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ZUSAMMENFASSUNG 

Heterotrophe Bakterien sind maßgeblich an der Remineralisierung mariner 

Primärproduktion beteiligt und setzen dabei anorganische Nährstoffe frei. Durch die 

Freisetzung gelösten Kohlenstoffdioxids (CO2) tragen sie zum globalen 

Kohlenstoffkreislauf bei und nehmen somit Einfluss auf das Weltklima. Schätzungsweise 

13 × 1028 Bakterienzellen leben im Meer und besetzen innerhalb dieses heterogenen 

Systems unterschiedliche ökologische Nischen.  

Freilebend nicht-bewegliche Zellen des Bakterioplanktons zeichnen sich durch 

konstante Wachstums- und Teilungsraten, eine hohe Substrataffinität sowie durch eine 

geringe Zell- und Genomgröße aus. Sie machen die größte Zahl an 

Bakterioplanktonzellen im Ozean aus und ernähren sich hauptsächlich von gelöster 

organischer Materie. Anhaftende Bakterien kolonialisieren partikuläre Materie und 

nutzen Exoenzyme, um die Partikel innerhalb meist weniger Tage abzubauen. Die dabei 

freigesetzten gelösten Moleküle werden von chemotaktisch aktiven, beweglichen 

Bakterien als wegweisender Lockstoff genutzt. Wie die anhaftenden Bakterien zeichnen 

sich die beweglich freilebenden Bakterien durch eine copiotrophe Überlebensstrategie 

aus. Sie sind r-Strategen und können unter geeigneten Bedingungen wie zum Beispiel 

Algenblüten in kurzer Zeit hohe Zellzahlen erreichen, die nachfolgend durch Infektion 

von Bakteriophagen (Viren, die Bakterien befallen, kurz Phagen) oder dem Fraßdruck 

von Protisten wieder dezimiert werden.  

Im letzten Jahrzehnt wurden im Max Planck Institut für marine Mikrobiologie die 

freilebenden Bakterien während der Algenfrühlingsblüte in der Nordsee bei Helgoland 

intensiv untersucht. Ein vertieftes Studium der anhaftenden und der chemotaktisch-

aktiven Bakteriengruppen, gemeinschaftlich Partikel-assoziierte Bakterien genannt, 

wurde mit dieser Doktorarbeit aufgenommen.  

Die Fraktionierung mariner Bakteriengruppen wird überwiegend mittels 

Größenfiltration vorgenommen. Auf Partikelfiltern verbleiben anhaftende, große und 

Filament- und Rosetten-bildende Bakterien, wohingegen freilebende Bakterien, 

bewegliche wie unbewegliche, durch die Filterporen gespült werden. Um Partikel-

assoziierte von freilebend-unbeweglichen Bakterien zu unterscheiden, wurde in der 
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ersten Studie eine Gravitations-basierte Separation in Sedimentationsgefäßen genutzt. 

Die resultierenden Bakterienpopulationen wurden mit anderen Fraktionen verglichen, die 

entweder durch sequentielle Filtration oder durch Zentrifugation entstanden sind. Zellen 

wurden gefärbt und gezählt und die erhaltenen Bakteriengemeinschaften wurden mittels 

Illumina-Sequenzierung bestimmt. Errechnete Anreicherungsfaktoren mit Seewasser als 

Referenz erlaubten eine Zuordnung einzelner Taxa in fünf diskrete Gruppen, die auf ihre 

ökologischen Nischen schließen lassen.   

Lediglich 1% aller Bakterien wachsen auf festen Medien. Es wurde vermutet, dass 

diese Zellen hauptsächlich der anhaftenden Fraktion zugehörig seien. In der zweiten 

Studie wurde durch quantitative Bestimmungen von Zellzahlen und Kolonie-bildenden 

Zellen diese Hypothese experimentell unterstützt. Im Vergleich zur freilebend-

unbeweglichen Fraktion haben Partikel-assoziierte Bakterien eine ungefähr zehnfach 

höhere Kultivierungswahrscheinlichkeit. Filtration, Sedimentation und Zentrifugation 

wurden für diese Studie als Auftrennungsmethoden genutzt. Die Identifizierung erfolgte 

auf der Basis individueller Kolonien sowie zum ersten Mal durch eine Analyse der 16S-

rRNA-Vielfalt aller Kolonien mit Illumina-Sequenzier-Technologie. 

In der dritten Studie dieser Arbeit wird die Etablierung einer diversen 

Stammsammlung von 266 Partikel-assoziierten Bakterienstämmen beschrieben, die für 

zukünftige Studien genutzt werden kann. Die Stämme wurden von 3-µm-Filtern und der 

abgesunkenen Bodenfraktion aus Sedimentationsgefäßen isoliert. Zwei dieser Stämme 

gehören potentiell zu neuen Gattungen und 78 potentiell zu neuen Arten. Eine hohe 

Übereinstimmung bestand mit einer Stammsammlung, die mit Seewasser als Inokulum 

aufgebaut worden ist. Dieser Befund spricht für eine Dominanz Partikel-assoziierter 

Bakterien in der Gruppe Kolonie-bildender Zellen.  

Bakterienblüten folgen den jährlichen Algenblüten in der Nordsee mit 

sukzessivem Zellanstieg einiger Genera. Die Zahl der Bakterien im Seewasser kann dabei 

ein Zehnfaches der vorherigen Zahl erreichen. Flavobacteriia gehören zu den am 

stärksten reagierenden Bakteriengruppen. Um die Beteiligung von Bakteriophagen an der 

bakteriellen Zellabnahme zu untersuchen, wurden in der vierten Studie Partikel-

assoziierte Stämme der Flavobacteriia zur Phagen-Isolierung eingesetzt. Die Stämme 

trugen dazu bei, insgesamt 44 neue Phagen in Kultur zu nehmen. 
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ABBREVIATIONS 

 

ANI    average nucleotide identity 

ASW    artificial seawater 
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1. INTRODUCTION 

1.1 Life in the ocean 

The majority of our “blue planet” is covered by water and about 97% of it is in 

the oceans (Hoegh-Guldberg et al., 2014). Based on physical characteristics and abiotic 

factors like temperature, light availability, oxygen, nutrients, pressure, salinity, and 

turbidity, the ocean can be divided into more than 50 distinct provinces (Longhurst et al., 

1995; Longhurst, 2007; Oliver and Irwin, 2008). Many niches exist in this heterogeneous 

system and enable a huge diversity of life to develop and to flourish. Bacteria have 

adapted specific life styles for these niches. This allowed them to reach an abundance of 

more than 13 × 1028 cells, which is more than 100 million times as many as there are stars 

in the known universe (Microbiology by numbers, 2011). The number of bacterial cells 

in the ocean is only dwarfed by marine viruses. They dominate the ocean numerically 

with an estimated abundance of 1030 (Brussaard et al., 2016; Breitbart et al., 2018). 

Marine algae are among the largest contributors of organic matter in the ocean and 

produce at least half of the world’s oxygen and potentially even up to 80% (Witman, 

2017). The ocean is the blue lung of our blue planet and every second breath we take has 

been provided by marine primary producers (Emerson et al., 2008). 

Once, 3,770 million years ago, life probably began in the ocean (based on finds 

of fossilized microorganisms) (Dodd et al., 2017). Since then, life on Earth has spread 

and today it populates nearly every corner of this world. Once the cradle of life, the ocean 

is still a large contributor to the life as we know it. As the most important sink (2 Gt C 

year-1) and reservoir (38 x 103 Gt C) for inorganic carbon, the ocean holds 45-fold the 

carbon amount of the atmosphere (Falkowski et al., 2000; Barker et al., 2003; Ciais et al., 

2014). Only the lithosphere (=crust and the uppermost mantle of Earth) surpasses the 

ocean in terms of stored carbon (75 x 105 Gt C) (Ciais et al., 2014). However, compared 

to the carbon in the lithosphere, where it remains inactive for thousands of years, the 

turnover rate of stored carbon in the ocean is highly variable and can range from less than 

a day (e.g. glucose) to several years (e.g. fucose-containing sulphated polysaccharide) 

(Sabine et al., 2004; Ciais et al., 2014; Vidal-Melgosa et al., 2021).   
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Primary producers, alongside heterotrophic bacteria and viruses, modulate the 

essential global nutrient cycles of carbon, sulfur, nitrogen and phosphorus. About half of 

the Earth’s net primary production (45 - 55 Gt C y–1) originates in the marine 

environment, making it comparable to the organic carbon fixation of all plants produced 

on land (Biddanda and Benner, 1997; Field et al., 1998; del Giorgio and Duarte, 2002; 

Behrenfeld et al., 2006; Azam and Malfatti, 2007; Finkel, 2014; Becker et al., 2020). The 

microbial carbon turnover and sequestration supports the physical and biological pump 

(Broecker, 1997; Wunsch, 2002; Sabine et al., 2004; Turner, 2015). The ocean and its 

inhabitants channel constantly carbon dioxide (CO2) from the atmosphere into the deep 

oceanic layers, thereby removing it from the short-term carbon cycle (Ciais et al., 2014; 

Basu and Mackey, 2018). By burying the carbon for thousands of years, they have a 

significant impact on the world’s climate, especially with regard to rising temperatures 

and increasing anthropogenic carbon dioxide production.  

 

1.2 The carbon cycle   

Aqueous CO2 is a dissolved gas and a form of inorganic carbon stored in the ocean 

alongside bicarbonate (HCO3
-), carbonate (CO3

2-) and carbonic acid (H2CO3) (Raven and 

Falkowski, 1999; Millero, 2007; Legendre et al., 2015). About 30% of all anthropogenic 

produced CO2 has been absorbed by the marine system, together with 93% of the energy 

retained by the greenhouse effect from 1971 to 2010 (Sabine et al., 2004; Hoegh-

Guldberg et al., 2014). The physical carbon pump describes the passive dissolving of CO2 

from the atmosphere into the water and is driven by gradients, physical mixing, and 

temperature. The biological carbon pump starts with carbon fixation, followed by food 

webs including the microbial loop and the viral shunt (Figure 1).   
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Figure 1. Overview of the carbon cycle. Path of the carbon is indicated by white arrows. 

