identified in cultures grown on
laminarin, whereof six showed a fc over 2 compared to glucose and two a fc under 0.5.

Furthermore, 22 T9SS-related proteins could be identified in cultures grown on alginate,
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whereof 2 showed a fc over 2 compared to glucose und three a fc under 0.5 (Table S 3
Appendix). Among protein groups with the highest fc and thus induction in cultures grown in
laminarin were Usp and Usp-like proteins as well as NosZ and aminotransferases and some
of the already above described SusC proteins. In cultures grown on alginate several
hypothetical proteins as well as an aminotransferase, OmpA_C-like protein and SusC and

SusD-like proteins showed the highest fold changes (Table 12).

Table 12. Proteins with highest induction according to fc compared to glucose as control in Muricauda sp.
MAR_2010_75 proteomes during growth on laminarin and alginate.

Laminarin Alginate
Protein (locus_tag) ':,{%Iglzr::%r;%e Protein (locus_tag) F&'%ﬁf::%g%e
Usp universal stress protein 66.0 Aminotransferase class /Il 207
(FG28 RS14350) ) (FG28_RS17780) '
Usp-like protein 349 M13 family metallopeptidase 18.3
(FG28_RS14315) ) (FG28_RS02645) '
NosZ (FG28_RS13870) 34.2 O@E@g‘}"ﬁ%@%‘” 15.6
Hypothetical protein 316 DUF285 containing-protein 15.4
(FG28_RS05460) ) (FG28_RS20320) '
FM1-binding family protein 231 SusC TIGR04056 119
(FG28_RS14250) ) (FG28_RS13765) )
Usp-like protein 220 4-hydroxyphenylpyruvate 10.9
(FG28 RS14325) ) dioxygenase (FG28 RS09935) '
Usp-like protein (FG28_14340) 21.9 H(ﬁé’;ge_ﬂ'_\?gggrlogg;” 8.8
Aminotransferase class /11 20.6 Hypothetical protein 8.8
(FG28 RS17780) ) (FG28_RS02725) )
Aminotransferase class /11 20.4 Urocanate hydratase 8.3
(FG28_RS00305) ' (FG28_RS09195) )
Urocanate hydratase 18.7 Hypothetical protein 8.2
(FG28 RS09195) ) (FG28_RS10485) )
2-hydroxyacid dehydrogenase 17.8 Cupin-like superfamily protein 8.0
(FG28_RS14375) ) (FG28_RS09930) )
Hypothetical protein 14.8 Hypothetical protein 6.7
(FG28 RS10650) ) (FG28_RS15830) )
Omp_RagA_SusC superfamily 13.8 SusD-like-2 superfamily 6.6
protein (FG28 RS09515) ’ protein (FG28 RS03350) ’
SusC TIGR04056 13.7 Fumarylacetoacetase 6.4
(FG28 RS02370) ) (FG28_RS09925) )
SusC TIGR04056 115 Omp_RagA_SusC superfamily 6.4
(FG28_RS13765) ) protein (FG28 RS09925) )
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7. Discussion

7.1. Establishment of a metaproteomic pipeline for PA microbial

communities

Efficient protein extraction is an essential step for successful metaproteomics analysis of
microbial communities. Therefore, five different protein extraction methods using different
strategies and the commercially available TRI-Reagent® were tested on filter samples
originating from several sampling events during the 2009 spring bloom sampling campaign.
SDS-acetone and bead-beating based protocols turned out to be most efficient for protein
extraction from particles, as they resulted in the highest protein yields (Figure 2B, Table 6). A
possible explanation for the efficiency of the bead-beating protocol is the effective
disintegration of the particle matrix by EDTA added to the extraction butter (Passow 2002).
The SDS-acetone and bead-beating protocols were used for optimizing the subsequent MS

sample preparation procedure.

Therefore, total protein amount was extracted by the chosen methods from filters collected on
the 28" of April 2009 and separated by 1D SDS-PAGE (Figure 2B). Even though MS sample
preparation via GeLC-MS/MS is more time-consuming compared to 1D or 2D-LC approaches,
it has proven valuable to purify protein extracts and remove polymeric contaminants (e.g.
Lassek et al. 2015; Keiblinger and Riedel 2018) and yields comparable results as LC-based
peptide fractionation (Hinzke et al. 2019). To investigate if an increase in the total number of
individual gel subfractions leads to a higher number of identified protein group, gel lanes were
cut in either 10 or 20 equal-sized fractions. Additionally, it was tested if reduction and alkylation
of the proteins prior to tryptic digestion increased protein group identification rates (Figure 2B).
Searching the resulting spectra in the so far available 0.2 um 2009 (MIMAS) database (Teeling
et al. 2012) showed that the best results (Figure 2B, Figure 3) were obtained by higher
fractionation (20 gel pieces) without reduction and alkylation. Subsequent to the MS-sample
preparation the obtained LC-MS/MS spectra were searched against different MS target

databases. The creation of a MS target database is a balancing act between considering all
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sequences of proteins possibly present in the analyzed sample on the one hand and reducing
the database size to save computational costs and ease protein interference on the other hand.
Searching metaproteomics MS/MS data against large databases, e.g., the NCBI non
redundant database with 136,216,794 entries (10/03/2017), presents some major challenges,
such as an increasing number of false positive or false negative peptide to spectrum matches
(PSMs) together with (sub)sequence redundancies caused by conserved regions of different
proteins. Simultaneously to the optimization of the metaproteomics protocol metagenomic
sequencing, assembly and annotation of FL (0.2 um pore-sized filters) and PA (3 and 10 pm
pore-sized filters) fractions of water samples collected during the Helgoland spring bloom 2009
were performed. Unfortunately, most probably due to the high amount of eukaryotic DNA,
length and number of assembled sequences of the large particulate fraction (10 pm pore-sized
filters) were not sufficient for a valid data interpretation. Thus, the metagenomic database used
for subsequent database searches of samples from the spring bloom 2009 was only composed
of sequences of FL bacteria (0.2 um pore-sized filters) and microbial communities present in

the medium particulate fraction (3 um pore-sized filters).

As the success of metaproteome analyses depends upon the database used for protein group
identification (e.g. Schneider and Riedel 2010; Teeling et al. 2012), the LC-MS/MS spectra
obtained with the bead-beating protocol were searched against four different databases to
identify the database that gives the highest number of reliably identified protein groups (Figure
4). Best results were obtained with the 0.2 + 3 um 2009 database (Figure 4), which is not
surprising as it is well accepted that metaproteomic data are most informative in combination
with complementary omics approaches (e.g. Banfield et al. 2005; Ram et al. 2005). Therefore,
e.g. Timmins-Schiffman et al. (2017) recommended to sequence corresponding site and time
specific metagenomes in order to generate accurate metaproteomic databases as best
practice for environmental proteomics. One possible reason for this is, that protein sequences
of many of the marine bacterioplankton and phytoplankton species present in these particular
samples, are not present in public available databases and databases that do not rely on

consistent metagenomic or metatranscriptomics analyses, as these species likely have not
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previously been sequenced. However, the success of a metaproteomics study also relies on
the data analysis during which software like Prophane can help to overcome for example
challenges during peptide to protein mapping. If fragment spectra of unique peptides (peptides
that can be assigned to only one protein) are missing, a distinction between eligible proteins
and hence a definite protein identification is impossible. This problem is also known as the
protein inference problem (Nesvizhskii and Aebersold 2005). A common approach to deal with
this inference problem is the grouping of identified proteins into protein groups based on shared
peptide matches (Koskinen et al. 2011) Prophane (Schiebenhoefer et al. 2020; Schneider et
al. 2011) provides a fully automatic pipeline to assist in metaproteomics data analysis and
screens groups of peptide-sharing proteins for commonalities on functional or taxonomic level.
Prophane uses the lowest common ancestor (LCA) approach, in which proteins are assigned

to their lowest common ancestor in a hierarchical tree (Schiebenhoefer et al. 2020).

In the final optimized workflow (Figure 5), proteins are extracted using a combination of SDS-
containing lysis buffer and cell disruption by bead-beating, separated by SDS-PAGE, in-gel
digested and analysed by LC-MS/MS in 20 fractions, before MASCOT search against a
metagenome-based database and data processing/visualization with the bioinformatics tool

Prophane.

7.2. Comparative metaproteome analysis of FL and PA
bacterioplankton fractions harvested during 2009 spring
phytoplankton bloom

To investigate if the optimized protocol is suitable for a comparative metaproteomics analysis
of FL and PA microbial communities, it was applied to various fractions of a microbial
community sampled at the 14" of April in 2009 (0.2 — 3 um = FL; 3 — 10 pm and = 10 ym =
PA). Using the optimized procedure, it was possible to record 360,000 to 460,000 spectra per
technical replicate and about 20,000 spectra per gel fraction, which subsequently led to the
identification of 9,354 protein groups, 2,263 protein groups, and 2,771 protein groups for the

0.2 — 3 um (Table S1 CD-ROM), 3 — 10 um (Table S2 CD-ROM), and = 10 um (Table S3 CD-
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ROM) fractions, respectively. Comparable studies addressing metaproteomics analyses of
marine sediments of the Bering Sea (Moore et al. 2012), the coastal North Sea, and the Pacific
Ocean (Wohlbrand et al. 2017a) identified less than 10% of the protein group identification

numbers resulting from the here presented novel metaproteomics pipeline.

1,956 of the identified protein groups of the two PA fractions were also identified in the FL
fraction whereas 276 protein groups were exclusively found in the PA fractions (Figure 6). This
suggests that protein expression profiles of planktonic and particulate bacteria vary less than
expected. However, this might also be due to the fact that PA bacteria are known to be
tychoplanktic and, e.g. as offspring cells searching for a place to settle, may thus only
temporarily be part of the planktonic community (Ghiglione et al. 2007; Grossart 2010; Crespo
et al. 2013). Additionally, chemosensory and motile taxa, predominantly alphaproteobacterial
Rhodobacteraceae and Gammaproteobacteria (Seymour et al. 2017) often stay on or close to
a particle during nutrient-rich conditions, before swimming to the next particle (Ghiglione et al.
2007; Grossart 2010; Yawata et al. 2014), thus simultaneous presence as FL and PA could be
a consequence of highly dynamic responses to substrate availability (Seymour et al. 2017). It
is further important to notice that particles have a limited life span (lversen and Ploug 2010),
hence PA bacteria must spend some time FL on their way to the next particle (Bizi¢-lonescu
et al. 2014). Moreover, clogging of filter pores by particles may cause retention of FL bacteria,
thus contaminating the PA fractions by planktonic bacteria. Additionally, also mechanical
stress is discussed to disintegrate fragile bacteria during filtration (Ferguson et al. 1984)
leading to accumulation of their protein groups in another fraction. Nevertheless, still many
taxa are well separated in a 0.2 — 3 um FL and over 3 um PA fraction (Heins et al. 2021). In
addition, the lack of =10um pore-sized filter metagenomic sequences hampers
comprehensive protein group identifications in this PA fraction that may result in a virtually
lower abundance than expected. Furthermore, this lacking information can not be found in
public databases as genomes of microbial eukaryotes therein are also limited. However, also

other studies comparing the community composition of FL and PA bacterioplankton in coastal
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areas using for example high-throughput 16S rRNA gene sequencing methods, revealed minor

differences between the fractions (Campbell and Kirchman 2013; Ortega-Retuerta et al. 2013).