Inorganic carbon (CO2) is converted into dissolved and particulate organic matter 

(respectively: DOM, light grey, and POM, grey) by the primary producers (green). 

Phytoplankton, POM and bacterial biomass (blue) is being consumed by grazers (orange). 

Their fecal pellets add to the POM fraction. Heterotrophic bacteria remineralize organic 

matter and release inorganic nutrients (P, N, dark grey). Carbon gets sequestered through 

the biological and physical pump (= mixing and up-/ downwelling) (black). Phages and 

viruses (dark blue) lyse bacteria and algae, respectively, thereby releasing DOM and other 

nutrients. All numbers refer to gigatons of carbon. Figure based on Buchan et al. (2014). 

 

The majority of carbon (~94%) exists in the ocean in its inorganic state (Ciais et 

al., 2014) and is utilized by autotrophs in a process called carbon fixation. In the photic 

zone (the first 200 m of the ocean), carbon fixation is predominately driven by primary 

producers during photosynthesis (Field et al., 1998; del Giorgio and Duarte, 2002). These 

primary producers, cyanobacteria and the phytoplankton (an umbrella term for 

microscopic unicellular algae), transform the inorganic into organic matter by 

synthesizing new biomass. The increased number of algal cells increases their chance to 

encounter viruses. Once infected, the algae are lysed by the viruses. In this process, 

dissolved organic matter (DOM) is released which is substrate for heterotrophic bacteria. 

Together, the process is called the viral shunt.  

DOM is defined by size and comprised of organic matter < 0.45 µm, for example 

monomers and polymers of polysaccharides, as well as proteins, and essential nutrients 
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like phosphate, iron ions, and ammonium (Biddanda and Benner, 1997; Teira et al., 2001; 

Teira et al., 2003; Azam and Malfatti, 2007; Thornton, 2014). Organic matter > 0.45 µm 

is defined as particulate organic matter (POM) and is comprised of algal debris, bacteria, 

zooplankton, fecal pellets, and aggregations like transparent exopolymeric particles 

(Biddanda and Benner, 1997; Passow, 2002; Azam and Malfatti, 2007; Thornton, 2014; 

Moran et al., 2016). In a process called the microbial loop, heterotrophic bacteria utilize 

DOM and turn it into bacterial biomass (Azam et al., 1983; Cho and Azam, 1988; Piontek 

et al., 2011; Piontek et al., 2014; Moran et al., 2016). The microbial formation of POM 

is, besides the direct predation on algae by grazers, a second path to make organic matter 

available to higher trophic levels or to form particle aggregates that can sink to the ocean 

floor where they are buried (biological pump). Between 60 and 99% of the DOM that is 

produced or released by phytoplankton is utilized by heterotrophic consumers (Fuhrman 

and Azam, 1982; Whitman et al., 1998; Azam and Malfatti, 2007). In addition, they 

release inorganic nutrients (phosphate, iron ions, and ammonium) from DOM back into 

the water column, thereby making them available for autotrophs to be used once again 

(Letscher et al., 2015; Moran et al., 2016). Like algae, bacteria are hunted by viruses, 

called bacteriophages. These phages remove with an infection rate of 1 × 1023 infections 

per second 20–40% of the bacterial cells each day (Microbiology by numbers, 2011), 

thereby recycling the bacterial biomass and causing constant change of the bacterial 

community composition. This viral shunt or viral loop recycles about a quarter of the total 

primary production, the portion that is transformed into bacterial biomass in the microbial 

loop (Wilhelm and Suttle, 1999).  

 

1.3 Seasonal phytoplankton spring blooms in the North Sea 

The inorganic nutrient-richness and light availability of a system determines the 

biological response of primary producers (Pedersen and Borum, 1996; Raven and 

Falkowski, 1999; Marañón et al., 2000). The majority of the ocean´s photic zone is 

oligotrophic and has clear blue water (Morel et al., 2007; Polovina et al., 2008; Raimbault 

et al., 2008). Upwelling systems and coastal seas are exceptions to the predominantly low 
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nutrient state of the ocean. They receive nutrient intake on a regular basis, either by the 

upwelling of nutrient-rich deep water or through runoff from the main land (Cloern, 1996; 

van Dongen-Vogels et al., 2012). Once nutrients are available to the primary producers, 

growth and reproduction events of microalgae, called phytoplankton blooms, can occur 

(Paerl, 1988; Smetacek and Cloern, 2008; Taylor and Ferrari, 2011). How these blooms 

unfold, how they affect the food web, and how the algae are degraded in a 

bacterioplankton bloom has been analyzed for decades at the long term ecological 

research site Helgoland Roads (Wiltshire et al., 2008; Wiltshire et al., 2010; Teeling et 

al., 2012; Teeling et al., 2016; Chafee et al., 2018). Each year, when the duration of 

sunlight increases, temperature rises and snow melt leads to runoff and to export of 

nutrients into the coastal seas, the offshore island Helgoland in the North Sea encounters 

a phytoplankton spring bloom. During these favorable growth conditions, the unicellular 

organisms can multiply rapidly and reach cell densities large enough to be visible even 

from space (Figure 2). The phytoplankton bloom in the North Sea starts normally end of 

March or early in April and is diatom-dominated (Figure 3).  

 

 
Figure 2. MODIS true-color images before (A) and during a full phytoplankton bloom 

in the German Bight along the Frisian coast. The offshore island Helgoland (54°11’03”N, 

7°54’00”E) is marked by a orange dot. Credits: Jeff Schmaltz and Jacques Descloitres, 

MODIS Rapid Response Team, Goddard Space Flight Center.  

 

The eukaryotic diatoms require, unlike other algal taxa, silicate to flourish, which 

they incorporate into their shells to resist predators (Werner, 1977; Mooij et al., 2016; 

Litchman, 2007). As long as silicate concentrations stay above 2 µM, diatoms can 
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outcompete most other algae for nutrients (Sommer, 1985; Egge and Aksnes, 1992; Mooij 

et al., 2016). They are among the most important algal groups in the ocean and responsible 

for roughly 40% of the oceanic primary production (Sarthou et al., 2005), which 

corresponds to 20% of the global net primary production (Armbrust, 2009). Once silicate 

levels in the North Sea are in decline, the haptophyte Phaeocystis globosa can outcompete 

the diatoms. It forms a bloom of its own, usually early in May (NIOZ, 2021), and 

produces the “smell of the ocean” dimethyl sulphide (DMS) (Malin et al., 1992). Large 

carpets of white sea foam are formed by mucopolysaccharides of the gelatinous colony 

matrix of the algae (van Rijssel et al., 2000) (Figure 3C) that gets scrambled by the waves 

and washed ashore after the colony dies (Schoemann et al., 2005).  

 
Figure 3. Examples of organisms abundant during a phytoplankton spring bloom off 

Helgoland in 2017. A and B Different species of diatoms. C Examples of a Phaeocystis 

sp. colony (green arrows) and of zooplankton (black arrow). 

 

An increased number of algal cells leads to an increased infection rate through 

viruses and the bloom decays. The lyses of algae leads to the release of cytosolic content, 

mainly organic carbon in form of polysaccharides, into the DOM pool of the sea.  

In growing algae, the amount of carbon stored in the form of polysaccharides can 

range between 10% and 80% of the dry biomass, depending on the growth phase, the 

species, nutrient availability, competition pressure, and the abiotic factors of the given 

environment (Villarruel-López et al., 2017; Chanda et al., 2019; Becker et al., 2020). In 

decaying diatoms, polysaccharides constitute sometimes more than 50% of the algal 

biomass (Myklestad, 1995; Villacorte et al., 2015). These polymers with a range of 

heterogeneous building blocks are considered the most diverse group of macromolecules 

in nature (Laine, 1994). The monosaccharides glucose, rhamnose, xylose, and mannose 
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are abundant in algal polysaccharides. Soluble glucans of low chemical diversity, i.e. 

laminarin, serve as cytosolic storage molecules. Once the algae are lysed by viruses, these 

nutritious sugars become available for bacteria, which results in a bacterioplankton 

bloom. The change in suddenly available DOM defines new niches for the organisms to 

respond to. At Helgoland Roads, this can lead to a tenfold increase of bacterial cells in 

the water column and dynamic changes in the bacterial community composition referred 

to as substrate-driven successions (Teeling et al., 2012; Teeling et al., 2016; Chafee et al., 

2018).  

 

1.4 Abundant heterotrophic bacteria in the North Sea 

Flavobacteriia, Gammaproteobacteria, and members of the Roseobacter 

(Rhodobacteraceae) clade are the strongest responders to phytoplankton spring blooms 

in the North Sea and reach annually high abundances. Contrasting with these is the 

SAR11 clade that does not strongly respond to the bloom. The frequency of this 

throughout the rest of the year otherwise predominant clade is therefore decreased during 

spring. All four groups are important heterotrophic degraders of DOM.   

1.4.1 Bacteroidetes 

Flavobacteriia, a class within the Bacteroidetes (Pommier et al., 2007), constitute 

between 10% to 30% of bacterial cells in coastal regions (Alonso-Sáez and Gasol, 2007), 

and are actively responding to nutrient increases during phytoplankton blooms (Pinhassi 

et al., 2004; Teeling et al., 2012; Teeling et al., 2016). Within the 0.2 µm to 3 µm size 

fraction, Candidatus Prosiliicoccus (formerly Ulvibacter, Francis et al. (2019)) the clade 

NS5, Formosa, and Polaribacter are known specialists for polysaccharide consumption 

(Francis et al., 2021) and respond successively to the nutrient availability past 

phytoplankton spring blooms in the North Sea (Teeling et al., 2012; Teeling et al., 2016). 

First responders to the bloom, like the genus Candidatus Prosiliicoccus, members of the 

NS5 clade, and Formosa are probably adapted to the degradation of protein and soluble, 

chemically less complex sugars (DOM), like laminarin, and can therefore bloom early 
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(Unfried et al., 2018; Francis et al., 2021). Polaribacter spp. are late bloomers and 

equipped with a variety of genes for the production of carbohydrate-active enzymes 

(CAZymes) that allow them to utilize more diverse polysaccharides, especially those 

comprised of glucose, fucose and α-mannose (Teeling et al., 2012; Teeling et al., 2016; 

Avcı et al., 2020; Francis et al., 2021). The CAZymes in Flavobacteriia are often located 

in operon-like genomic islands and contain binding proteins, transporters, as well as 

glycoside hydrolases (GHs) and sulfatases for the cleavage of glycosidic bonds and 

sulfate decoration, respectively (Sonnenburg et al., 2010). The close proximity of these 

genes in a distinct genomic site, called polysaccharide utilization locus (PUL), is 

indicative of the step-wise cascade of their sugar degradation process. It starts with the 

extracellular detection and binding of a polysaccharide to the outer membrane. There it 

is hydrolyzed into oligosaccharides and binds to a SusD or SusD-like protein (Sus= starch 

utilization system). Bound to the lipoprotein, the oligosaccharide gets incorporated into 

the periplasm via an energy-consuming, TonB-dependent SusC or SusC-like transporter 

with a high affinity (Reeves et al., 1996; Glenwright et al., 2017).  

This cascade is called the selfish uptake mechanism and an important system for 

Flavobacteriia in the competition for organic carbon. It allows the incorporation of high 

molecular weight (HMW) compounds, without risking a loss through scavengers or 

diffusion (Reintjes et al., 2017; Reintjes et al., 2019). At the same time, the SusCD system 

releases the size-restriction of porins, the channel-forming proteins that allow a diffusive 

uptake through the outer membrane for solutes with a molecular weight below 600 Da 

(Weiss et al., 1991). The SusCD and SusCD-like complexes enable the transport of 

oligosaccharides > 600 Da and are often encoded in PULs. A high number of different 

PULs was found in Flavobacteriia isolated from Helgoland Roads, suggesting an 

adaptation and explaining the strong response of this bacterial clade to phytoplankton 

blooms (Kappelmann et al., 2019). 

1.4.2 Gammaproteobacteria 

The Gammaproteobacteria are a class of the phylum Proteobacteria and 

comprise diverse clades, e.g. Reinekea, Pseudoalteromonas, SAR92, and SAR86. These 
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Gammaproteobacteria possess homologs to the SusCD system and metaproteomic 

analysis has shown that Flavobacteriia and Gammaproteobacteria upregulate TonB-

dependent transporters during phytoplankton blooms (Francis et al., 2021). These 

transporters became the most frequently detected protein class, suggesting that their 

upregulation in combination with their substrate specificity can be used as a proxy for the 

polysaccharides actually used by the heterotrophic bacterioplankton (Francis et al., 2021).  

Their strongest gammaproteobacterial responders during the phytoplankton 

spring blooms off Helgoland were Reinekea, members of the SAR92 clade and to a lesser 

extent members of the SAR86 clade (Teeling et al., 2012; Hahnke et al., 2015; Teeling et 

al., 2016; Francis et al., 2021). Compared to the Flavobacteriia, these 

Gammaproteobacteria react to the algal decay in a succession with increased growth and 

decay rates of populations, suggesting besides faster growth a more pronounced predation 

by phages or protists (Teeling et al., 2012; Teeling et al., 2016).  

 

1.4.3 Rhodobacteraceae 

Rhodobacteraceae are an alphaproteobacterial family of aerobic photo- and 

chemoheterotrophs (Pujalte et al., 2014; Giovannoni, 2017). Many Rhodobacteraceae are 

readily cultivable on plates, which led to a current number of 183 validly published genera 

(Parte et al., 2020). In the North Sea, this family is one of the most active and abundant 

families, primarily because the Roseobacter clade reaches up ~8% of the bacterial 

community (Wemheuer et al., 2014; Hahnke et al., 2015).  

 

1.4.4 The SAR11 clade 

The alphaproteobacterial clade SAR11 dominates the microbial community in 

surface seawater, where it comprises often more than 30% of the total cells (Morris et al., 

2002; Schattenhofer et al., 2009). In the upper mesopelagic zone (160-300 m) it still 

accounts for at least one fifth of the community (Morris et al., 2002; Carlson et al., 2009; 

Eiler et al., 2009). These photoheterotrophs do not strongly respond to phytoplankton 
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blooms. Their energy demand can be supplemented to some extent by their 

proteorhodopsin, a light-driven proton pump (Oh et al., 2011; Giovannoni, 2017; Haro-

Moreno et al., 2020). Members of the SAR11 clade have small cell sizes and reduced 

genomes, which is typical for non-motile free-living bacteria (Giovannoni, 2017). By 

omitting non-essential genes in a process called genome streamlining, members of the 

SAR11 clade gained low maintenance and low cell division costs, allowing them to 

become the most dominant clade in the epipelagic community during oligotrophic 

nutrient episodes (Morris et al., 2002; Giovannoni et al., 2005; Giovannoni et al., 2014; 

Giovannoni, 2017). The highly abundant SAR11 strain Candidatus Pelagibacter ubique 

(HTCC1062) is an example for this streamlining process and has with 1.3 million 

basepairs one of the smallest genomes among known in free-living bacteria (Giovannoni 

et al., 2005; Giovannoni et al., 2008). 

 

1.5 Different life strategies of heterotrophic bacteria 

The life strategies of Rhodobacteraceae and the SAR11 clade are an example for 

niche adaptations in heterotrophic bacteria, even within the same class. The adaptation to 

niches can be categorized into oligotrophic and copiotrophic growth situations. 

Oligotrophic microorganisms, like members of the SAR11 clade, have a high substrate 

affinity and a moderate maximal growth rate. They can be viewed as K-strategists with 

an evolutionary focus on economic usage of nutrients and energy. Used to grow in low 

nutrient conditions (1 to 15 mg C per liter), substrate induced cell death at high 

concentrations may be an obstacle to their cultivation on plates (Kuznetsov et al., 1979; 

Ishida and Kadota, 1981; Button et al., 1993). In contrast, copiotrophic bacteria, 

synonymously called eutrophic or saprophytic bacteria, are r-strategists and well-adjusted 

to eutrophic habitats. Fast growth and duplication rates in media with > 1 g C per liter are 

typical for these bacteria (Yanagita et al., 1978; Kuznetsov et al., 1979; Poindexter, 1981). 

They have a lower substrate affinity than the oligotrophic specialists. In low nutrient 

environments they can change into a viable, but non-cultivable state. In summary, 

copiotrophs have developed to live a “feast and famine” lifestyle, whereas oligotrophs 
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are consistent in their nutrient acquisition, but apparently “never invited to a feast” 

(Poindexter, 1981). 

The form in which nutrients, e.g. polysaccharides, are present in the water column 

is another niche-defining factor in addition to the general nutrient availability. As 

described in the previous section, polysaccharides vary significantly in solubility and 

chemical complexity and can be readily degradable, like mono- and oligosaccharides, or 

highly complex and recalcitrant, like fucose-containing sulphated polysaccharides 

(Sichert et al., 2020; Vidal-Melgosa et al., 2021). 

Adaptation towards this complexity-driven differentiation is to some extent linked 

to bacterial classes. Most Alphaproteobacteria are for example more efficient in the 

incorporation of monomers and amino acids, whereas Flavobacteriia gain competitive 

advantages by degrading polymeric organic matter, utilizing their selfish uptake 

mechanism (Cottrell and Kirchman, 2000). The latter was supported by the analysis of 

genomes and metagenome-assembled genomes (MAGs) of organisms responding to 

phytoplankton blooms at Helgoland Roads. These bacteria have more PULs and genes 

for CAZymes than non-responsive organisms (Teeling et al., 2012; Unfried et al., 2018; 

Kappelmann et al., 2019; Krüger et al., 2019). In polysaccharide degradation specialists, 

up to 6% of the genome can encode CAZymes, whereas only 2% are devoted to sugar 

utilization in less responsive degraders (Henrissat and Coutinho, 2001; Coutinho et al., 

2003; Mann et al., 2013).  

Growth of the bacterioplankton with a cell size of 0.2 µm to 3 µm seems to be 

favored by the presence of monomers and soluble polymers (the DOM fraction), e.g. 

laminarin, a soluble β-1,3-glucan with β-1,6 side chains (Teeling et al., 2012; Teeling et 

al., 2016; Unfried et al., 2018; Francis et al., 2021). The 0.2 µm to 3 µm size fraction was 

originally defined as the bacterioplankton (Sieburth et al., 1978). Nowadays, it is referred 

to as the free-living fraction obtained by sequential filtration. The particle-attached 

bacterial fraction is retained on 3 µm filters. The free-living fraction has been studied 

intensively in the past decade during spring at Helgoland Roads (Teeling et al., 2012; 

Teeling et al., 2016; Unfried et al., 2018; Francis et al., 2021), however, research on the 

particle-attached fraction has only recently been initiated (Schultz et al., 2020; Heins et 

al., 2021). Their proximity to the substratum and the likely adaptation towards a highly 
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eutrophic life style suggest an important role for particle-attached bacteria in the 

degradation of the particulate remains of algae, the POM fraction.  

 

1.6 Particle-attached bacteria 

Particles are rare in the ocean, but present substrate-rich niches for particle-

associated bacteria comprising chemotactic motile free-living and particle-attached 

bacteria (Villarruel-López et al., 2017; Bernaerts et al., 2019). The latter are rare taxa that 

account for only 0.1–4% of the whole bacterioplankton (Alldredge et al., 1986), but can 

sometimes reach locally higher densities than free-living bacteria (Caron et al., 1982; 

Alldredge et al., 1986; Simon et al., 2002; Fernández-Gómez et al., 2013) (Figure 4). 

Many traits of copiotrophic organisms were observed in particle-attached bacteria. They 

have higher respiration rates (Grossart et al., 2007), are larger in cell and genome size 

(Smith et al., 2013) and encode many degradative pathways and PULs (Caron et al., 1982; 

Alldredge et al., 1986; Simon et al., 2002; Smith et al., 2013; Rieck et al., 2015; 

Kappelmann et al., 2019). Many attached-living bacteria possess gliding motility by using 

modified ion channels and secretion systems (McBride, 2001; Nan and Zusman, 2016). 