Phylogenetic assignment of FL and PA metaproteomes. As expected, PA fractions contained
considerably more eukaryotic protein groups than the FL fraction (Figure 7A). Many of these
protein groups were assigned to known phytoplankton taxa (e.g., diatoms, Pelgaophytes,
Raphidiophytes, Cryptophytes, Dinoflagellates and Haptophytes) (Figure 8), reflecting the
ongoing phytoplankton bloom. Moreover, abundant protein groups were also assigned to
Oomycetes (water molds, e.g. Peronosporales, Saprolegniales) and Fungi (e.g.
Cryptomycota), indicating that saprotrophic or parasitic eukaryotes (Nigrelli and Thines 2013;
Jones et al. 2011), may contribute to phytoplankton biomass degradation during algal blooms.
The most abundant bacterial phyla within both, the FL and PA fractions, were Proteobacteria
and Bacteroidetes. In the study of Teeling et al. 2012 protein groups derived from planktonic
samples were mostly assigned to Bacteroidetes, Alpha- and Gammaproteobacteria. The most
prominent clades within the Bacteroidetes were Flavobacteriia and therein the genera
Ulvibacter, Formosa and Polaribacter. Gammaproteobacteria were dominated by the clades
Reinekea and Roseobacter. These findings are in good accordance with the results obtained
for the planktonic fraction in the here presented study. Protein groups expressed by Alpha-,
Beta- and Gammaproteobacteria were generally more dominant in the FL bacteria, whilst
protein groups assigned to Cyanobacteria (e.g., Synechococcus, Arthrospira), Opituae,
Flavobacteriia (e.g. Arenitalea, Olleya, Algibacter, Lacinutrix), and some proteobacerial genera
(e.g. Oceanicoccus, Canidatus Puniceispirillum, Neptuniibacter, Halioglobus, Ramlibacter)
were more abundant in the PA fraction (Figure 7). This is in good accordance to other studies
which reported Bacteroidetes in both, FL and PA, bacterioplankton (DeLong et al. 1993; Eilers
et al. 2001; Abell and Bowman 2005; Alonso et al. 2007). Moreover, Flavobacteriia have been
found highly abundant during phytoplankton blooms indicating that they play an important role
as consumers of algal-derived organic matter (Simon et al. 1999; Riemann et al. 2000;
Pinhassi et al. 2004; Grossart et al. 2005; Teeling et al. 2016; Chafee et al. 2018). In previous

studies Flavobacteriia and Alphaproteobacteria were mainly identified as particle-preferring,
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because they are often enriched in the PA fraction in contrast to e.g. Gammaproteobacteria
(Crump et al. 1999; Bizi¢-lonescu et al. 2014). However, Heins et al. 2021 found specialization
within these classes even within families. In accordance with this thesis within the
Flavobacteriaceae the genera Algibacter and Arenitalea were found enriched in the PA fraction
and within the Alphaproteobacteria the genus Planktomarina was found enriched in the FL
fraction. These findings highlight the individual lifestyles and niche occupations already shown
within clades e.g. within the SAR11 clade (Canidatus Pelagibacter ubique) (Dadon-Pilosof et
al. 2017; Mestre et al. 2020) and within genera e.g. Vibrio (Thompson et al. 2005; Hunt et al.

2008).

Functional assignment of FL and PA metaproteomes. Differences in the protein group profiles
between FL and PA bacteria seemed more precise on the functional level (Figure 9). E.g.,the
SusC/D utilization system, specific GHs, GTs and TBDT were found with higher overall
expression levels in the PA fractions compared to the FL fraction. This is in good accordance
with the high substrate availability (Caron et al. 1982; Grossart et al. 2003; Fernandez-Gomez
et al. 2013), especially the presence of highly abundant microalgae storage polysaccharides,
i.e. alpha- and beta-glucans (Kroth et al. 2008), in the particles. Sulfatases, capable of cleaving
sulphate sugar ester bonds, are contributing to the degradation of specific sulphated algal
polysaccharides such as mannans and fucans (Gomez-Pereira et al. 2012). This is well
supported by our finding that sulfatases are strongly expressed by PA bacteria (Figure 9).
However, sulfatases were strongly expressed by Formosa sp. bacteria which are considered
as FL. One explanation for this culd be that these species were frequently found attached to
aggregates as single cells (Benneke et al. 2013). Furthermore, FL and PA bacteria seem to
employ different phosphate acquisition strategies: whilst in FL bacteria phosphate and
phosphonate ABC-type transporter appeared highly expressed, PA bacteria rather seem to
employ phytases and phosphate-selective porins. As expected, various protein groups
involved in stress response were differentially expressed. Interestingly, functions involved in
oxidative stress defence appeared to be less abundant in the PA fractions (maybe due to

shading, reducing solar irradiation stress in the particles), whilst protein groups for heavy metal
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and antibiotic resistance were strongly expressed in the = 10 um fraction (Figure 9A and B),
which also contained the highest proportion of eukaryotic protein groups (Figure 7A). This
might be due to the fact that some algae take up and store heavy metals (Gaudry et al. 2007)
and are capable of producing antibiotics (Grossart 1999). This indicates that close eukaryotic
bacterial interactions in particles require such defense strategies of the associated bacteria.
As it was further expected, adhesion protein group as well as protein groups involved in motility
were more abundant on the particles, emphasizing their importance for biofilm/aggregate
formation (O'Toole and Kolter 1998; Lemon et al. 2007; Houry et al. 2010; Burke et al. 2011a).
However, protein groups involved in chemotaxis, gliding motility and other forms of motility
could be identified as more abundant in the FL fraction. This could be explained by the above-
described fraction of motile bacteria which sense nutrient gradients and swim towards their
food sources. They often represent ~ 10% of cells in the coastal seas (Stocker and Seymour
2012) with large variations of up to 80% (Mitchell et al. 1995; Grossart et al. 2001).
Interestingly, proteorhodopsin, an inner membrane protein involved in light dependent energy
generation, which has been proposed to enable FL bacteria such as Polaribacter (Fernandez-
Gbmez et al. 2013) and Pelagibacter (Giovannoni et al. 2005) to survive under low nutrient
conditions, was abundantly identified in PA bacteria such as Polaribacter, Paraglaciecola and

Marinosulfomonas in our analyses.

The obtained metaproteomics data demonstrate a high abundance of eukaryotes in the
particles (Figure 8), which include numerous microalgal groups, but also fungi and various
protozoa. This clearly sets particles apart from the FL fraction and highlights the importance of
direct eukaryote bacterial interactions in particles. Previous work on FL bacteria showed that
bacterial succession was largely independent of phytoplankton composition, and instead
determined by broad substrate availability (Teeling et al. 2016). PA bacterial composition is
more likely to be directly controlled by algal composition due to the intimate nature of their
interactions (Grossart et al. 2005), although functional redundancy may be substantial (Burke
et al. 2011a). Moreover, eukaryotes may also contribute to polysaccharide degradation in

concert with bacteria. For example, fungal taxa can be abundant in marine particles and have
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been shown to utilize algal polysaccharides such as laminarin (Bochdansky et al. 2017;

Cunliffe et al. 2017).

7.3. Investigation of phylogenetic and functional successions of

marine particles during the 2018 spring phytoplankton bloom

To investigate succession of taxonomical clades and expressed functions of marine particles
during a spring phytoplankton bloom, the PA fractions (3 — 10 um and =10 um) of three
sampling time points during different stages of a bloom in 2018 at Helgoland roads in the
German Bight were analyzed using the above optimized metaproteomics pipeline. The North-
Sea is a semi-enclosed continental shelf sea and especially its southern region, the German
Bight, is highly influenced by the run-off from the rivers Elbe and Weser and thereby constantly
supplied with nutrients, making it a very productive area. The mixing of fresh- and marine water
typically leads to high spatial variability with respect to environmental parameters, such as
temperature, salinity, pH and organic loads. Around the island Helgoland in the German Bight,
the biota and current patterns are continuously monitored for more than 5 decades known as
Helgoland Roads time series (Wiltshire et al. 2008). This comprehensive long-term data set
makes Helgoland Roads an optimal site to investigate the phylogenetic and functional
successions of marine particles during a spring phytoplankton bloom in coastal oceanic
environments. The spring phytoplankton bloom 2018 was accompanied by an increase of total
bacterial cell counts from 0.6x108 cells mL* to up to 2.47x10° cells mL*. Sampling time points
were chosen based on the bacterioplankton response bloom and labeled pre-bloom (also pre-
phytoplankton bloom), bloom rise (after peak of diatom bloom) and bloom peak (post diatom

bloom) (Figure 10).

Employing the optimized metaproteomic pipeline, it was possible to identify 5,607 protein
groups for pre-bloom samples, 7,141 protein groups for bloom rise samples and 4,118 protein
groups for the bloom peak samples (Table S5 CD-ROM). With this, the number of identified
protein groups could be increased compared to the above-described application example and

is, at least to my knowledge, the largest number of protein groups ever identified for marine

-90 -



Discussion

particles. One explanation for the increase in identified protein groups could be the application
of a fitting metagenome database composed of 9 different time points for both analyzed
fractions (3 + 10 um 2018 - 14,764,755 entries). Nevertheless, the number of identified protein
groups for the bloom peak was expected to be higher, as the number of eukaryotic protein
groups is lower. It is well known, that phyto- and zooplankton associated to the marine particles
cause problems for the assembly and subsequent bioinformatics steps like binning and
annotation during metagenomic analyses due to e.g., introns and tandem repeat regions,
subsequently also hamper the identification of protein groups. Furthermore, these difficulties
during metagenomic and also genomic analysis of microbial eukaryotes led to a lack of
sequences in public databases. An explanation for the lower number of identified protein
groups for the bloom peak samples can be the high complexity of the samples with very limited
concentrations of individual proteins. In the so called “Data Dependent Acquisition” (DDA)
mode during MS-analysis, peptides with the highest abundance are selected for fragmentation
and the fragmentation pattern is used for the identification of peptides and proteins,
respectively. Consequently, only peptides selected for fragmentation can be identified.
Considering the complexity of a peptide mixture, the peptide selection during the MS
measurements is a rather arbitrary process, causing missing values in time line experiments
and also between technical replicates. Due to the used filter criteria (a peptide has to be
identified in at least 2 out of 3 technical replicates) the number of identified protein groups was

lower for more complex samples (Figure S 1).

7.3.1. Phylogenetic succession of marine particles during the 2018 spring

phytoplankton bloom

As expected, the number of identified protein groups assigned to bacteria increased from pre-
bloom to bloom peak samples contrary to protein groups assigned to eukaryotes (Figure 11),
reflecting the ongoing of the bacterial response bloom. Overall, most of the identified protein
groups in all samples were assigned to eukaryotes as already observed for the PA fractions of

the application example (Figure 8). PCA plot analyses of all identified bacterial families showed
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that both PA fractions of the pre-bloom sampling point and the = 10 pm fraction of the sampling
time point during the rise of the bacterial bloom cluster together (Figure 12A), which indicates
that beta-diversity of bacterial families is increasing with the progress of the bacterial bloom,
already starting during the rise of the bloom in the 3 — 10 um fraction. OPLS-DA plots of all
identified bacterial families congruously indicate, that the samples differ more based on
sampling time point than on filter size. Furthermore, the sampling time points of the 3 — 10 um
fraction show a higher taxonomic beta-diversity on family level than the sampling time points
of the = 10 um fraction as the bloom rise and bloom peak sampling time points cluster together
(Figure 12B and C). PCA plot analysis of all identified eukaryotic classes indicate that their
beta-diversity is the highest during the rise of the bacterial bloom which is in accordance with
the ongoing of the diatom bloom, which already started collapsing as the bacterial bloom rose
(Figure 14A). OPLS-DA plots of all identified eukaryotic classes show a similar trend as for the
bacterial families: the samples seem to differ more based on sampling time point than on filter
size. However, in contrast to the results for the bacterial families, eukaryotic classes seem to
establish less beta-diversity as the bloom rise and bloom peak samples of the = 10 um fraction
as well as the pre-bloom and bloom rise samples of the 3 — 10 um fraction cluster together in
the OPLS-DA plot based in pore size of the filters (Figure 14B and C). Nevertheless, this was
somewhat expected, because the sampling time points were chosen on the basis of the

bacterial response bloom.

Phylogenetic succession of bacterial taxa

The most abundant bacterial phyla within the analyzed PA fractions were Proteobacteria and
Bacteroidetes at all analyzed stages of the bloom (Figure 13; Table S6 CD-ROM). In the spring
bloom 2009 the comparison of FL and PA fractions (6.2; Schultz et al. 2020) and the study
from Teeling et al. 2012 marine Flavobacteriia, Alpha- and Gammaproteobacteria were
identified as key players in the FL and PA fractions, which confirmed the obtained results.