Particle-attached bacteria show also a higher hydrolytic activity of extracellular enzymes 

compared to the free-living fraction, which is a prerequisite to the extracellular 

degradation of particle material (Karner and Herndl, 1992; Smith et al., 1992; DeLong et 

al., 1993; Grossart et al., 2007; Ziervogel and Arnosti, 2008; Ziervogel et al., 2010). The 

ephemeral nature of particles, with lifespans of on average ten days (Iversen and Ploug, 

2010), ends in the release of attached bacteria into the ocean as free-living bacteria. There 

they remain until they collide with another sinking particle. To shorten this time of free-

floating dispersion, some particle-attached bacteria can use chemotaxis and flagella to 

actively seek a new food source. This switch between an attached and free-swimming 

lifestyle is called a “stick-or-swim” behavior and can be found in many members of the 

Rhodobacteraceae, for example the biofilm-forming genus Roseobacter (Michael et al., 

2016), as well as in Gammaproteobacteria and in Flavobacteriia (Fernández-Gómez et 

al., 2013; Marín, 2014). The particle-attached microbiome includes genera of many 
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phylogenetic clades. Several of those affiliate with phytoplankton bloom responding 

groups: Ruegeria and Sulfitobacter in the Rhodobacteraceae, Alteromonas, 

Pseudoalteromonas, Alcanivorax, and Vibrio in the Gammaproteobacteria, and 

Gramella, Tenacibaculum, and Nonlabens in the Flavobacteriaceae (Mestre et al., 2017; 

Heins et al., 2021). 

 

 
Figure 4. A Seawater was sampled off Helgoland (54°11’03”N, 7°54’00”E) in March 

2017. B Diatom-dominated particle fractions were enriched. C Particle-attached bacteria 

(white arrows) on diatom debris. Scale bar 5 µm.  
  

1.7 Chemotactic motile bacteria 

Particle-associated bacteria include, in addition to the attached fraction, free-

living bacteria that sense chemical gradients originating at the particle. While the particles 

sink, they leave behind a trail of small dissolved molecules, called a plume, that is sensed 

and followed by the motile fraction and enhanced by attached bacteria during 

extracellular particle degradation (Grossart, 2010; Seymour et al., 2017).  

The additional genes for chemosensory processes and motility in motile free-

living bacteria lead to larger genomes compared to non-motile cells. Unlike a streamlined 

genome, the larger genome has high maintenance and duplication costs, which entails a 

copiotrophic “feast and famine” life style. Swimming to nutrient-rich places is the key to 

the ecological success of the motile fraction and is depicted in their abundance in the 

bacterial community: In more eutrophic coastal areas motile cells can constitute around 

10% of the bacterioplanktion (Stocker and Seymour, 2012) and occasionally even rise up 

to 80% (Mitchell et al., 1995; Grossart et al., 2001). As long as their swimming speed is 
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as fast as the sinking speed of small algae and particles, motile bacterial gain the best of 

two worlds: more access to nutrient-rich food sources than non-motile bacteria and 

unchained to particles and the scarcity of oxygen, habitable space, and inter-species 

competition on the particle surface (Grossart et al., 2003). These advantages become 

especially apparent with regard to living algae and their phycosphere, defined as a µm-

scale interaction zone around them.   

1.8 The phycosphere 

The phycosphere is the marine analogue of the rhizosphere surrounding plant 

roots and describes the space close to living algae that is enriched in excreted organic 

molecules (Seymour et al., 2017). DOM is massively released when algae lyse. However, 

it is also continuously excreted by living cells. This happens either to protect the cell from 

viral and bacterial infection or to excrete photosynthesis products that exceed the 

metabolic need of the algae (Passow and Alldredge, 1995; Engel et al., 2004; Thornton, 

2014; Gügi et al., 2015; Li et al., 2015; Le Costaouëc et al., 2017). Up to 50% of the net 

primary production can be excreted by algae and becomes available to the phycosphere 

microbiome (Biddanda and Benner, 1997; Teira et al., 2001; Teira et al., 2003; Thornton, 

2014). The continuous supply of organic matter separates phycosphere microbiomes from 

particle microbiomes. Motile, chemotactic bacteria form oftentimes a mutualistic 

symbiosis with the algae (Seymour et al., 2017). They obtain DOM and amino acids like 

tryptophan from the eukaryotic cells and in exchange, they provide the algae with growth-

promoting hormone (indole-3-acetic acid), vitamin B12, micronutrients like iron, and 

with ammonium (Seymour et al., 2017). Processes of the phycosphere can potentially 

have large-scale, global implication with regard to the carbon cycle, phytoplankton and 

harmful algal blooms, DMS cycling, and for the productivity of an ecosystem (Seymour 

et al., 2017). However, the in-depth analysis of the phycosphere and its associated 

microbiome lacks efficient sampling methods and therefore lacks long-term observations 

to estimate their contributions to environmental processes.  
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1.9 Access to particle-associated bacteria  

Eukaryotic cells and particles are oftentimes removed during pre-filtrations, often 

by a 3 µm pore size filter, to thereby focus the analysis on the bacterial community 

(Teeling et al., 2012; Teeling et al., 2016; Chafee et al., 2018; Francis et al., 2021). This 

pre-filtration excludes the attached-living microbiome, as well as large, aggregate-

forming, and filamentous bacteria, for example Tenacibaculum, some Polaribacter 

species and many Planctomycetes (Schlesner, 1994; Suzuki et al., 2001; Winkelmann and 

Harder, 2009; Delannoy et al., 2011; Nedashkovskaya et al., 2013; Heins et al., 2021). 

With accumulating insights into the importance of the particle-attached fraction, the name 

of the 0.2 µm to 3 µm filtration fraction shifted from being defined as bacterioplankton 

(Sieburth et al., 1978) to being referred to as the free-living bacterioplankton fraction 

(Bidle and Fletcher, 1995; Crump et al., 1999; Ayo et al., 2001; Crespo et al., 2013; Bižić-

Ionescu et al., 2015). Due to the methods applied, the free-living and the particle-attached 

fraction are often analyzed separate from each other. However, some disadvantages are 

intrinsic to sequential filtration.  

1.9.1 Filtration  

Filtration is the most commonly technique to differentiate between free-living and 

particle-attached bacteria. The delimiting filter pore size effects the separation and the 

resulting community compositions (Mestre et al., 2017). In the past, filter pore sizes 

ranged from 0.8 µm (Phillips et al., 1999; Schapira et al., 2012) to 30 µm (Fuchsman et 

al., 2011). A filter pore size of 3 µm has become the standard (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). The community is also effected by the chosen filter volume, which is also 

highly dissimilar between studies and sometimes even combined with a pre-filtration 

step, which further affects the result (Padilla et al., 2015). Another problem of filtration 

is the risk of clogging. The likeliness to obtain a clogged filter is linked to the specific 

environmental condition. A seawater sample from the oligotrophic open ocean will clog 

a filter much later than eutrophic, particle rich coastal seawater. The same applies for a 

diatom-dominated bloom sample comprised of single eukaryotic cells engulfed in hard 
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protective shells in comparison to a Phaeocystis spp. bloom sample comprised of large 

colonies of cells in a gelatinous matrix. If the applied filter volume is not adjusted to the 

environmental condition, the retentate will lead to a reduction of the effective filter pore 

size and subsequently free-living cells will be retained alongside particles. However, even 

if the filter volume is adjusted, the difference in volume can still affect the community 

outcome, due to varying filter volumes (Padilla et al., 2015).  

Mechanical stress is another problem of the filtration method. It can rapture 

particles held together weakly and detach loosely attached bacteria, both resulting in 

washing particle-attached bacteria into the free-living fraction. Mechanical stress might 

even rapture cells themselves (Ferguson et al., 1984), especially mechano-sensitive 

genera like Formosa (Fischer et al., 2019).  

For studies that aim for the analysis of the bacterial fraction under exclusion of 

eukaryotic cells (Teeling et al., 2012; Teeling et al., 2016), it is advantageous that 

filtration excludes only attached bacteria. However, the differentiation into two filtration-

derived fractions is insufficient for the characterization of motile bacteria, because they 

are collected together with the non-motile cells in the 0.2 – 3 µm fraction. Additional 

separation techniques are therefore desired to separate these groups and to access 

experimentally the motile microbiome. 

 

1.9.2 Gravitation-based separation  

Sediment traps collect particles from the water column in a non-invasive way 

(McDonnell et al., 2015) and have been used to study the particle flux from the ocean 

surface to the deep sea (biological pump) since 1971 (Buesseler et al., 2007). They are an 

alternative separation technique to filtration and utilize natural gravitation and particle 

density, instead of particle size.  

Since they were designed and are used to measure particle fluxes in the ocean, 

sediment traps are usually applied for long sampling times ranging from days to months, 

thereby collecting particles from larger water volumes (Buesseler et al., 2007). Intrinsic 

problems of these cones are firstly the collection of positively buoyant particles and 
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secondly the reduction of settled particles by metazoan zooplankton grazing during the 

collection phase (Buesseler et al., 2007). Approaches were made to counter these 

disadvantages, for example by using a microprocessor-controlled rotating sphere 

(Peterson et al., 1993) to exclude grazing animals from the samples, or, more commonly, 

by using toxins (Davis, 1967; Knauer et al., 1984) or brine solutions (Fontanez et al., 

2015) to stop biological activity at the bottom of the trap. Particles with neutral buoyancy 

were accounted for with neutrally buoyant sediment traps (NBST) that drift with the 

currents and are attached to a neutrally buoyant float, instead of being fixed to the bottom 

of the ocean or being suspended from above (Buesseler et al., 2007).  

While these traps can provides in situ access to particle-attached cells, toxins or 

brine solution prevent in vitro experiments. Even in non-toxic traps community changes 

can occur, due to the long settlement time (bottle-effect, Pernthaler and Amann (2005)). 

NBSTs might reduce the problem of neutrally buoyant particles, but require a laborious 

set up to keep a trap afloat and to harvest the particles after a certain time.  

Imhoff sedimentation cones are an alternative to the sediment traps. They also 

rely on natural gravitation for the separation of particles from the water column, but can 

be smaller in size and are well-suited for adjustable settlement periods. These cones are 

frequently used in wastewater treatment plants to obtain settable solids (Novotny et al., 

1989), but until recently have not been utilized for the marine system (Heins et al., 2021). 

The cones have a steep incline and enrich particles at the bottom, where they can be 

harvested through a stopcock (Figure 5).  

Like the sediment traps, the cones allow particles and algae to settle naturally. 

How much time this settlement takes depends on the density and size of the particle or 

living alga. It has been estimated for freshly formed particles, spherically-shaped particles 

with a size range of 80 to 400 μm, fecal pellets, and diatoms to be around >3, 9, >5, and 

0.05–10 m day–1, respectively (Bach et al., 2012; Turner, 2015). Hence, within a day, a 

major part of the POM fraction (everything sinking as fast as 0.3 m day–1) can be collected 

from 1 L of seawater in a 30 cm cone, allowing bacteria like Pseudoalteromonas 

haloplanktis (swimming speed: 68 µm s-1) to follow the plume of algal exudates or 

monomeric degradation products (Stocker et al., 2008).  
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The shorter settlement times in sedimentation cones reduce the problems of 

zooplanktonic grazers and even allows for their direct removal due to better accessibility 

to the sample, compared to the sediment traps. Neutrally buoyant particles cannot be 

obtained with this method, however, filtration of the remaining water sample after harvest 

of the bottom fraction is feasible, allowing for quantification of this type of particles and 

their attached microbiome.  

 
Figure 5. Gravity-based separation of the bacterioplankton using Imhoff sedimentation 

cones (A) and centrifugation (B). A Particles (green), their attached microbiome (red), as 

well as motile free-living bacteria (blue) were enriched in the bottom fraction of the cone 

in a background of non-motile free-living bacteria (orange). B Subsequent resuspension 

of the cone bottom fraction and centrifugation to split the particle-attached and the free-

living fraction.  

 

Sedimentation cones have the potential to enrich a particle-associated fraction of 

swimming, chemotactic bacteria and particle-attached bacteria, separating those two 

groups from the non-motile free-living community. The fractions can be studied culture-

independently (e.g. genome analyses, cell staining) or can be used to obtain cultures. To 

fully understand the role of a bacterial strain in its environment, to describe its 

morphology, to assess its physiological capabilities, and to test its gene functions, it is 

still required to experiment with pure cultures (Steen et al., 2019). So far, only few 

cultivation attempts for particle-associated bacteria have been performed (Gram et al., 

2002; Grossart et al., 2003; Hahnke and Harder, 2013).  

 



Part I – Background of this thesis 

 

20 

 

1.10 Cultivation 

The history of microbiology is the history of cultivation: Growing 

microorganisms in the lab has leveled the way for germ theory to replace the theory of 

spontaneous generation (e.g. through the swan-neck flask experiment) (Ligon, 2002; 

Blevins and Bronze, 2010). In 1881, the development of solid medium in so-called Petri 

dishes was among the first revolutionizing improvements in the cultivation of 

microorganisms (Blevins and Bronze, 2010). A leading innovator in the development of 

modern culture medium was Claude Ephraim ZoBell (1941). He provided a standardized 

recipe for plate-medium by first replacing self-made peptone (Fischer, 1894) with 

commercially manufactured products and by adding phosphate (K2HPO4) and ferric 

oxide (Fe(III)PO4) to increase the number and diversity of cells capable to form colonies 

(ZoBell, 1941). Later, in 1952, ZoBell advanced his medium together with his colleague 

Carl H. Oppenheimer by replacing natural seawater with artificial seawater, and by 

adding yeast extract (Oppenheimer and ZoBell, 1952). This medium became the 

commercially available 2216 marine agar medium (Difco, BD Diagnostic Systems, USA) 

and is widely used in marine microbiology (Hansen and Sørheim, 1991; Case et al., 2011; 

Alejandre-Colomo et al., 2020; Heins et al., accepted). 

Colonies that had grown on plates (=colony forming units (CFUs)) were for a long 

time the basis to estimate the number of living cells in a given environment (ZoBell, 

1946). This changed when it was shown that only 0.01 to 0.1% of marine bacteria can 

form colonies on plates (Jannasch and Jones, 1959; Kogure et al., 1979; Porter and Feig, 

1980; Ferguson et al., 1984), a phenomenon later described as the ’great plate count 

anomaly’ (Staley and Konopka, 1985). With the implementation of better cell staining 

methods (Hobbie et al., 1977), the ’great plate count anomaly’ was demonstrated for 

many environments (Leadbetter, 2003). The plate medium and the direct contact to air 

did not sufficiently recreate the growth conditions of the majority of bacterioplankton 

cells (Jannasch and Jones, 1959; Hobbie et al., 1977; Kogure et al., 1979).  

To suppress competition and to obtain abundant strains, dilution-to-extinction 

series were introduced (Exworthy, 1933; Haas, 1989; Song et al., 2009; Díaz-García et 

al., 2021) and the improvement of culture medium continued, directing the focus towards 
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the specific needs of different bacterial groups, considering adjustment periods to avoid 

sudden stress and dormancy (Kaprelyants et al., 1993; Schut et al., 1993), sensory triggers 

for cell reactivation (Mukamolova et al., 1998), and overall longer cultivation times 

(Connon and Giovannoni, 2002; Song et al., 2009).  

Organisms adapted to an oligotrophic environment were found not to grow on 

eutrophic medium (Kuznetsov et al., 1979; Ishida and Kadota, 1981; Button et al., 1993; 

Deming and Baross, 2000). Solid culture media can be considered eutrophic as they 

exceeded the low carbon concentration of the ocean (about 0.5 mg C liter-1) by a margin 

of 2,000 to 20,000 mg C liter-1 (Maeda et al., 2000). By using liquid culture medium and 

a reduced amount of carbon, it was possible to bring some of the marine key organisms 

into culture (Rappé et al., 2002; Cho and Giovannoni, 2004), like members of the SAR11 

clade (Rappé et al., 2002), and dominant phytoplankton spring bloom responders like 

Formosa, Polaribacter and Reinekea (Hahnke et al., 2015). These strains did not grow 

on plates.  

While the medium and the growth conditions were modified in the past, so far 

little effort went into the selection of the inoculum (Gram et al., 2002; Hahnke and Harder, 

2013; Kragh et al., 2018). Most often, unprocessed seawater has been the choice for 

isolation of marine microorganisms (Eilers et al., 2000; Hahnke and Harder, 2013; 

Hahnke et al., 2015; Alejandre-Colomo et al., 2020). This will likely discriminate against 

rare cells and clustered cells, especially if dilution-to-extinction series are applied. 

Particle-attached and motile free-living bacteria comprise only a small fraction of the total 

bacterial community. However, their populations are larger than the colony-forming 

bacteria present in seawater and it is therefore possible that the cultivable seawater 

microbiome consists mainly of particle-associated bacteria. The adaptation of particle-

associated bacteria towards nutrient-rich POM argues in favor of a high cultivability of 

these strains on plates. The living conditions on and around POM, e.g. diverse substrates, 

very high or low oxygen regimes and a solid substratum, are similar to the conditions a 

bacterial cell encounters during growth on ZoBell’s marine agar 2216. As consequence, 

it has been several times hypothesized that cultivation on plates is biased towards particle-

associated bacteria (Smith et al., 1992; DeLong et al., 1993; Grossart et al., 2007; 

Ziervogel and Arnosti, 2008; Ziervogel et al., 2010). However, it has not been 
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experimentally tested, whether particle-associated bacteria are more readily cultivable on 

plates than free-living non-motile bacteria.  

 

1.11 The research unit proteogenomics of marine polysaccharide utilization  

Phytoplankton blooms change their environment drastically. Based on their well-

known abiotic triggers they are rather predictable, whereas many open questions remain 

with regard to their decay. The DFG research unit FOR 2406 (Proteogenomics of marine 

polysaccharide degradation, short POMPU) was established to answer these questions at 

Helgoland Roads, which has proven to be an ideal model site due to the recurrent spring 

blooms that occur reliably each year. So far, studies within the POMPU project have been 

focused on the 0.2 to 3 µm free-living bacterial fraction. Initial results included a 

description of recurring patterns of bacterial microdiversity of free-living bacteria in the 

North Sea (Chafee et al., 2018), a description of a novel species, Candidatus 

Prosiliicoccus vernus, that is highly abundant during phytoplankton spring blooms 

(Francis et al., 2019), adaptive mechanisms that provide competitive advantages to free-

living marine Bacteroidetes during microalgal blooms (Unfried et al., 2018), PULs of 

North Sea Flavobacteriia (Kappelmann et al., 2019), alpha- and beta-mannan utilization 

by marine Bacteroidetes (Chen et al., 2018), algal glycan degradation during algae 

blooms in Bacteroidetes (Krüger et al., 2019), the importance of laminarin (Becker et al., 

2020), and shifts in polysaccharide consumption identified by changing expression 

patterns of TonB-dependent transporters over the course of a spring phytoplankton bloom 

(Francis et al., 2021).  

Arabinogalactan and sulfated fucans accumulated transiently or cumulative, 

respectively, over the algal bloom in POM (Vidal-Melgosa et al., 2021). This finding 

furthers the question how important particle-associated bacteria are in the turnover of 

fresh algae-derived POM. First studies focusing on the particle-associated fraction have 

now been published (Schultz et al., 2020; Heins et al., 2021). This doctoral thesis was 

performed within the FOR 2406. 
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1.12 Aim of this thesis 

Understanding the contribution of particle-associated bacteria to the degradation 

of algal biomass is a long-term research project, starting with the refinement of the 

separation techniques to obtain a particle-associated fraction. Sequential filtration 

provides only access to a part of the particle-associated microbiome, and includes with 

large and clustered bacteria undesired false-positives. To overcome these limitations, 

separation by gravity in Imhoff sedimentation cones was explored in this study to access, 

identify and define particle-associated microbiomes, in comparison and conjunction with 

the established separation techniques like sequential filtration and centrifugation (chapter 

3). 