Within these classes consecutively blooming Formosa and Polaribacter clades were identified
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in the FL fraction (Teeling et al. 2012), which were also identified in the PA fraction of the 2009
spring phytoplankton bloom (Schultz et al. 2020). The Polaribacter clade was again under the
most abundant clades in the spring bloom 2018 (Figure 13). The gammaproteobacterial genus
Reinekea was also identified as abundant and consecutively blooming in the spring bloom
2009 in the FL fraction (Teeling et al. 2012; Schultz et al. 2020) and its low abundance in the
PA fractions could be confirmed in the results for the 2018 spring bloom, leading to the

assumption, that Reinekea is a mainly FL genus.

Phylogenetic differences between the two analyzed PA fractions were visible. On phyla level
protein groups expressed by Cyanobacteria, Planctomycetes and Verrucomicrobia were
generally more abundant in the 3 — 10 um fraction, whereas protein groups expressed by
Actinobacteria and Proteobacteria, especially by the classes Gamma- and
Deltaproteobacteria, were higher abundant in the = 10 um fraction. Cyanobacteria were also
identified as more abundant in the PA fractions during the spring bloom 2009 (Schultz et al.
2020). Furthermore, Planctomycetes were among the most abundant groups unique to the PA
fraction and significantly overrepresented compared to FL in the Mediterranean water column
(L6pez-Pérez et al. 2016; Mestre et al. 2017) as well as frequently observed to associate with
marine phytoplankton blooms (Fukunaga et al. 2009; Morris et al. 2006; Bengtsson and @vreas
2010; Burke et al. 2011b; Lachnit et al. 2011; Lage and Bondoso 2011). Planctomycetes can
exhibit diverse lifestyle strategies including motility, unicellular stages as well as aggregate
formation (Lage 2013). Verrucomicrobia were observed in marine snow (Rath et al. 1998), in
association with nanoeukaryaotic cells (Petroni et al. 2000), enriched in PA fractions (Mestre et
al. 2017) and suggested to be efficient biopolymer degraders (Martinez-Garcia et al.
2012).These finding highlight the role of the phyla Cyanobacteria, Planctomycetes and
Verrucomicrobia as PA bacteria. On genus level protein groups assigned to the
alphaproteobacterial genera Candidatus Pelagibacter, Planktomarina and Tateyamaria as well
as to the flavobacterial genera Ulvibacter and Formosa, were generally more dominant in the
3—-10 um fraction, whilst protein groups assigned to the alphaproteobacterial genus

Roseobacter and to the flavobacterial genus Tenacibaculum were more abundant in the
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2 10 um fraction (Figure 13). Abell and Bowman 2005 found that Tenacibaculum spp. were
unusually responsive to diatom detritus in a seawater mesocosm experiment. They suggested
that the detectable populations of Tenacibaculum can be highly transient as they grow only to
significant populations as attached population or in association with detrital OM. Additionally,
the genus Tenacibaculum was detected in high proportions in association with a natural
phytoplankton bloom (Gonzélez et al. 2000) and was suggested to be an active colonizer of
particles under algal bloom conditions (Riemann et al. 2000). This could be confirmed by the
results of this study where the genus Tenacibaculum was identified as more abundant during
the peak of the bacterial response bloom (Figure 13). These finding highlight the role of the
genus Tenacibaculum as PA bacteria. The genus Roseobacter often dominates microbial
assemblages surrounding POM (Fontanez et al. 2015; Mestre et al. 2017; Rinta-Kanto et al.
2012) but was also identified as abundant in FL fraction (Teeling et al. 2012) suggesting a
special adaption to acquire phytoplankton-derived DOM (Teeling et al. 2012; Landa et al. 2017,
Landa et al. 2019) independent of life-style strategy. Alonso-Saez et al. 2007 showed that the
abundance of Roseobacter clade is highly correlated with the concentrations of POM and Chl
a in the subtropical Atlantic Ocean which again reflects its affinity to nutrient enriched
conditions. This corresponds to the findings of this thesis as protein groups assigned to the
genus Roseobacter are more abundant during the peak of the bacterial bloom where the
phytoplankton bloom already decayed. Canidatus Pelagibacter (former SAR11) is one of the
most abundant bacteria in the ocean and generally considered FL (Alonso and Pernthaler
2006; Heins et al. 2021). However, this taxon is also detected in PA fractions of sequential
filtrations (Mestre et al. 2020; Heins et al. 2021) and even as one of the most abundant genera
in this thesis. Heins et al. 2021 suggested that the cells of this taxon have less hydrophobic
cell surface properties than other planktonic cells, which may facilitate the attachment to algal
particles while they sink and collide with bacterial cells. The adsorption to particles could
provide these cells with transient access to elevated nutrient concentrations and thus
contribute to their ecological success compared to other non-motile FL bacteria. Additionally,

they found evidence that the particle association of this taxon is of loose nature. These less
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hydrophobic cell surface properties were previously also linked to grazing avoidance (Dadon-

Pilosof et al. 2017).

Besides the differences between the two analyzed PA fractions, the phylogenetic assignment
of the individual protein groups also indicated some notable taxonomic differences between
the different stages of the investigated bacterial response bloom. Protein groups of bacterial
taxa generally more abundant in the pre-bloom stage were for example assigned to
Cyanobacteria. As cyanobacterial species were shown to be growth promoting for seaweeds
(Hollants et al. 2013) the obtained results could be a hint for a growth promoting role of
Cyanobacteria in the beginning of a phytoplankton bloom. Nevertheless, the abundance of
Cyanobacteria in the pre-bloom stage can also be explained by their phototrophic lifestyle as
they are not dependent on DOM released by phytoplankton cells to reach high abundances.
Another taxon with higher abundance in the pre-bloom samples is the gammaproteobacterial
genus Pseudomonas. One possible explanation for this abundance could be a mutualistic
interaction with algae. It has been shown that the initiation of a Chatonella bloom is promoted
by different Pseudomonas species. One example for such a growth promoting species is
Pseudomonas asplenii, which is suggested to release heat-resistant substances, such as
inorganic nutrients, and thereby elevates phosphate concentration. This mechanism seems to
be dependent on the presence of the algae, suggesting a mutualistic interaction (Park et al.
2016). Protein groups assigned to the verrucomicrobial class Verrucomicrobiae, the
planctomycetal genus Phycisphaera (in the 3 — 10 um fraction) and the flavobacterial genus
Polaribacter (in the =10 um fraction) were more abundant during the rise of the bacterial
response bloom. Verrucomicrobia are suggested to be efficient biopolymer degraders
(Martinez-Garcia et al. 2012), also indicated by their fast response to the decaying diatom
bloom in this thesis. Genomes of Polaribacter sp. show high peptidase proportions, small
genomes and limited polysaccharide utilization capacity which makes them typical first
responders (Avci et al. 2020). A high abundance during the rise of the bacterial response
bloom may indicate that these genera mediate the decomposition of easily accessible algal

polysaccharides e.g., storage compounds like the beta-1,3-linked glucose polymer laminarin.
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Genera mainly abundant during the peak of the bacterial response bloom were e.g., the
alphaproteobacterial genera Sulfitobacter, Tateyamaria, Roseovarius and Roseobacter as well
as the verrucomicrobial genus Opituae. A high abundance during the peak of the bacterial
response bloom may indicate that these genera mediate the decomposition of refractory algal
polysaccharides e.g. sulfated and branched polysaccharides. Some genera are abundant
mainly during the peak of the bacterial response bloom but only in one of the analyzed
fractions. In the 3 — 10 um fraction the alphaproteobacterial genus Planktomarina and the
flavobacterial genera Tenacibaculum and Polaribacter show a high abundance in the bloom
peak and in the =10pum fraction the actinobacterial genus Rhodococcus, the
alphaproteobacterial genera Hyphomonas and Roseobacter, the gammaproteobacterial
genera Oceanicoccus and Psychrosphaera as well as the flavobacterial genera Muricauda and

Leeuwenhoekiella.

Previous studies on FL bacterioplankton responding to a spring phytoplankton bloom found
Alphaproteobacteria dominating the early bloom phase, Flavobacteriia increasing in relative
abundance as the bloom commences and Gammaproteobacteria increasing as the bloom
decays (Lucas et al. 2015; Teeling et al. 2012). The results of this thesis showed a different
trend for the PA fractions concerning the Alpha- and Gammaproteobacterial abundance.
Protein groups assigned to Alphaproteobacteria were generally more abundant during the
peak of the bacterial response bloom, thus post the first diatom-dominated phytoplankton
bloom and in the mid of the second phytoplankton bloom, and protein groups assigned to
Gammaproteobacteria were generally more abundant during the pre-bloom stage (Figure 13).

This may be explained by the different specialization of abundant taxa within these classes.

Phylogenetic succession of eukaryotic taxa

The spring phytoplankton bloom 2018 was dominated by diatoms of the genera Thalassiosira,
Chaetoceros, Mediopyxis and Rhizosolenia and the haptophyte Phaeocystis (Heins et al.
2021). In this thesis protein groups assigned to the orders Thalassiosirales, Chaetocerotales

as well as Rhizosoleniales reached high overall abundances and also protein groups assigned
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to the order Phaeocystis could be identified (Figure 15; Table S7 CD-ROM). The spring
phytoplankton boom at Helgoland Roads 2009 was also dominated by Thalassiosira species
(Teeling et al. 2012). The mainly pre-bloom and bacterial bloom rise abundance of the
phytoplankton taxa reflect the phytoplankton bloom which is decaying throughout the sampling
timepoints. Protein groups of eukaryotic taxa generally more abundant in the pre-bloom stage
were assigned to the microalgal phyla Bacillariophyta and Cryptophyta while protein groups
assigned to the microalgal phyla Chlorophyta, Ochrophyta and Streptophyta were generally
more abundant during the rise of the bacterial bloom (Figure 15). These results visualize that
a typical phytoplankton bloom is a succession of phytoplankton taxa during the course of the

bloom (Buchan et al. 2014).

As expected, protein groups assigned to the Arthropoda were more abundant in the = 10 um
fraction due to their size. Furthermore, their abundance mainly during the rise of the bacterial
response bloom can be a hint on grazing activity. For example the calanoid corepods
Neocalanus cristatus and Neocalanus plumchrus are known grazers in the subarctic Pacific
(Frost et al. 1983) and belong to the order Calanoida which is the most abundant order within

the phylum Arthropoda in the metaproteomes of the spring bloom 2018.

Priest et al. 2021 investigated the dynamics of unicellular mycoplankton during a spring
phytoplankton bloom at Helgoland Roads in 2017. They found evidence for the dominance of
members of Ascomycota, Basidiomycota and Chytridiomycota with highest taxonomically rich
community composition in the pre-bloom stage of the respective phytoplankton bloom. These
were also the most abundant fungal taxa identified in this thesis with highest abundance in the
pre-bloom and bacterial bloom rise stages (Figure 15). The annual recurrence indicated by the
results of this thesis and Priest et al. 2021 was also observed in a study of Cunliffe et al. 2017,
where they were able to isolate several annually recurring mycoplankton strains from the
English Channel. Additionally, they could show their ability to degrade phytoplankton derived
polysaccharides indicating that they may also contribute to phytoplankton biomass degradation

during algal blooms. This could be a possible explanation for their abundance during the rise
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of the bacterial bloom as the phytoplankton bloom decays. Furthermore, it was shown that
fungal communities, dominated by the Chytridiomycota, parasitize light-stressed diatoms in
the coastal Arctic environment (Hassett and Gradinger 2016). Zhang et al. 2018a also found
evidence that phytoplankton blooms drive distinct changes within the fungal community with

different effects across the taxa which reflects diverse ecological niches.