The cultivability on ZoBell´s marine agar 2216 was assessed with microbiomes 

of seawater, free-living, particle-attached and particle-associated bacteria. This study 

aimed at the question which portion of the colony-forming bacteria belong to free-living 

non-motile or motile bacteria or to particle-attached bacteria. As continuous cultivation 

on plates often involves loss of cultures, colonies of the original plate were used to obtain 

partial 16S rRNA sequences of individual colonies and of plate microbiomes (chapter 4).   

For future studies on particle-associated bacteria, a representative strain collection 

was established from particle-attached bacteria retained on 3 µm filters and from particle-

associated bacteria collected together with settled algae in sedimentation cones. This 

collection was compared with a related collection obtained directly from seawater 

(chapter 5). Unexpected observations during the cultivation and initial genome results of 

potential model organisms for particle-associated bacteria are reported in the appendix, 

sections 7.2 and 7.3.  

The spring bacterioplankton bloom at Helgoland is a succession of many genera. 

To understand the contribution of top-down selection, particle-associated strains were 

included in isolation experiments for flavophages, because Flavobacteriia are among the 

most important responder to the yearly observed phytoplankton blooms in the North Sea 

(chapter 6). In an independent study, strains were also provided for the isolation of novel 

roseobacter phages (appendix, section 7.1). 
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In addition, the long-term aims of FOR 2406 were supported by the isolation of a 

free-living non-motile strain of the flavobacterial NS5 clade, a model strain for the fast 

response to the algal decay (appendix, section 7.4). 

Finally, seawater was sampled during a transect across the Atlantic Ocean 

(PS120), to identify bacterial communities in different size fractions, depths and with it 

in varying nutrient regimes. Hydroid colonies of Velella velella, sampled during that 

cruise, might in the future be examined for their potential to serve as vectors and 

reservoirs for attached bacteria, by comparing their attached microbiome with the pelagic 

bacterial community (appendix, section 7.5).  
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2. SUMMARY OF RESEARCH ARTICLES 

2.1 Particle-collection in cones   

The particle-associated bacterial fraction includes particle-attached and free-swimming 

bacteria. To gain a full perspective of their way of living, both groups have to be analyzed 

together. However, with standard separation techniques like filtration, their separation 

from the non-motile free-living fraction is not feasible. In this study, we enriched the 

particle-attached and free-swimming bacteria simultaneously by utilizing natural and 

enforced gravitation, respectively, in Imhoff sedimentation cones and by centrifugation. 

Resulting fractions were compared with sequentially filtered and unprocessed seawater 

samples. Sampling took place during a phytoplankton spring bloom off Helgoland. Cells 

were counted and the community composition was determined by new generation 

sequencing (Illumina). A method-based enrichment-pattern revealed five distinct 

subgroups within the bacterioplankton: two groups of mechano-sensitive and mechano-

stable free-living bacteria and three groups of particle-attached bacteria. Advantages of 

methods were discussed and disadvantages compensated for by a combination of 

methods, e.g. sedimentation in cones followed by a subsequent centrifugation. Based on 

these results, a better access to key organisms of the particle-associated fraction, 

including members of the phycosphere, was obtained. 

2.2 Cultivability of particle-associated bacteria   

The particle-associated fraction comprises particle-attached and motile free-living cells 

that follow sinking particles and algae. Based on this particle-associated life style, both 

groups have adapted a copiotrophic strategy and were considered to be adapted to higher 

nutrient concentrations than the non-motile free-living fraction. Whether particle-

associated bacteria dominate the colony-forming microbiome on solid medium was 

investigated by dilution plating on solid ZoBell medium. Samples originated from 

unfractionated seawater, as well as free-living, particle-associated and particle-attached 

populations. Colony-forming units and microscopic counts of total and of particle-

attached cells showed that particle-associated bacteria presented a minority in the 
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seawater, but had a tenfold larger cultivability than cells in unprocessed seawater or free-

living bacteria. Colonies were identified using Sanger sequencing of the partial 16S rRNA 

gene. Some abundant cultivable genera included free-living genera like Lentibacter and 

Planktomarina, however, the majority of strains affiliated with well-known particle-

associated bacteria, including Sulfitobacter and other Rhodobacteraceae, 

Pseudoalteromonas, Psychromonas, Arcobacter and many Flavobacteriaceae. 

Communities grown on plates were also analyzed by Illumina-sequencing of 16S rRNA 

V3V4 amplicons and compared with the bacterial and archaeal 16S Ribosomal RNA 

RefSeq Targeted Loci Project. Nearly all operational taxonomic units had a cultivated 

and described strain in close phylogenetic proximity. This indicated that decades of strain 

isolation from seawater on ZoBell´s marine agar medium has already achieved a very 

good coverage of abundant cultivable genera.  

2.3 Strain collection of particle-associated bacteria 

Cultivation of strains is a slow and laborious process, but remains necessary to understand 

the physiology and function of a bacterial strain. Despite great successes in the 

cultivability of certain strains, like members of the SAR11 clade, the majority of the 

bacterioplankton remains uncultured. In this study, we used particle fractions as inocula 

to create a strain collection of particle-associated bacteria. Samples were taken during a 

phytoplankton spring bloom off Helgoland and enriched using filtration and 

sedimentation in cones. More than 1200 strains were obtained and compared between the 

separation methods. Motile genera like Pseudoalteromonas, Shewanella, Psychrobacter, 

Vibrio and Colwellia (all Gammaproteobacteria) and particle-attached Flavobacteriia 

like Tenacibaculum and Gramella were frequently isolated. 266 diverse strain 

representatives were deposited and compared with a strain collection obtained from 

unprocessed seawater one year prior at the same sample site. Between both studies, 104 

strains matched on the species and additional 113 on the genus level. 49 genera were not 

identified in the larger seawater study, despite four-times more effort being expended. 

This suggests that sample fractionation is an efficient strategy to cultivate rare members 

of the planktonic microbiome, which are a valuable resource for future studies.  
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2.4 Deposited strains as hosts for new marine phages    

Phages are a mortality factor for bacteria. They are highly host-specific but cannot chase 

bacterial cells actively. The higher the cell number of a given bacterial species is, the 

larger is the chance of infection, due to an increased chance for random encounters 

between the bacterial cell and the virus in the water column. Phytoplankton blooms are 

followed by successive blooms of bacteria responding to the nutrients and by viral blooms 

that respond to the bacteria. Cultured bacterial strains were sampled during a diatom-

dominated phytoplankton spring bloom off Helgoland and used as hosts for the isolation 

of phages at the same site. The 44 isolated lytic flavobacterial phages represented twelve 

new species, including 10 new genera and 10 new families that were spread across two 

viral realms. Nine of the new genera and four of the new families had no cultivated 

representative beforehand. Their gene content reflected the eukaryote-associated host 

habitat. Genomic analysis revealed different viral life styles. Cellular metagenomes and 

direct-plating showed the active replication of the phages during the bloom, while 

CRISPR/Cas spacers and re-isolation during two consecutive years indicated a stable 

position of some of these phages in the microbial community. All of these results support 

the function of phages as modulators of the respective host population with far-reaching 

consequences for their environment and the food web as a whole.  
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2.5 Summary of the appendix and author contributions     

In the first study listed in the appendix, phages infecting Rhodobacteraceae were 

analyzed. My contribution were bacterial hosts collected from particles enriched in 

sedimentation cones. The novel phage isolates are currently genome sequenced and 

characterized.  

Contribution: AH contributed particle-associated host strains to the study.  

 

In the second project, particle-associated bacteria are being analyzed and tested 

for their potential as model organisms. The strains were obtained during phytoplankton 

spring blooms. The analysis includes genome sequencing and physiology studies.  

Contribution: AH isolated and curated the strains, extracted the DNA, and was 

involved in the conceptualization of the study.  

 

In the third project, observed traits of isolated and cultivated particle-associated 

bacteria were depicted. Preliminary hypothesis are discussed and further experiments are 

currently ongoing.  

Contribution: AH did the lab related work and conceptualization of the study. 

 

The fourth study is a comprehensive analysis of free-living non-motile members 

of the ubiquitous NS5 clade, which is highly responsive to phytoplankton blooms without 

being particle-associated. Metagenome-assembled genomes (MAGs), and the genome of 

an isolate were analyzed. Phylogeny and niche delineation are being assessed.  

Contribution: AH curated the NS5 isolate, was involved in the purification 

process of the strain, and did the DNA extraction.  

 

In the fifth study, the sampling of seawater across the Atlantic Ocean is described. 

These samples might be analyzed to provide information about bacterial communities 

across varying nutrient concentrations and the attached microbiomes of hydrozoan 

colonies.  

Contribution: AH did the lab work and conceptualized the project.  
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2.6 Author contributions to research articles    

Article I  

Particle collection in Imhoff sedimentation cones enriches both motile chemotactic 

and particle-attached bacteria 

Authors: A Heins, G Reintjes, RI Amann, J Harder 

Published in Frontiers in Microbiology April 2021. doi.org/10.3389/fmicb.2021.643730 

 

AH and JH planned the study. AH performed the sampling and laboratory work. AH and 

JH analyzed the data and wrote the manuscript, both with contributions from GR and RA. 

All authors approved the submitted manuscript. 

 

 

 

Article II  

Planktonic particle-associated bacteria dominate the colony-forming microbiome 

on ZoBell marine agar 2216     

Authors: A Heins, J Harder 

In preparation for submission  

 

AH and JH planned the study. AH performed the sampling and laboratory work. AH and 

JH analyzed the data and wrote the manuscript.  
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Article III 

Cultivation of particle-associated heterotrophic bacteria along a spring 

phytoplankton bloom in the North Sea 

Authors: A Heins, RI Amann, J Harder 

Accepted at Systematic and Applied Microbiology  

 

AH was responsible for the formal analysis and visualization of the data. AH and JH were 

responsible for the conceptualization and investigation of the study, as well as the original 

draft preparation. AH, JH and RA contributed to the reviewing and editing process. JH 

and RA were responsible for the supervision. RA acquired the funds for this study.  