Unexpectedly the highest fold changes were observed for red algae (Rhodophyta) (Figure 16).
Red algae are macroscopic and sessile, thus found e.g., attached to stones. A BLAST analysis
of the identified protein groups showed that the corresponding peptide sequences have
similarity to proteins mainly also assigned to the Rhodophyta but also to e.g., higher plants,
Oomycota, Planctomycetes or Haptophytes. An explanation for the somewhat unexpected
abundance of Rhodophyta could be a misclassification in the taxonomic annotation via the
NCBInr and Uniprot databases. However, the BLAST analysis showed, that most of the protein
groups indeed belonged to the Rhodophyta. A possible explanation would be pieces of macro
algae in the water column but also a existence of macroalgal propagules in the plankton
(Amsler et al. 1992). Propagules of macroalgae consist of unicellular products of sexual and
asexual processes formed as a result of meiosis and mitosis such as e.g. zygotes and spores
(Clayton 1992). Nevertheless, to make any clear statements about this unique high fold
changes it would be necessary to investigate more time points of the bloom in smaller

clearances.

Surprisingly, also protein groups of the taxon Chiroptera (bats) were identified. A BLAST
analysis of the appropriate identified protein groups showed that the corresponding peptide

sequences have similarity to proteins assigned to mainly birds but also Saccaromycetes.

These two examples highlight the importance of the correct annotation of eukaryotic proteins

as explained more in detail in the Conclusions (page - 120 -).
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7.3.2. Functional succession of marine particles during the 2018 spring
phytoplankton bloom

Functional succession of bacterial taxa

Besides ribosomal proteins and chaperones the most abundant identified protein groups
belong to the group transport and binding proteins (Figure 16; Table S8 CD-ROM). Hagstrom
et al. 2020 examined transporter genes in metagenomic and metatranscriptomics data from a
time-series survey in the Baltic Sea (0.2 — 3 um fraction) and showed that the relative
abundance of transporter stayed the same throughout the year. They suggested that most
major types of transporters are present at a given time point but that their distribution patterns
depend on bacterial groups being dominant at a given time of the year. Other studies revealed
a differentiated expression of transporters between e.g. geographic locations or bloom vs. non-
bloom conditions as well as PA vs. FL (Klindworth et al. 2014; Satinsky et al. 2014). The most
abundant group of transport proteins were the ABC-transporter, which were generally more
abundant in the 3 — 10 um fraction and during the peak of the bacterial bloom (Figure 16).
ABC-transporter are involved in the transport of LMW OM like di-/oligopeptides and
carbohydrates including glycerol-3-phosphate and LMW carbohydrates including xylose,
fructose, nucleosides, ribose and maltose. Their abundance during the peak of the bacterial
bloom corresponds to their substrate spectrum, as the phytoplankton cells already decayed.
Within the group of ABC-transporter phosphate and amino acids as well as oligosaccharide
and monosaccharide transporter were the most abundant (Table S8 CD-ROM). The second
most abundant transporter group were porins and therein gram-negative porins, phosphate-
selective porins O and P as well as OmpA (Figure 16, Table S8 CD-ROM). Phosphate-
selective porins O and P were mainly abundant during the peak of the bacterial response
bloom with a steadily increasing abundance over the course of the bloom. Together with the
high abundance of phosphate ABC-transporter these results indicate a low phosphate
concentration as expected during phytoplankton blooms. Algal growth leads to rapid
exhaustion of phosphate but also silicate, which diatoms use for frustule formation. Nutrient

exhaustions of e.g. nitrogen, phosphorous, iron and silicate are typically limiting factors, which
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together with grazing by zooplankton contribute to phytoplankton bloom termination
(Schoemann et al. 2005; Buchan et al. 2014). Another phosphate acquisition strategy is the
usage of phytases, a phosphatase enzyme that catalyzes the hydrolysis of phytic acid and
releases a usable form of inorganic phosphorous (Mullaney et al. 2000). Phytic acid is mainly
found in plants but was also detected in marine waters and marine sediments (Lim et al. 2007),
and is rapidly mineralized upon introduction to the marine environment (Suzumura and
Kamatani 1995) possibly due to an enhanced solubility (Lim et al. 2007). Phytase proteins
were mainly abundant during the peak of the bacterial response bloom and in the =10 pm
fraction also in the rise of the bacterial bloom (Table S8 CD-ROM). These results highlight the
importance of inorganic nutrients like phosphate. In addition to phosphate also iron is an
important micronutrient for most microorganisms, whose acquisition in the marine environment
is hampered by its scarce bioavailability (Coale et al. 1996; Martin and Michael Gordon 1988).
Many marine bacteria alleviate iron limitation by excreting small organic molecules with
exceptionally high affinity for iron, called siderophores (Vraspir and Butler 2009). In this study
no siderophores could be identified but chelatases and ferritin mainly abundant during the rise
of the bacterial response bloom (Table S5 CD-ROM). Ferritin is one of the major non-haem
iron storage proteins in animals, plants and microorganisms. It consists of a mineral core of
hydrated ferric oxide and a multi-subunit protein shell that encloses the former and assures its

stability in an aqueous environment (Chiancone et al. 2004).

Another abundant group of transporters are TBDT (Figure 16), whose important role in
transport of DOM was recently recognized (Blanvillain et al. 2007; Schauer et al. 2008; Teeling
et al. 2012). Most of the so far investigated TBDTs are involved in the uptake of bulky iron-
siderophore complexes and vitamin B12 (Schauer et al. 2008). The transport through the outer
membrane requires a Sus-like TonB-dependent receptor (TBDR) protein. The import may be
energetically driven by the electrochemical gradient of the cytoplasmic membrane, where the
energy is transduced by the TonB-complex (ExbBD proteins and TonB, here grouped as TonB-
dependent transporter) to the TBDR (SusC and SusD) (Jordan et al. 2013; Gresock et al. 2015;

Sverzhinsky et al. 2015). The number of TBDR genes in gram-negative bacteria differ widely.
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The majority of taxa hosts about 14 TBDR genes, but single genomes can harbor up to 120
TBDRs (Blanvillain et al. 2007). High numbers of TBDR genes are typically found in
Bacteroidetes, Alpha- and Gammaproteobacteria (Blanvillain et al. 2007). This is also
confirmed by the results of this thesis, where TBDT und TBDR proteins are mainly assigned
to these three phyla (Figure 16; Table S5 CD-ROM). Teeling et al. 2012 found that the
blooming FL clades of the 2009 spring phytoplankton bloom were characterized by distinct
substrate spectra, reflected by different CAZymes and transporter gene expression profiles.
The succession of distinct FL bacterial clades coincided with the succession of distinct gene
function repertoires, which indicated that changes in the algal substrate composition over the
course of the bloom provided series of ecological niches in which dedicated heterotrophic
planktonic bacteria could bloom. During the 2018 spring phytoplankton bloom TBDT in the PA
fractions were mainly expressed by the alphaproteobacterial Hyphomonas, the flavobacterial
Ulvibacter and the gammaproteobacterial Umboniibacter, all also mainly abundant at the peak
of the bacterial response bloom (Table S5 CD-ROM). However, to confirm that also PA
bacteria show similar successions as observed for the FL bacteria, more time points of a spring
phytoplankton bloom need to be investigated and the number of identified bacterial protein

groups need to be higher.

Before polysaccharides can be transported into the cell, they have to be degraded into
oligosaccharides. Besides transporter also protein groups belonging to the group
Carbohydrate metabolism could be identified including different families of glycosyl hydrolases
(GH). One of the identified GH families is family 27 and annotated as an a-L-fucosidase.
Fucoidans are a family of sulfated homo- and heteropolysaccharides found in various species
of brown algae and mainly composed of sulfates and L-fucose with less than 10% other
monosaccharides (Trincone 2018). Together with the identified sulfatases (PF00884 and
PF14707; TableS8 CD-ROM) this could be an evidence for fucoidan degradation.
Congruously, Tang et al. 2017 showed that fucoidan is hydrolyzed in aggregates and not in
ambient waters. Protein groups of the GH family 17 and 2 were also identified during the spring

bloom 2018. GH families 16 and 17 are mainly laminarinases but also GH family 2 is found in
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PULs capable for the degradation of laminarin and other B-glucans (Ziervogel and Arnosti
2008). The polysaccharide Alginate is degraded by alginate lyases, thus presence of the PL
family 17 indicates degradation of alginate. Alginate lyases initiate alginate degradation outside
of the cell through endo-cleavage of the polysaccharide chain into shorter oligosaccharides,
which are then substrates for the import system (Thomas et al. 2012; Kabisch et al. 2014;
Bolam and Koropatkin 2012; Hehemann et al. 2014). Alginate is produced by brown algae
(Pheaophyceae) as structural polysaccharide and by certain genera of gram-negative bacteria
e.g. Azobacter and Pseudomonas sp. for example as virulence factors (Trincone 2018). The
two most abundant identified Pseudomonas sp. in this thesis are Pseudomonas alcaligenes
and Pseudomonas oleovorans (Table S6 CD-ROM). Protein groups assigned to this species
are mainly abundant in pre-bloom samples (Table S6 CD-ROM; Figure 13) and both species
belong to the Pseudomonas aeruginosa group based on sequence similarity. Pseudomonas
aeruginosa is known to produce alginate (Rehman et al. 2013). Furthermore, protein groups
belonging to the GH family 28 mainly annotated as pectate lyases were identified (TableS8
CD-ROM). Pectins are biopolymers whose main structural feature is a linear (1-4)-linked chain
of galacturonic acid. However, no other protein groups involved in pectin degradation could be
identified. The opposite could be observed for the polysaccharide Xylan. None of the known
xylanases (GH5, 7, 8, 10, 11, 43) was identified during the spring bloom 2018 but an acetyl-
xylan esterase (PF05448), a xylose isomerase (PF01261), a D-xylose ABC-transporter
(TIGR02634) as well as five transketolases and transaldolases. The latter convert xylose-5-
phosphate into fructose-6-phosphate and glyceraldehyde-3-phosphate which subsequently
can enter the glycolysis cycle. All these protein groups were characterized as part of xylan
degradation in the Bacteroidetes Gramella flava JLT2011 (Tang et al. 2017). Xylans are
components of marine phytoplankton (Avci et al. 2020; Parsons et al. 1961) and high xylanase
activities have been reported for many ocean provinces (Arnosti 2011). Taken together these
results indicate the degradation of fucoidan, laminarin, alginate and xylan. This corresponds

to the observations of the study of Kriiger et al. 2019, where a restricted set of conserved
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polysaccharide utilization loci (PULs) predominantly targeting laminarin, a-glucans, a-

mannose-rich substrates and sulfated xylans were identified in Bacteroidetes species.

The presence of GTs shows the capacity of carbohydrate biosynthesis. The identified GT
family 2 is probably responsible for the production of lipopolysaccharides (LPS) or extracellular
polymeric substances (EPS) (Barbeyron et al. 2016b). Furthermore, the identified GT family 1
was identified on a fosmid in a cluster interspersed with genes encoding proteins involved in
the synthesis of the capsule polysaccharide colonic acid and in LPS biosynthesis (Gomez-
Pereira et al. 2012). EPS act as a diffusive barrier against chemicals, such as xenobiotica or
biocides, protect microorganisms from physical stress like UV-radiation and dehydration as
well as counteract protozoan grazing (Carvalho 2007; Flemming and Wingender 2010).
Additionally, EPS ensure sorption of inorganic ions and organic compounds, promote
exchange of genetic information and cell-to-cell communication and the formation of micro
colonies (Flemming and Wingender 2010). Bacteroidetes are known to both produce and
degrade EPS (Fukami et al. 1997; Nichols et al. 2005). Bennke et al. 2013 investigated
2 10 pm plankton fraction from Helgoland surface waters in April 2011. They could show that
Polaribacter and Ulvibacter were able to form micro colonies within aggregates which indicates
an active growth and production of EPS. In contrast Formosa A cells rarely formed micro
colonies but were frequently found attached to aggregates as single cells. Additionally, they
could show that the cells of the dominant diatom Chaetoceros were preferred habitats for
Polaribacter. This diatom was also identified as one of the most abundant phytoplankton taxa
in this thesis (Figure 15) as well as Polaribacter and Ulvibacter as abundant bacterial genera
(Figure 13). The production of EPS has also previously been suggested for marine
Bacteroidetes by genome annotation (Gémez-Pereira et al. 2012). Besides the identified GT
families also exopolysaccharide biosynthesis protein YbjH (PF0602) assigned to
Verrucomicrobia could be identified in the spring bloom 2018. Together with the high
abundance of Bacteroidetes it can be suggested that EPS production plays a considerable role

in PA fractions.
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Furthermore, protein groups associated with transcription and protein synthesis were found
with high overall expression especially in the bloom rise and bloom peak samples (Figure 16),

reflecting higher gene expression due to high proliferation rates.

Identified protein groups were mainly assigned to the most abundant taxonomic phyla and
classes, thus Alpha- and Gammaproteobacteria as well as Flavobacteriia together with one of
the following phyla: Verrucomicrobiae, Actinobacteria, Planctomycetes and Acidobacteria.
Throughout the bacterial response bloom similar patterns to the overall abundance of the phyla
could be observed. The more abundant a pylum, the more protein groups assigned to this
pylum were identified. For more detailed insights into the coupling of function and taxonomy
more protein groups need to be identified. For example, in the group of carbohydrate
metabolism a maximum number of 12 protein groups per phylum and timepoint could be
identified. Also, in goups with more identified protein groups, like transport and binding proteins
(maximum 209 protein groups per phylum and timepoint), only for the abundant phyla data

from several timepoints in available (Figure S 2, Appendix).

Functional succession of protein groups assigned to eukaryotic taxa

As expected, most of the identified protein groups assigned to phytoplankton species belonged
to the group of photosynthesis proteins (Figure 17; Table S9 CD-ROM). Besides Chlorophyll
also light-harvesting protein groups specific for marine organisms could be identified: Peridinin-
chlorophyll A binding proteins (PF02429) belong to a water-soluble light-harvesting complex
that has a blue-green absorbing carotenoid as its main pigment and is present in most
photosynthetic dinoflagellates (Hofmann et al. 1996). Furthermore Phycoerythrin (PF02972),
a light-harvesting red protein-pigment complex present in red algae and Cryptophytes (Ficner
and Huber 1993; van der Weij-De Wit et al. 2006), was identified (Table S9 CD-ROM). The
high abundance of protein groups associated with protein synthesis in the pre bloom stage
(Figure 17) indicates induced growth of phytoplankton cells at the onset of the phytoplankton

bloom.
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Protein groups assigned to motility were mainly abundant during the pre-bloom stage and in
the 3—10 um fraction (Figure 17). One example is the group SF-assembling/beta giardin
(PF06705) which presents the major component of striated microtubule-associated fibers

(SMAFs) in the flagellar basal apparatus of green flagellates (Lechtreck and Melkonian 1998).

One of the highest fold changes compared to the pre-bloom stage was found for ubiquitination
protein groups in the bloom rise of the =10 um fraction (Figure 16). However, ubiquination
affects proteins in many ways e.g. mark them for degradation via the proteasome, alter their

cellular location, affect their activity as well as promote or prevent protein interactions.

Interactions between marine bacteria and phytoplankton

Diatoms and bacteria co-occurred in a common habitat throughout the oceans for more than
200 million years and fostered interactions over evolutionary time scales (Amin et al. 2012).
Hundreds of genes in diatom genomes appear to have been acquired from bacteria. It is
suggested that this acquisition plays a major role in diversity and success of diatoms (Armbrust
et al. 2004; Bowler et al. 2008). One example is the diatom Phaeodactylum tricirnutum, for
which it is estimated that 784 genes were acquired by the diatom from bacteria. These genes
are involved in nitrogen and organic carbon utilization, cell wall assembly, DNA recombination
as well as ornithine-urea cycle (Allen et al. 2011; Bowler et al. 2008). Phaeodactylum is a
genus in the order Naviculales. During the spring bloom 2018 Phaeodactylum tricirnutum was
the most abundant species within the Naviculales (Table S7 CD-ROM) and many identified
protein groups for this species were involved in Carbohydrate metabolism and Nitrogen

metabolism (Table S5 CD-ROM), supporting the above mentioned estimations.

The ability of diatoms to influence bacterial diversity was observed in laboratory isolates (Amin
et al. 2012). Alphaproteobacteria and therein Sulfitobacter, and Roseobacter, as well as
Bacteroidetes and to a lesser extend Betaproteobacteria were the most prominent isolates
across examined diatoms (Schafer et al. 2002). Numerous other studies demonstrated that
Proteobacteria and Bacteroidetes are the main heterotrophic bacterial phyla associated with

diaoms and within these phyla specific genera like Sulfitobacter, Roseobacter and
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Flavobacteriia appear to be strongly associated with diatoms based on their repeated
occurrence in different studies (Grossart et al. 2005; Kaczmarska et al. 2005; Sapp et al.
2007a; Sapp et al. 2007b; Sapp et al. 2007c). Also, the observations of this thesis correspond
to these findings. For detailed discussion please see 6.3.1. Protein groups assigned to the
alphaproteobacterial genus Roseobacter found more abundant in the = 10 um fraction (Figure
13). Roseobacter genera are known to cause gall formation in red algae (Egan et al. 2014).
However the Roseobacter group contains over 70 genera (Simon et al. 2017) with highly
versatile genetic repertoire (Newton et al. 2010; Moran et al. 2007) and are also shown to
establish symbiotic relationships with diatoms. (Durham et al. 2015; Croft et al. 2005). They for
example promote algal growth by secreting antibiotics and growth stimulants (Buchan et al.
2014; Amin et al. 2015). This corresponds to the observation that protein groups for the

biosynthesis of antibiotics are most abundant in the pre-bloom stage (Figure 16).

Protein groups assigned to the flavobacterial genus Maribacter are more abundant in the pre-
bloom samples (Figure 13). Maribacter sp. are known to produce algal growth- and
morphogenesis-promoting factors (AGMPFs) (Alsufyani et al. 2020), which act similarly to

auxins by promoting rhizoid initiation and cell wall formation (Spoerner et al. 2012).

Microbial activity against algae-derived organic matter is not limited to dead diatoms but also
includes actively growing cells. Some bacteria are consistently associated with growing
diatoms through specific interactions, while other bacteria colonize sinking diatom particles
and decompose organic matter therein. The function of the identified protein groups fit well
with the current understanding of ecology of an algal- or surface-associated microbial

community and can mostly be grouped into the following categories:

a. Detection and movement towards host surface/particles: Protein groups associated
with chemotaxis were partially abundant (3 — 10 pm bloom rise, = 10 um bloom peak)
and protein groups associated with flagellum-mediated motility (in all stages but most
abundant during bloom peak) consistently abundant. These both mechanisms are

important for the detection and movement towards the algal host surface during
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colonization. During early growth phases, phytoplankton cells release soluble LMW
molecules like amino acids, carbohydrates, sugar alcohols and organic acids (Buchan
et al. 2014; Bjgrrisen 1988) of which many are potent chemoattractants for bacteria
(Seymour, JR et al. 2010; Miller et al. 2004). Many bacteria are known to use
chemotaxis, a phenomenon that relies on detection of molecules in the immediate
surrounding of a cell to determine swimming direction either towards or away from a
chemical gradient. Chemotaxis is essential for the development and maintenance of
symbiotic surface associations (e.g. in Rhizobium species; Munoz Aguilar et al. 1988).
Flagellum-mediated motility is also important for biofilm formation in a range of bacteria

(Hossain and Tsuyumu 2006; Houry et al. 2010; Lemon et al. 2007).

. Attachment and biofilm formation: Bacterial attachment to living cells in the marine

environment has been reported in many studies including a wide range of
phytoplankton (Biegala et al. 2002; Gardes et al. 2011; Zehr 2015; Cornejo-Castillo et
al. 2016). It is suggested that diatoms may use TEP to attract certain types of bacteria
and that these bacteria recognize the presence of the diatom and initiate attachment
to TEP. Several bacteria were also found to influence TEP production when they are
added to bacterium-free cells of the diatom Thalassiosira weissflogii (same order that
dominated bloom in 2018) (Gardes et al. 2011). Other adhesins implicated in cell-
surface and cell-cell interactions are cadherin and fascilin that contain peptide motifs
conserved in all domains of life (Woyke et al. 2009). As expected both were also
identified in this thesis (Table S5 CD-ROM). One example are identified protein groups
with a bacterial cadherin-like domain (PF17803). This domain is e.g. found in a calcium-
binding lectin that interacts with acidic EPS and capsular polysaccharides produced by
Rhizobium leguminosarum (Abdian et al. 2013). Another example are proteins
containing a LysM-domain (PF0176) which is found in a wide range of microbial
extracellular proteins, where it is thought to provide anchoring to EPS. Furthermore, it
is reported that the domain functions as signal for specific plant-bacteria recognition in

bacterial pathogenesis (Spaink 2004) and may have a peptidoglycan binding function
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(Buist et al. 2008). The second most abundant transporter group were porins and
therein among others OmpA (Figure 16, Table S8 CD-ROM). Homologues of the OmpA
protein are required for adhesion to mammalian and fish epithel cells in a range of
Proteobacteria (Namba et al. 2008). Additionally, it could be shown that bacteria
release EPS in response to the presence of phytoplankton cells, likely to initiate
attachment (Rinta-Kanto et al. 2012). The presence of GT in this thesis suggest EPS
production (Functional succession of bacterial taxa page - 99 -). Furthermore, protein
groups containing a GGDEF domain (named after conserved central sequence
pattern), here identified in 3 — 10 pm fraction mainly abundant during bloom peak
(Table S5 and S8 CD-ROM) are involved in production and degradation of bis-(3’-5’)-
cyclic dimeric GMP (Ryjenkov et al. 2005; Simm et al. 2004). This is an important
secondary messenger regulating the transition from a motile planktonic to a surface
associated lifestyle by up-regulating the production of adhesion protein groups and
biofilm matrix components (Kulasekara et al. 2005; Lee et al. 2007; Rémling 2002;
Tischler and Camilli 2004) or downregulating motility genes (Simm et al. 2004).

Additionally, pilus protein groups were identified (3 — 10 um pre-bloom, = 10 um bloom
rise). Most common pili are involved in attachment to surfaces but some bacteria
possess type IV pili, which are responsible for a type of cell movement on surfaces and
is known as twitching motility. This type of motility is thought to be important for the
formation of micro colonies during the initial formation of biofilms (Mattick 2002). Both
flagellum and twitching motility are known to be necessary for the biofilm development
of Pseudomonas aeruginosa (O'Toole and Kolter 1998). Another protein group typically
identified in bacteria surviving in biofilms are cbb3-type cytochrome ¢ oxidases (here
= 10 pm fraction mainly during bloom peak). These oxidases have a high affinity for
oxygen and are associated with microaerobic metabolism in oxygen limited
environments (Pitcher et al. 2002). Biofilms are known to be spatially heterogeneous
and to contain pockets of low oxygen concentrations or even no oxygen in some areas

(Beer et al. 1994).
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C.

Response to the algal host environment: A commonly investigated interaction between
bacteria and diatoms is the bacterial production of vitamins required by different
diatoms, with cobalamin (vitamin B12) as the most studied (Carlucci and Silbernagel
1969; Ryther and Guillard 1962). This is also confirmed by the results of this study,
where protein groups involved in the biosynthesis of cofactors and prosthetic groups
and carriers were mainly abundant in the pre bloom stage, also observed for protein
groups involved in cobalamin biosynthesis (Figure 16, Table S5 CD-ROM).
Furthermore, protein groups associated with the metabolism of water-soluble
polysaccharides produced by algae as e.g. xylose, enable bacteria to use these sugars
as a source of carbon and energy.