 

 

Article IV 

Highly diverse flavobacterial phages isolated from North Sea spring blooms  

Authors: N Bartlau, A Wichels, G Krohne, EM Adriaenssens, A Heins, BM Fuchs, RI 

Amann, C Moraru 

Accepted at The ISME Journal  

 

NB was responsible for the formal analysis, visualization of the data, and the acquisition 

of experimental data. NB, CM, and RA were responsible for the conceptualization and 

investigation of the study, as well as the original draft preparation. AH provided some 

bacterial hosts for the study. GK made TEM picture. EMA revised taxonomy. All 

authors contributed to the reviewing process. CM, RA, AW, and BF were responsible 

for the supervision. RA and CM acquired the funds for this study. 
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3. RESEARCH ARTICLE I - PARTICLE-COLLECTION IN CONES   

 

Particle collection in Imhoff sedimentation cones enriches 

both motile chemotactic and particle-attached bacteria 
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Bremen, Germany  
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3.1 Abstract  

Marine heterotrophic microorganisms remineralize about half of the annual 

primary production, with the microbiomes on and around algae and particles having a 

major contribution. These microbiomes specifically include free-living chemotactic and 

particle-attached bacteria, which are often difficult to analyze individually, as the 

standard method of size-selective filtration only gives access to particle-attached bacteria. 

In this study, we demonstrated that particle collection in Imhoff sedimentation cones 

enriches microbiomes that included free-living chemotactic bacteria and were distinct 

from particle microbiomes obtained by filtration or centrifugation. Coastal seawater was 

collected during North Sea phytoplankton spring blooms and investigated using 16S 

rRNA amplicon sequencing and fluorescence microscopy. Enrichment factors of 

individual operational taxonomic units were calculated to quantifiably compare 

fractionated samples with unfractionated seawater communities. Filtration resulted in a 

loss of cells and yielded particle fractions including bacterial aggregates, filaments and 

large cells. Centrifugation had the lowest separation capacity. Particles with a sinking rate 

of > 2.4 m d-1 were collected in sedimentation cones as a bottom fraction and enriched in 

free-living chemotactic bacteria, i.e., Sulfitobacter, Pseudoalteromonas, and Vibrio. 

Subfractions of these bottom fractions, obtained by centrifugation, showed enrichment of 

either free-living or particle-attached bacteria. We identified five distinct enrichment 

patterns across all separation techniques: mechano-sensitive and -stable free-living 

bacteria and three groups of particle-attached bacteria. Simultaneous enrichment of 

particle-attached and chemotactic free-living bacteria in Imhoff sedimentation cones 

enables unique access to and insights into the diversity and structure of the particle-

associated microbiomes, including members of the phycosphere.  

3.2 Introduction  

Organic substrates for heterotrophic bacteria are unevenly distributed in the 

ocean. Particles, such as algal cells, transparent polymeric particles, marine snow, and 

fecal pellets, form temporary nutrient-rich hot spots in a large oligotrophic environment 

(Azam, 1998; Simon et al., 2002; Stocker, 2012). As a response, different heterotrophic 
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lifestyles have evolved in this dynamic and heterogeneous habitat. These are (i) non-

motile small bacteria with transporters adapted to low nutrient concentrations, (ii) motile 

bacteria, which sense nutrient gradients and swim towards food sources, and (iii) bacteria 

attached to and often gliding on particulate organic matter (Stocker, 2012; Yawata et al., 

2014). The last two ecotypes are referred to as particle-associated bacteria, which are 

enriched in the interaction zone between bacterioplankton and particles. Non-living 

particulate organic matter drives the carbon pump and provides heterotrophic life beyond 

the photic zone with nutrients and energy until its degradation (Azam, 1998). Living algae 

provide with their exudates a continuous substrate source for heterotrophic bacteria 

(Seymour et al., 2017). Bacteria in close proximity to these living algal particles are 

defined as the phycosphere microbiome and are currently understudied (Seymour et al., 

2017).  

Particle-association is more difficult to track than physical attachment to particles. 

It is well established that particle-attached bacteria account for 0.1% to 4% of the whole 

bacterioplankton (Alldredge et al., 1986), but can reach higher local densities (Caron et 

al., 1982; Alldredge et al., 1986; Fernández-Gómez et al., 2013). Although they make up 

only a small fraction of the community, they have a disproportionally high impact on the 

biogeochemical element cycles, based on a significantly higher cellular metabolic activity 

(Smith et al., 1992; DeLong et al., 1993; Grossart et al., 2007; Ziervogel and Arnosti, 

2008; Ziervogel et al., 2010). Particle-attached bacteria are larger than free-living bacteria 

and their genomes encode additional degradative pathways (Caron et al., 1982; Alldredge 

et al., 1986; Simon et al., 2002; Smith et al., 2013; Rieck et al., 2015; Kappelmann et al., 

2019). Motile bacteria also have enlarged genomes because they carry additional genes 

for chemotaxis and motility. They often represent ~ 10% of cells in coastal seas (Stocker 

and Seymour, 2012), with large variations of up to 80% (Mitchell et al., 1995; Grossart 

et al., 2001).  

The common technique to separate free-living and particle-attached bacteria is 

filtration (Bidle and Fletcher, 1995; Crump et al., 1999; Ayo et al., 2001; Crespo et al., 

2013; Bižić-Ionescu et al., 2015), with delimiting filter pore sizes ranging from 0.8 

(Phillips et al., 1999; Schapira et al., 2012) to up to 30 µm (Fuchsman et al., 2011). 

Recently, 3 µm filters have become the most frequently used pore size to target particle-
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attached 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). The resulting 

size-selected communities are not only shaped by the filter pore size (Mestre et al., 2017), 

but also by filtration conditions. The retentate may decrease the effective pore size in the 

process of the filtration (Padilla et al., 2015). Mechanical stress was discussed to 

disintegrate fragile bacteria during filtration (Ferguson et al., 1984). Still, many taxa are 

well-separated in a 3-0.2 µm fraction often referred to as free-living and a >3 µm particle-

attached fraction. Most unicellular cyanobacteria, members of the SAR11 and SAR86 

clades and the flavobacterial marine group NS5 end up in the free-living fraction (Teeling 

et al., 2012; Teeling et al., 2016; Mestre et al., 2020), whereas Rhodobacterales, 

Alteromonadales, Bacteroidetes, Planctomycetes and Verrucomicrobia are enriched in 

particle fractions (Mestre et al., 2017). In considering this categorization, it is important 

to recall that particles have a limited life span (Iversen and Ploug, 2010). Hence, particle-

attached bacteria must spend some time free-living on their way to the next particle 

(Bižić-Ionescu et al., 2015).  

Scientists interested in the particle-associated microbiome must realize that 

filtration works on particle-attached bacteria, but fails in the enrichment of the 

chemotactic free-living fraction. Motile genera, e.g. Pseudoalteromonas, Colwellia, 

Shewanella, and Vibrio, were detected in the expected size-fraction for free-living 

bacteria, but also in particle fractions of larger size (Mestre et al., 2017). To resolve this 

separation problem, we explored Imhoff sedimentation cones as a separation tool to 

provide experimental access to the whole particle-associated microbiome. These cones 

were developed for quantifying settable particles in wastewater treatment plants 

(Novotny et al., 1989), but have not been used in marine microbiology. The steep incline 

in the cones results in the concentration of particles in a small volume at the bottom, 

which can be readily sampled. In this study, we compared fractionation in Imhoff cones 

with other separation techniques (filtration, plankton nets, and centrifugation) analyzing 

coastal seawater samples during diatom-dominated spring algal blooms at the long-term 

ecological research site Helgoland Roads. There, substrate-induced bacterial-succession 

has been studied with an emphasis on the 3-0.2 µm fraction (Teeling et al., 2012; Teeling 

et al., 2016; Chafee et al., 2018; Krüger et al., 2019). For comparing the separation 
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technologies we not only applied next generation sequencing of PCR-amplified partial 

16S rRNA genes, but also microscopic techniques. This study is a response to the call for 

exploration of alternative separation techniques for particle-attached bacteria made by 

Padilla et al. (2015). 

3.3 Material and Methods  

3.3.1 Seawater and plankton net sampling 

Seawater was sampled at five time points (Supplementary Figure 1) in the Spring 

2018 at the long term ecological research site Helgoland Roads (54°11’03”N, 

7°54’00”E). Samples were taken at about 1 m below the sea surface. The water was stored 

at 4°C in 10 L containers and processed within 2 hours (h) of sampling. Particles that had 

already settled during that time were resuspended by gentle inversion of the containers 

before the seawater was used for the experiments. The bacterial diversity of 

unfractionated seawater samples was compared to that of fractions obtained by sequential 

filtration, centrifugation and sedimentation in Imhoff cones (Figure 6, see below).  

In this study, all filtrations were performed with a constant pressure of -200 mbar. 

Filters of all pore sizes had a diameter of 47 mm, effective filter diameter of 39 mm, 

effective filter area of 1195 mm2, and were composed of a hydrophilic polycarbonate 

membrane (Millipore, Darmstadt, Germany). All 0.2 µm pore sized filters had the filter 

code GTTP. If during filtration a decrease in flow rate was detected, indicating a lower 

efficient pore size because of pore-clogging, the filtration was repeated with a smaller 

sample volume. 

For community analysis by 16S rRNA amplicon sequencing half a liter of 

unfractionated seawater was filtered directly onto 0.2 µm pore size filters and frozen in 

liquid nitrogen and stored at -80°C.  

For cell staining by catalyzed reporter deposition fluorescence in situ 

hybridizsation (CARD-FISH) experiments and for determination of total cell counts, 50 

mL of unfractionated seawater was fixed with 1% formaldehyde for 1 h at room 

temperature (RT) and filtered onto a 0.2 µm pore size filter. A cellulose acetate filter 

(0.45 µm pore size, Millipore, Darmstadt, Germany) supported all 0.2 µm filters used for 
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cell counting to allow an even spread of the fixed cells. Filters for CARD-FISH were 

stored at -20°C. 