In response to stress e.g. macroalgae can rapidly produce ROS and reactive nitrogen
species (RNS) as defense mechanism (Kapoor et al. 2019; Cosse et al. 2007) known
as oxidative burst. Marine bacteria commonly harbor antioxidant proteins, such as
catalases and superoxide dismutases, capable of detoxifying reactive oxygen species
(ROS) (Venisse et al. 2001; Dimitrieva et al. 2006; Munn et al. 2008). During the course
of the spring bloom 2018 superoxide dismutase but also thioredoxis, glutaredoxins,
glutathione S-transferases, sulfoxide reductases and peroxiredoxins could be identified
(Table S8 CD-ROM). Zobellia galactanivorans for example, a well-studied PA
bacterium, is well equipped to cope with oxidative burst (Barbeyron et al. 2016b).
Superoxide is an important ROS that can cause cellular damage and can be quenched
by superoxide dismutase. Thioredoxins and peroxiredoxins play a big role in the thiol-
based defense and ROS damaged proteins can be repaired by methionine sulfoxide
reductases (Barbeyron et al. 2016a). The abundance of protein groups controlling
oxidative stress might represent a protective mechanism for surface communities.
Lateral gene transfer: Transposases whose functions are associated with lateral gene
transfer are a source of dynamic genomic change and allow a rapid ecological
adaptation (Ochman et al. 2000). This could provide a broad mechanism for facilitating

the functional similarity of phylogenetically distinct bacteria on the surface of algae.
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Transposases are the most abundant and most ubiquitous genes in nature (Aziz et al.
2010). They are most often transferred to other organisms within the same habitat and
can be also shared by distantly related taxa (Hooper et al. 2009). The expression of
transposases might contribute to the adaptation of the organism towards environmental
stress through genome reorganization (Wemheuer et al. 2015; Steffen et al. 2014).
This corresponds to the findings of this thesis, where transposases were identified as
mainly abundant during the peak of the bacterial bloom in the 3 — 10 um fraction (Figure
16; Table S8 CD-ROM).

Defense and virulence: Many algae have the capability to produce antibiotics (Grossart
1999). Protein groups assigned to biosynthesis of antibiotics in phytoplankton were
mainly abundant during the pre-bloom stage (Figure 16), as phytoplankton cells begin
to increase. Examples are the lantibiotic biosynthesis dehydratase (PF14028) and
tryptophan halogenase (PF04820). The latter catalyzes the chloronation of tryptophan
to form 7-chlorotryptophan. This is the first step in the biosynthesis of pyrrolnitrin, an
antibiotic with broad spectrum anti-fungal activity (Hammer et al. 1999). Lantibiotic
biosynthesis dehydratases are involved in the biosynthesis of lantibiotics, a class of
peptide antibiotics that contains one or more thioester bonds (Ortega et al. 2015).
However, so far it was not possible to show that algae produce this type of antibiotics.
Bacterial protein groups associated with Antibiotic- and Multidrug-efflux were mainly
abundant in the = 10 um fraction and in the pre-bloom stage (Figure 13; Table S8 CD-
ROM). One example are protein groups belonging to the Multi Antimicrobial Extrusion
(MATE) family, which function as drug/sodium antiporters. This family mediates
resistance to a wide range of e.g. fluoroquinoles, aminoglycosides and other
structurally diverse antibiotics and drugs (Kuroda and Tsuchiya 2009). Besides the
MATE family also antibiotic efflux pumps belonging to the Major Facilitator Superfamily
(MFS) and to ABC-transporters were identified (Table S8 CD-ROM). However, also
bacteria produce antibiotics. Protein groups assigned to the biosynthesis of antibiotics

were as in phytoplankton cells mainly abundant during pre-bloom conditions and at the
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peak of the bacterial response bloom in the = 10 um fraction (Figure 13; Table S8 CD-
ROM). This suggests that the biosynthesis of antibiotics is coupled with the presence
of eukaryotic cells in the pre-bloom stage and to rising number of bacterial cells in the
peak of the bacterial response bloom. Namely protein groups associated with the
biosynthesis of colicins were identified (PF04052; Table S8 CD-ROM). Colicins are
protein antibiotics produces by strains of Escherichia coli and closely related bacteria.
Colicins belong to the group of bacteriocins (van Nguyen et al. 2014) which are
ribosomally synthesized antimicrobial peptides or proteins (Desriac et al. 2010)
produced by bacteria to inhibit the growth of similar or closely related bacterial strains
(Cotter et al. 2005). They are found in diverse bacterial species of terrestrial origins but
were also found in marine animal-associated bacteria (van Nguyen et al. 2014; Desriac
et al. 2010; Balcazar et al. 2010) as well as marine bacteria isolated from seaweeds
(Prieto et al. 2012). Protein groups mediating antibiotic resistance in phytoplankton
cells were as expected also mainly abundant during the pre-bloom stage (Figure 17).
Most of the identified protein groups were assigned to chloramphenicol
phosphotransferases but also protein groups involved in the resistance to tetracycline
and quinolones were identified (Table S9 CD-ROM). Chloramphenicol is known as a
highly potent inhibitor of bacterial protein biosynthesis due to the prevention of peptide
chain elongation mediated by reversible binding to the peptidyltransferase center at the
50S ribosomal subunit of 70S ribosomes (Schliinzen et al. 2001). 80S ribosomes of
eukaryotes are no targets of chloramphenicol. However, it has been assumed that
chloramphenicol may interact with mitochondrial ribosomes whose structure is more
similar to 70S ribosomes than 80S ribosomes (Schwarz et al. 2004). Chloramphenicol
phosphotransferases mediate resistance due to inactivation of the substrate and thus
mediate a resistance not limited to prokaryotes.

Protein groups related to toxin production were most abundant during the rise of the
bacterial bloom in the = 10 um fraction (Figure 13; Table S8 CD-ROM). One example

are protein groups belonging to the group of Tc toxin complexes like the insecticide
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toxin TcB which is e.g. known to cause disease in shrimp and are found in several
marine bacteria (Tang and Lightner 2014; Sheets and Aktories 2017). This is consistent
with the abundance in the larger size fraction due to the size of the infected species.
Tc toxin complexes bind to the cell surface, are endocytosed and subsequently
perforate the host endosomal membrane by forming channels that translocate toxic
enzymes into the host (Meusch et al. 2014).

Furthermore, protein groups associated with the protection from foreign DNA were
abundant during the rise of the bacterial bloom in both fractions as well as during the
peak of the bloom in the 3 — 10 um fraction (Figure 13, Table S8 CD-ROM) suggesting
an increased importance of this defense mechanism with increasing number of
bacterial cells. One example are protein groups with an HU-domain that are
predominantly observed in Bacteroidetes. Proteins with this domain are predicted to
play a role in recognition and possible interception of foreign DNA such as mobile
elements and thereby preventing their incorporation into the host DNA (Burroughs et
al. 2017). Besides protein groups with HU-domain also type | restriction enzymes were
identified. They belong to the restriction and modification (R-M) systems, which are
found in a variety of prokaryotes and are also suggested to protect the host bacterium
from the uptake of foreign DNA by endonucleolytic cleavage of DNA that lacks a site
specific modification (e.g. methylation) (Piekarowicz et al. 2001).

Type IV secretion systems on the other hand are often associated with virulent
host/bacterium interactions (Backert and Meyer 2006; Alvarez-Martinez and Christie
2009) but can also mediate symbiotic interactions (Sullivan et al. 2002). This type of
secretion system mediates the intracellular transfer of effector molecules between
bacteria or from bacteria to eukaryotic cells. Another secretion system associated with
virulence is the type Ill secretion system which builds an injectosome apparatus. In
pathogenic bacteria, the needle-like structure is used as a sensory probe to detect the
presence of eukaryotic organisms and secrete proteins that help the bacteria to infect

them (Michiels et al. 1991; Lountos et al. 2012). Protein groups annotated as one of
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these secretion systems are classed into the group virulence factors and mainly
abundant during the peak of the bacterial response bloom in the 3 — 10 um fraction
(Figure 16; Table S8 CD-ROM). Another identified protein group belongs to the
sialidase superfamily and is assigned as neuraminidase (PF15892, PF13088), a
virulence factor for many bacteria including Bacteroidetes fragilis and Pseudomonas
aeruginosa. This enzyme cleaves a sialic acid residue of ganglioside-GM1 off and thus
turns it into asialo-GM1 to which type IV pili preferentially bind. Ganglioside-GML1 is a
modulator of cell surface and receptor activity (Gaskell et al. 1995). The abundance of
these systems during the peak of the bacterial response bloom suggests, that they

become increasingly important with higher number of bacterial cells.

7.4. Proteomic analysis of a selected PA bacterial isolate grown on

laminarin and alginate

During the metaproteomic analysis in this thesis the most abundant genus in the order
Flavobacteriia during the spring bloom 2018 was Muricauda, which was mainly abundant
during the peak of the bacterial response bloom in the =10 um fraction (Figure 16).
Furthermore, Zheng et al. (2020) identified Muricauda as one of the most abundant genera in
a Synechococcus cultivation experiment. In this thesis Muricauda sp. MAR_2010_75, which
was isolated from phytoplankton in the North Sea at the island Sylt (Hahnke and Harder 2013)
was chosen for a proteomic analysis of its growth on polysaccharides. The polysaccharide
laminarin is an algal carbon storage molecule and a major molecule in the oceanic carbon
cycle (Becker et al. 2020). It is estimated that diatoms produce around 5 to 15 Gt per year, an
amount making laminarin a major food resource for heterotrophic bacteria (Alderkamp et al.
2007). FL planktonic bacteria remineralize laminarin using the enzymes encoded in specific
polysaccharide utilization loci (PULSs). However, first insights into the genomes of PA bacteria
showed the absence of all four well characterized PULs for the degradation of laminarin
(Kappelmann et al. 2018) which is surprising due to the high abundance and importance of

this storage polysaccharide. Another important polysaccharide in the marine realm is alginate,

-113 -



Discussion

which can account for approximately 50% of the dry weight of brown algae (Neumann et al.
2015). As described above evidence for the degradation of laminarin and alginate in the
metaproteomes of the spring bloom 2018 was found, supporting the importance of these two
polysaccharides in the marine realm. Kappelmann et al. (2018) sequenced the genomes of 53
North Sea Flavobacteriia and manually determined 400 potential PULs based on the presence
of CAZyme clusters and co-occurring susC/D-like gene tandems. Muricauda sp.
MAR_2010_75 was one of the investigated PA strains. Its predicted degradation capacity of
polysaccharide classes based on PUL-associated CAZyme annotations is starch, glycogen, B-
mannan, B-xylose, rhamnose and N-acetylglucosamin. Thus, besides the absence of PULs for
laminarin degradation also PULs for the degradation of alginate seem to be absent in this
strain. PULs can be manually detected based on the presence of CAZyme clusters and co-
occurring SusC/D cluster, which in most cases are also part of a PUL (Bjursell et al. 2006;
Kappelmann et al. 2018). In this thesis CAZymes were annotated based on the dbCAN
database and for the identification of SusC proteins the TIGRFAM profile TIGR04056

(OMP_RagA_SusC) was used.

First of all, the growth of Muricauda sp. MAR_2010_75 on laminarin and alginate was tested.
Growth curves of this species grown without the addition of sugars, with the addition of glucose
and the addition of the polysaccharides laminarin and alginate (Figure 18) showed differences
in the reached maximal OD (without-0.2; glucose-0.47; laminarin-0.39; alginate-0.35). The
medium without addition of sugars contains a basal set of peptone and yeast extract, explaning
the growth to an OD of 0.2. This medium is carbon-limited, allowing a higher growth to higher
optical densities by the addition of further carbon sources. Thus, the chosen PA strain is able
to use glucose, laminarin and alginate even if no PUL for the degradation of the latter two was
predicted based on its genome. The lower maximal OD for cultures grown on polysaccharides
compared with the monosaccharide glucose may be explained by additional protein

requirements for the utilization of polysaccharides.
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For the degradation and utilization of laminarin, a soluble B-1,3-glucan with B-1,6-linked
glucose side chains, the respective heterotrophic bacteria require specific enzymes and
transporters. Several CAZymes are required for the depolymerization of laminarin: the main
laminarin-degrading enzymes are laminarinases, which are classified into endo- and exo-B-
1,3-glucanases. The first hydrolyze the glucose backbone, while the latter cleave off glucose
from the ends of laminarin oligosaccharides. Endo-acting laminarinases are mainly grouped
into GH families 16, 17, 55, 64 and 81, while GH family 3 contains exo-acting laminarinases
(Becker et al. 2017; Baumgen et al. 2021). Furthermore, also GH2 proteins are found in
laminarin PULs (Krluger et al. 2019). The transport of laminarin oligomers into the periplasm is
performed by SusC-like TBDT and the subsequent transport into the cytoplasm by transporters
of the major-facilitator-superfamily (MFS) transporter. In the cytoplasm the oligomers are
degraded to glucose, which is metabolized to pyruvate within the glycolysis/Entner-Doudoroff
pathway and subsequently introduced to the citric acid cycle (Koch et al. 2019). In the
proteomes of Muricauda sp. MAR_2010_75 neither GH family 16 nor GH family 17 were
identified. However two GH2, two GH3 and one GH30 were identified. One of the GH2 proteins
(FG28_RS07890) as well as one of the GH3 proteins (FG28_RS00590) showed an induction
compared to glucose, while the other showed none. The GH30 protein (FG28 RS07895) could
only be identified in the samples grown on laminarin and was part of a predicted
glucuronoxylan PUL (Kappelmann et al. 2018) (Table S10 CD-ROM). In the highly conserved
and short laminarin PUL of Gramella forsetii KT0803 one predicted GH3 (B-1,3-glucosidase)
is framed by two predicted GH16 (B-1,3(4)-glucanase) and sometimes accompanied by a GH2
and GH30_1. It is suggested that the cell-surface associated GH16 glucanases cleave
branched laminarin polysaccharides into oligosaccharides (Labourel et al. 2015), which are
transported into the periplasm where GH3 can further cleave off glucose units (Tamura et al.
2017) subsequently transported into the cytoplasm. In the species Formosa sp. Hell_33 131
also a GH30 enzyme was found to be involved in the degradation of laminarin, where it
removes B-1,6-glucose side chains (Becker et al. 2017). However, a combination of GH17

enzymes depolymerizing the laminarin backbone and GH30 enzymes hydrolyzing the side
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chains in necessary for an efficient laminarin depolymerization (Becker et al. 2017). Thus no
enzyme with known laminarinases activity for the degradation of laminarin into
oligosaccharides could be identified in the investigated proteomes. However, the above
mentioned induced proteins may have a yet unknown laminarinase activity, which could be
confirmed via their biochemical characterization. Additionally, considering the identified
proteins belonging to the same operon or genomic neighborhood of the identified CAZyme
from other laminarin PULs, no laminarin PUL structure could be observed (Figure S 3
Appendix). Another approach was to find potential PULs based on their SusC protein. 10 SusC
proteins could be identified in samples grown on laminarin (Table S10 CD-ROM). Two showed
a fc over 2 compared to glucose, namely FG28 RS02370 which is part of a predicted B-
mannan PUL (Kappelmann et al. 2018) and the second most abundant SusC according to its
riBAQ. The most abundant SusC (FG28_RS02640) showed no induction compared to glucose.
The second induced SusC (FG28_ RS13765) was part of a predicted PUL with unknown
substrate (Kappelmann et al. 2018) (Table S10 CD-ROM). Again, considering the identified
proteins belonging to the same operon or genomic neighborhood of the identified SusC protein,

no known laminarin PUL structure could be observed (Figure S 3 Appendix).

The polysaccharide alginate is a linear copolymer of two 1-4 linked uronic acid residues, B-D-
mannuronate and o-L-guluronate. For its degradation different lyases degrading the
polysaccharide into oligosaccharides are necessary. Subsequently the oligosaccharides can
be transported into the periplasm via TBDT. Known alginate lyases belong to the PL families
6 and 7. For the degradation of oligomeric alginate into mannuronate and guluronate in the
periplasm also enzymes of the PL family 17 are necessary. These monosaccharides can then
be transported into the cytoplasm via MFS transporters where they are further degraded to 2-
keto-3-deoxy-6-phosphogluconate, which can be assimilated via the Entner-Doudoroff
pathway to pyruvate and subsequently introduced to the citric acid cycle (Neumann et al. 2015;
Koch et al. 2019). In the proteomes of Muricauda sp. MAR_2010_75 neither of the known
alginate lyases could be identified. In the translated genome of Muricauda sp. MAR_2010_75

two proteins show the NCBI conserved domain motif ¢cl19188, which is annotated as PL6
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superfamily. However, only one of the two protein could be identified in the proteome of the
cultures grown on alginate namely FG28 RS15365, which showed a fc of 0.46 compared to
glucose and thus was downregulated. Another approach was to find potential PULs based on
their SusC protein. Four SusC proteins could be identified in samples grown on alginate (Table
S10 CD-ROM). One showed an induction compared to glucose (FG28 RS13765), was also
induced in cultures grown on laminarin and is part of a predicted PUL with unknown substrate
(Kappelmann et al. 2018). Two of the identified SusC proteins (FG28 RS02370,
FG28_RS02640) showed no induction compared to glucose and the last of the identified SusC
(FG28_RS09405) was decreased during growth on alginate (Table S10 CD-ROM). Once more
considering the identified proteins belonging to the same operon or genomic neighborhood of

the identified SusC protein, no alginate PUL structure could be observed (Figure S 3).

Kappelmann et al. (2018) observed that sometimes the sequence similarity of TBDT was too
low to be considered as susC-like or no susD homolog was present or even the entire susCD-
like gene tandem was missing (Hemsworth et al. 2016). It has been shown that some PULs
have susC/D gene pairs that are separated from the corresponding CAZyme genes elsewhere
in the genome (e.g. Ficko-Blean et al. 2017). This is a possible explanation for the missing
PUL structure surrounding induced SusC proteins. However, it is important to notice that PA
bacteria face a larger variety of polysaccharides in nature than their FL counterparts. It seems
possible that PA bacteria established more modular degradation systems different from the
strategy from FL bacteria establishing one PUL for one substrate. One hint for this could be
the induction of the SusC (FG28 RS13765) in cultures grown on both investigated
polysaccharides. For example, PA bacteria could harbor genes for SusC/D pairs for neutral
oligosaccharides (as it is the case for laminarin) as well as for acidic oligosaccharides (as it is
the case for alginate). Another explanation for the missing PUL structures could be a vivid
cross-talk between different PULs. Crosstalk between different PULs was previously observed
e.g. a partial co-regulation of TBDRs by both laminarin and its monomer glucose occurs,
indicating that not only the glycosidic linkage type but also sugar composition controls PUL-

expression in marine Bacteroidetes. Additionally, a crosstalk between the PULSs specific for the
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B-1,3-glucan laminarin and a-1,4-glucans was observed, again indicating a role of sugar
composition in the co-regulation of PULs (Kabisch et al. 2014). For Bacteroidetes
thetaiotaomicron VPI-5482 is has been shown that binding of a monosaccharide to a hybrid
two-component system can induce a specific PUL while simultaneously other PULs are
repressed. This indicates a “hierarchical PUL expression and priorization of polysaccharide
use” (Lynch and Sonnenburg 2012). As PA bacteria face a higher diversity of polysaccharides
these cross-talks could be more frequent and complex and thus difficult to track. However, the
absence of all known enzymes necessary for the degradation of the two investigated
polysaccharides despite their visible growth on them is very surprising. Another possible
explanation is that PA bacteria established multimodular enzymes. Liu et al. (2016) discovered
the novel multifunctional enzyme Amy63 produced by the marine bacterium Vibrio alginolyticus
63, which possesses amylase, agarose and carrageenase activities and is a substrate
promiscus a-amylase with substrate priority orders of starch, carrageenan and agar. The use
of multimodular enzymes by PA bacteria is a possible scenario, as they live under nutrient
enriched conditions and face a wide variety of different polysaccharides. Another possible
explanation is that PA bacteria use as yet unknown enzymes for the degradation of this
abundant polysaccharides. The enrichment of genes of unknown function within
polysaccharide-responsive regulons, highlight the current lack of knowledge on catabolic
pathways dedicated to marine polysaccharides, compared to for example glucose utilization
for which the degradation machinery has been widely studied (Thomas et al. 2017). However,
it also has to be mentioned that several Usp and Usp-like proteins were under the most induced
protein during growth on the investigated polysaccharides (Table 12). Usp is a small
cytoplasmic bacterial protein whose expression is induced when the cell is exposed to stress
agents. It enhances the rate of cell survival during prolonged exposure to such conditions and
may provide a general “stress endurance” (Nystrém and Neidhardt 1994). These stress
conditions include heat-shock, nutrient starvation, as well as presence of oxidants, DNA-
damaging agents or other stress agents which may arrest cell growth. Most organisms have
multiple paralogs of Usp where the number of copies depends on the organism (Tkaczuk et al.
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2013). Besides nutrient depletion during growth on polysaccharides this high abundance could
also be explained by the PA lifestyle of the used strain. Polysaccharides could be an inducer
of global responses to a PA lifestyle. For example algae are known to produce toxic
compounds due to photorespiration (Hiinken et al. 2008). However, further experiments are
necessary to make clear statements. For example, investigation of the growth and proteome
of Muricauda sp. MAR_2010_75 on polysaccharides with corresponding predicted PUL e.g.
starch or xylan as “positive control” could be a next step. Furthermore, the biochemical

characterization of the induced proteins could give hints on e.g. possible multimodularity.

Muricauda sp. MAR_2010_75 seems to induce T9SS during growth on polysaccharides (Table
S 3 Appendix). T9SS is a versatile protein transport apparatus restricted to the Bacteroidetes
phylum and as multiprotein complex, enables secretion of a wide range of effectors to the
milieu or to the cell surface (Lasica et al. 2017; Veith et al. 2017; Vincent et al. 2018).
Polysaccharides need to be depolymerized to be taken up into the cytoplasm. For this
extracellular depolymerization process proteins at the outer membrane surface are needed.
As T9SS is a bacteriocidal excretion system the induction during growth on polysaccharides
can be explained by the need of depolymerizing enzymes at the outer membrane. In the
investigated proteomes of Muricauda sp. MAR_2010_75 PorT and PorP, two yet poorly
characterized conserved components of the T9SS and PorV, a part of the T9SS attachment
complex were identified. PorT was one of the most abundant proteins identified in the cultures
grown on the investigated polysaccharides (Table 11). Some members of the Bacteroidetes
use the T9SS for the secretion of adhesins required for gliding motility or enzymes required for
the supply with carbon, haem and metal sources (Sato et al. 2010; Shrivastava et al. 2013;
Kita et al. 2016; McBride and Zhu 2013) but also for the secretion of virulence factors

(Nakayama 2015).
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8. Conclusions and Outlook

In this thesis, a broadly applicable metaproteomics protocol for successful extraction of
proteins from marine particles is presented. Its reliability was confirmed in the subsequent
comparative metaproteomics analyses of marine microbial communities sampled in 2009,
which were either free-living (FL) or attached to particles (PA) that gave first insights into the
expression of life style-specific functions of bacteria living on particles. Furthermore,
application of the established protocol on particulate communities sampled during a spring
phytoplankton bloom in 2018 resulted in an as yet unequalled number of 5,607 (pre-bloom),
7,141 (bloom rise) and 4,118 (bloom peak) identified protein groups of the bacterial response
bloom. The observed succession of bacterial clades throughout the bloom highlighted
individual niche occupations. Additionally, functional data supported the important role of PA
bacteria during the turnover of oceanic organic matter and were in good accordance with the
current understanding of the ecology of an algal- or surface-associated microbial community,

additionally highlighting the importance of phytoplankton-bacterial interactions in the oceans.

Although the optimized metaproteomics workflow significantly improved the identification rate
of PA protein groups, the number of protein group identifications from the particles is still
considerably lower compared to FL bacterial communities (9.354 in the application example;
(Teeling et al. 2012). It is assumed that especially the high abundance of eukaryotic protein
groups poses problems in protein group identification due to the complexity and diversity of
microbial eukaryote genomes. Furthermore, the presence of introns and repeats hinder
metagenomic analysis necessary for the construction of a protein sequence target
databaseDNA and thus also hinder peptide identification (Saito et al. 2019). Metaproteome
coverage of marine particles could be significantly improved by optimizing the used database.
This could be achieved by usage of customized databases including eukaryotic
metatranscriptomics (RNA-based) sequence data. It was recently shown that a combined
database of transcriptomes from isolated cultures and field metatranscriptomes provided richer

metaproteome results in a study from the Ross Sea of the Antarctica, where the diverse bloom
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community showed high abundances in phytoplankton (Cohen et al. 2021). Alternatively,
protein group identification could also be substantially improved by extracting already existing
metatranscriptomics and metagenomic data from relevant eukaryotic taxa from public
databases. Key to the latter approach is reliable information on which eukaryotic organisms
make up the particles, which can be attained by 18S rRNA gene amplicon sequencing.
However, the creation of MS target databases is a balancing act between considering all
sequences of proteins possibly present in the analyzed sample and reducing the database
size to save computational costs and ease protein inference as well as false identifications.
Thus, especially in the here presented metaproteomics analysis, an improvement of assembly
and annotation of eukaryotic metagenomes would be the best option to significantly improve
the number of identified protein groups. During the sequencing of environmental DNA millions
of small reads are produced that must be reassembled de novo utilizing bioinformatics tools
and software. The reassembly of this reads into contigs is still a serious computational
challenge and the regeneration of entire gene sequences is impossible (Riesenfeld et al.
2004). One possibility to overcome these challenges is the usage of the third-generation
sequencing platform by Pacific Biosciences (Rhoads and Au 2015). With this system longer
reads up to 60 kb can be produced and the increased depth coverage and long overlapping
reads allow the reconstruction of genomes with fewer obstacles. Another challenge in the
sequencing of metagenomics data is the prediction of genes especially for eukaryotic DNA in
metagenomes. Metagenomes comprise of a variety of sequences from distinct
microorganisms and frequently constitute not only a limited number of long contigs but also
short assemblies and unassembled reads (Teeling and Gléckner 2012). Moreover,
metagenomes are usually permeated with frameshifts that make gene prediction even more
difficult (Hoff 2009). However, the continuous development of new annotation pipelines and
algorithms e.g. GeneMark-ET (Zhu et al. 2010a), AUGUSTUS (Stanke et al. 2004; Hoff and
Stanke 2013) as well as BRAKER1 and 2 (Hoff et al. 2016; Bruna et al. 2021) can help to

reduce these challenges in the future.

-121 -



Conclusion

Further experiments employing the, in this thesis presented, protocol could include the
metaproteomics analysis of samples generated without filtration for example by the use of
plankton nets or Imhoff sedimentation cones (Heins et al. 2021). This would enable to
additionally analyze chemotactic PA bacteria as members of the phycosphere and overcome
the limitations of filtration technique. During filtration the retenate may decrease the effective
pore size during filtration (Padilla et al. 2015) possibly leading to the retention of otherwise FL
bacteria. Imhoff sedimentation cones were developed for the quantification of settable particles
in wastewater treatment plants (Imhoff 1989). The steep incline in the cones results in the
concentration of particles in a small volume at the bottom which can be readily sampled. This

technique was recently applied in marine microbiology (Heins et al. 2021).

More detailed insights into the metabolism of PA bacteria were gained by a proteomic analysis
of a PA bacterial isolate grown on the two naturally abundant marine polysaccharides laminarin
and alginate. Obtained results were very surprising, as no known enzyme for the degradation
of the polysaccharides into oligosaccharides could be identified. Evidences were found that
PA bacteria employ more diverse degradation systems partially different from the strategies
used by FL bacteria. Nevertheless, further experiments are essential. For example,
investigation of the growth and proteome of Muricauda sp. MAR_2010_75 on polysaccharides
with corresponding predicted PUL e.g., starch or xylan as “positive control” could be a next
step. Furthermore, comparison with proteomic analysis of a PA bacterial isolate with predicted
laminarin and alginate PULs can help to interpret the obtained data. Nevertheless, the
biochemical characterization of the induced proteins, including proteins with domains of
unknown function (DUF) or annotated as hypothetical, would be necessary to verify e.g.,
possible multimodularity. Additionally, the measurement of substrate concentration in the
medium throughout the cultivation process is a way to verify the mineralization of the given

substrate.
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9. Appendix

9.1. Supplemental Material

Table S 1. Total protein amounts and number of sampling events of the six tested protein extraction protocols

Number of
Protocols Sampling events/total protein amount in pg sampling
events
2/9/2009 6/16/2009 4/7/2009 4/21/2009 Mean values and 4/28/2009
standard deviations
3 um 10 pm 3 um 10 pm 3 um 10 pm 3 um 10 pm 3 um 10 pm 3 um 10 pm
(Y4 filter) | (Mafilter) | (Mafilter) | (Mafilter) | (Mafilter) | (Mafilter) | (Yafilter) | (Mafilter) | (Mafilter) | (Mafilter) | (3 filters) | (3 filters)
8.9 8.75
Phenol 8.6 8.6 9.2 8.9 - - - - +0.42 +0.21 - - 2
22.7 12.8
SDS-TCA 32.4 135 13.0 12.1 - - - - +13.71 +0.99 - - 2
38.6 102.1
SDS-Acetone 34.7 20.4 42.6 183.8 29.4 117.5 47.7 86.7 +813 +67.89 - - 4
: 27.3 114.2
Bead Beating 20.2 105.8 34.3 122.7 27.4 125.5 27.3 102.9 + 575 +1150 304.9 1126.2 5
16 38.7
TRI®-Reagent - - - - 16.1 38.2 15.9 39.2 +014 +071 - - 2
Freezing 25.3 23.6
Thawing i : : : 24.2 243 26.4 229 1 4156 | +0.99 ] ] 2
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Table S 2. OD at 600 nm of Muricauda sp. MAR_2010_75 grown in HaHal100V medium with glucose, laminarin, alginate and without addition of sugars. The red marked
ODs represent the harvest time points for proteomic analysis. Mean values were used for creation of growth curves (sd= standard deviation).

Glucose Laminarin Alginate
Time | Glucose | Glucose | Glucose | Glucose | mean | Laminarin | Laminarin | Laminarin | Laminarin mean Alginate | Alginate | Alginate | Alginate | mean

inh bri br2 br3 br4 ODeoonm bri br2 br3 br4 ODsoonm bri br2 br3 br4 ODsoonm
(sd) (sd) (sd)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.05 0.028 0.040

175 0.051 0.046 0.049 0.054 (0.0034) 0.027 0.024 0.03 0.032 (0.0035) 0.041 0.042 0.039 0.038 (0.0018)
0.058 0.035 0.048

215 0.06 0.055 0.059 0.056 (0.0024) 0.035 0.029 0.038 0.037 (0.0040) 0.05 0.053 0.045 0.044 (0.0042)
0.065 0.044 0.057

24 0.064 0.066 0.067 0.063 (0.0018) 0.044 0.04 0.045 0.048 (0.0033) 0.06 0.059 0.054 0.053 (0.0035)
0.165 0.187 0.125

41.5 0.166 0.167 0.161 0.164 (0.0026) 0.186 0.191 0.184 0.188 (0.003) 0.129 0.123 0.122 0.126 (0.0032)
0.182 0.201 0.137

42.5 0.186 0.185 0.178 0.179 (0.0041) 0.198 0.204 0.199 0.201 (0.0026) 0.141 0.138 0.136 0.134 (0.0030)
0.196 0.211 0.150

43.5 0.199 0.195 0.195 0.192 (0.0032) 0.209 0.212 0.211 0.213 (0.0017) 0.153 0.152 0.147 0.149 (0.0028)
0.208 0.229 0.164

445 0.21 0.209 | 0.208 0.206 (0.0017) 0.229 0.232 0.225 0.231 (0.0031) 0.167 0.166 0.162 0.16 (0.0033)
0.232 0.253 0.184

45.5 0.233 0.234 0.231 0.229 (0.0022) 0.247 0.252 0.249 0.264 (0.0076) 0.188 0.185 0.181 0.181 (0.0034)
0.256 0.204

46.5 0.252 0.255 0.254 0.263 (0.0048) 0.288 0.288 0.203 0.205 0.204 0.205 (0.0010)
0.243

47.5 0.279 0.279 0.304 0.304 0.255 0.21 0.256 0.249 (0.0219)
65.5 0.386 0.386 0.388 0.388 0.344 0.344
70.25 0.399 0.399 0.37 0.370 0.354 0.354
89.75 0.47 0.47 0.364 0.364 0.316 0.316
94.75 0.455 0.455 0.36 0.360 0.317 0.317
161.75 0.445 0.445 0.315 0.315 0.294 0.294
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without
Time | without | without | without | without | mean

in h bri br2 br3 bra ODsoonm

(sd)
0 0 0 0 0 >

0.014

175 | 0.016 | 0.014 | 0.012 | 0.015 (0.0017)
0.021

215 | 0.022 0.02 0.019 | 0.021 (0.0013)
0.027

24 0.029 0.026 0.026 0.027 (0.0014)
0.068

415 | 0.072 | 0.066 | 0.064 0.07 (0.0037)
0.077

425 | 0.081 | 0.074 | 0.078 | 0.076 (0.0030)
0.087

435 | 0.093 | 0.082 | 0.089 | 0.084 (0.0050)
0.096

445 | 0.099 | 0.093 | 0.098 | 0.092 (0.0035)
0.108

455 | 0.111 | 0.105 0.11 0.104 (0.0035)
0.120

465 | 0123 | 0118 | 0.121 | 0.117 (0.0028)
0.153

475 | 0151 | 0149 | 0.152 | 0.159 (0.0043)
65.5 0.201 | 0.201
70.25 0.196 | 0.196
89.75 0.189 | 0.189
94.75 0.183 | 0.183
161.75 0.181 | 0.181
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Table S 3. Type 9 secretion system (T9SS) —related proteins identified in the proteomes of Muricauda sp.
MAR_2010 75 grown on laminarin and alginate and their fold changes (fc) compared to the control glucose.

Protein name (motif) Locus_tag fc Laminarin fc Alginate
TI9SS type B sorting
domain-containing FG28 RS00555 1.23
protein (TIGR04131)
FG28 RS06240 0.69 0.55
FG28_RS02080 1.97 1.17
FG28_RS09995 0.49 1.35
FG28 RS02075 1.55 1.13
FG28 RS15815 1.42 0.71
TI9SS type B sorting
domain-containing FG28 RS12075 2.85 0.67
protein (pfam13585)
TI9SS type A sorting
domain-containing FG28 RS15415
protein (pfam11721)
TI9SS type A sorting
domain-containing FG28_RS04540 3.05
protein (TIGR04183)
FG28 RS18335 0.54 1.06
TI9SS type A sorting
domain-containing FG28 RS08530 3.84 2.98
protein (cl00064)
PorT family protein
(pfam13568) FG28_RS12515 1.28 1.77
FG28 RS12370 1.55 0.98
FG28 RS11420 0.79 0.95
FG28_RS09825 1.05 0.42
PorT family protein
(cl21487) FG28_RS16695 1.81 1.25
T9SS outer membrane
channel protein PorV FG28_RS03310 1.55 1.28
(cl21487)
T9SS outer membrane
channel protein
PorP/SprF FG28_RS10355 1.02 0.99
(pfam11751)
FG28_RS08705 2.61 1.95
FG28 RS06235 1.93 1.40
FG28_RS12080 1.71 1.98
FG28 RS10315 3.00 1.81
FG28_RS12060 0.46 0.86
T9SS outer membrane
channel protein
PorP/SprF FG28_RS06245 2.19 2.34
(TIGR03519)
T9SS outer membrane
channel protein FG28_RS19175 0.89 0.48
PorP/SprF (cl14675)
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tr1 tr2

tr3

Figure S 1. Venn diagram showing the number of specific and shared identified protein groups in the three
technical replicates of the metaproteomics analysis of the 24" of May during the spring bloom 2018 at
“Kabeltonne” Helgoland.
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Figure S 2. Taxonomic affiliation of prokaryotic transport and binding protein associated protein groups in
metaproteomes of pre-bloom, bloom rise and bloom peak samples during the spring bloom 2018 at
“Kabeltonne” Helgoland. Total abundance of selected protein groups with assigned taxa.
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Figure S 3. Identified proteins in the proteome of Muricauda sp. MAR_2010_75 grown on glucose as control,
laminarin and alginate belonging to the same operon or genomic neighborhood of potential PUL marker

proteins (CAZymes or SusC).
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