 

 
Figure 6. Overview of separation methods to fractionate seawater during a phytoplankton 

spring bloom in 2018 off Helgoland (North Sea). Size-delimiting separation was 

performed by sequentially filtration through 10-, 3-, and 0.2-μm filters (F_10μm, F_3μm, 

and F_0.2μm, respectively). Forced gravitational separation was achieved by 

centrifugation, resulting in a particle pellet (C_PA) and a supernatant with free-living 

cells (C_FL). Natural gravitational separation using Imhoff sedimentation cones used a 

3-h settlement, resulting in a bottom fraction (SC_BF) and a top fraction (SC_TF). In a 

second separation, the bottom fraction (SC_BF) was divided by centrifugation into a 

supernatant with free-living cells (SC_BF_FL) and a pellet with particle-attached cells 

(SC_BF_PA). 
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In addition to the unfractionated seawater samples, plankton net samples were 

taken using 20 µm and 80 µm pore size nets. For amplicon sequencing 100 ml of these 

concentrated plankton net samples were filtered directly onto 3 µm filters.  

3.3.2 Size-selective separation by sequential filtration 

Sequential filtration was used to fractionate seawater into a large (> 10 µm) and a 

small (10-3 µm) particle fraction, as well as a free-living fraction (3-0.2 µm) (Figure 6). 

For community analysis by 16S rRNA amplicon sequencing 1 L of seawater was first 

filtered through a 10 µm pore size filter (filter code of all 10 µm filters: TCTP), then the 

whole filtrate was applied to a 3 µm pore size filter (filter code of all 3 µm filters: TSTP), 

and finally 0.5 L of the 3 µm filtrate was filtered through a 0.2 µm filter. For CARD-

FISH, 200 mL of fixed seawater (2% formaldehyde, 2 h, RT) was applied to a 10 µm 

filter, then 200 mL of the 10 µm filtrate was filtrated through a 3 µm filter, and finally 50 

mL of the 3 µm filtrate was used for the 0.2 µm filtration.  

3.3.3 Separation by centrifugation 

Forced settlement of particles was performed with 0.5 L of seawater in 50 mL 

tubes in a Rotina 35R centrifuge (Hettich, Tuttlingen, Germany), applying 4890x g for 

10 min (Figure 6). Pellets in 1 mL bottom water were collected using a sterile glass pipette 

and combined as the particle fraction of the centrifugation approach. The remaining 49 

mL supernatant was collected and combined as the free-living fraction of the 

centrifugation approach. The particle fraction was resuspended in 5 mL of artificial 

seawater and filtered onto a 0.2 µm filter for later DNA extraction. For CARD-FISH 

experiments, 1 mL of sample was fixed (2% formaldehyde, 2 h, RT), diluted tenfold with 

artificial seawater and then filtered onto a 0.2 µm pore size filter. The free-living fraction 

was either filtered directly through a 0.2 µm filter for amplicon sequencing, or a 10 mL 

portion was fixed as aforementioned and then filtered onto a 0.2 µm filter for CARD-

FISH experiments.  
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3.3.4 Preliminary study testing sedimentation cones in 2017 

The potential of sedimentation cones to obtain particle-attached bacteria was 

tested in a preliminary study at the same sampling site (Helgoland Roads) in the Spring 

of 2017 (Julian days 88, 94, and 135). On each day, 1 L of seawater was sampled and 

directly filtered through a 3 µm and then a 0.2 µm pore size filter. Additionally, 1 L of 

seawater was applied to a sedimentation cone and settled particles were collected after 24 

h and filtered onto 3 µm pore size filters. DNA was extracted as described in Zhou et al. 

(1996). The 16S rRNA gene amplicon sequencing and analysis was performed as 

described below.  

3.3.5 Separation in sedimentation cones 2018 

Imhoff cones were applied in this study to fractionate seawater by natural 

gravitation separation (Figure 6). Based on the pre-study with a long settlement window 

but a potential bottle-effect in 2017 (section above), different sedimentation times (0.5, 

1, 3, 6, 16, and 24 h) were tested to find optimal conditions for the spring bloom samples 

in 2018. Large particles which settled within 1 h were rare, whereas particles visible to 

the naked eye had settled after 3 h. A 3h-sedimentation was chosen as standard throughout 

the experiments, as the preliminary study in 2017 revealed a potential bottle-effect on the 

community composition after 24 h of sedimentation (section above). In 2018, we also 

analyzed samples that were collected after 24 h of sedimentation to explore the effects of 

longer incubation and to compare the results to the pre-study. 

Particles that had settled from 1 L seawater were withdrawn in 1 to 5 mL volumes 

using a bottom stopcock (Figure 6). This bottom fraction was combined from several 

cones and 5 mL was filtered onto a 0.2 µm filter for DNA extraction. One mL was fixed 

(2% formaldehyde, 2 h, RT), diluted tenfold in artificial seawater and then filtered onto a 

0.2 µm filter for cell staining. For the free-living fraction, 0.5 L of the remaining water 

of one cone was filtered onto a 0.2 µm filter which was later used for DNA extraction. 

Ten mL were fixed as aforementioned and then filtered onto a 0.2 µm filter for cell 

staining. 
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A further separation of the bottom fraction from the Imhoff cones was performed 

by centrifugation. For this, the bottom fraction of one sedimentation cone was suspended 

in 50 mL artificial seawater and then centrifuged (4890x g for 10 min). The obtained 

pellet was expected to contain particle-attached bacteria and the supernatant was expected 

to contain free-living bacteria, including motile chemotactic bacteria. The particle 

fraction of this separation consisted of all particles in 5 mL bottom water and was either 

filtered directly onto a 0.2 µm filter for DNA extraction, or 1 mL was fixed (as 

aforementioned) and diluted tenfold in artificial seawater prior to filtration onto a 0.2 µm 

filter. The supernatant was directly filtered for DNA extraction (0.2 µm filter) and 10 mL 

were fixed as aforementioned and then filtered (0.2 µm filter) for cell staining. 

3.3.6 16S rRNA gene sequencing and analysis 

DNA of all 2018 samples was extracted from filters using the Power Water Kit 

according to the manufacturer´s protocol (Qiagen, Hilden, Germany). DNA 

concentrations and fragment lengths were analyzed in a capillary electrophoresis 

(Fragment Analyzer, Advanced Analytical, Santa Clara, USA) using the DNF-488 High 

Sensitivity Genomic DNA Analysis Kit (Advanced Analytical). One ng DNA served as 

template for a 25 µL PCR with 2.5 U Taq DNA polymerase (Merck, Darmstadt, 

Germany), 20 mM Tris pH 8.4, 50 mM KCl, 0.6 mM MgCl2, 90 µM bovine serum 

albumine, 0.0625 mM of each dNTP, 0.4 µM barcoded forward primer Bakt_341F        

(5’-TATACGCCTACGGGNGGCWGCAG-3’) and 0.4 µM reverse primer Bakt_805R 

(5’-GACTACHVGGGTATCTAATCC-3’). The primer pair targets the hypervariable V3 

and V4 regions of the bacterial 16S rRNA gene (Herlemann et al., 2011). The 

amplification program involved initial denaturation for 3 min at 94°C, 30 cycles of 

denaturation for 45 s at 94°C, annealing for 1 min at 50°C, elongation for 1.5 min at 72°C, 

and a final elongation of 10 min at 72°C. Amplicons were purified using AMPure XP 

beads (Beckman Coulter, Krefeld) and were quantified with the DNF-473 Standard 

Sensitivity NGS Fragment Analysis Kit (1 bp – 6,000 bp, Advanced Analytical) on the 

Fragment Analyzer. Equimolar amplicon pools were sequenced on an Illumina 
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HiSeq2500 in rapid mode with 2x 250 bp paired-end run performed by the Max Planck 

Genome Centre Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). 

19.8 million 16S rRNA reads were paired with BBmerge v37.82 applying default 

settings and allowing no mismatch in the overlapping region (Bushnell et al., 2017). A 

total of 12.9 million merged reads were then de-multiplexed and quality trimmed using 

MOTHUR (Schloss et al., 2009). The command “trim.seqs” was used with the setting of 

a minlength=300, maxambig=0, maxhomop=8, allfiles=T, and checkorient=T. The final 

high-quality merged sequences (8.9 million) were classified with the SILVAngs pipeline 

(Quast et al., 2013) using SILVA release version 132. We used a minimum alignment 

length of 150, a minimum quality score of 30 (minimum length of a sequence/ reads), and 

a similarity threshold of 0.98 for the creation of OTUs (operational taxonomic units). 

Each OTU was classified according to its most related genus. The relative read abundance 

of sequences affiliating to chloroplasts, mitochondria, Eukarya or Archaea were 

determined for each sample. After their proportional quantification, they were removed 

to focus the dissimilarity analysis on bacterial reads (Supplement Figure 2). Read 

abundance was normalized for each sample using the “decostand()” function 

(method=total) (Oksanen et al., 2020). A minimum of 26,231 and maximum of 312,329 

reads per sample were analyzed after processing. Raw reads of all samples were deposited 

at the European Nucleotide Archive (ENA) and are accessible through the accession 

number PRJEB41742.  

An enrichment factor was calculated by dividing the relative read abundance of 

an OTU in a fraction by the relative read abundance of the OTU in unfractionated 

seawater at the respective time point. For example, the relative read abundance of SAR11 

clade Ia varied in unfractionated seawater samples across all five time points (min-max: 

2.3% - 18.9%), but was always higher in the filter-fractionated free-living samples (min-

max: 21.7% - 39.3%) and lower in the large filter-fractionated particle fractions (min-

max: 0.37% - 1.6%). This led to an average enrichment factor of 4.15 for the filter-

fractionated free-living, and an enrichment factor of 0.10 for the large particle fraction, 

indicating enrichment (EF >1) and depletion (EF <1), respectively.  
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3.3.7 Cell quantification 

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

filters were processed following the protocol of Pernthaler et al. (2004) with four 

modifications. (i) The agarose (0.1% w/v, LE agarose, Biozym, Hessisch Oldendorf, 

Germany) embedding of the filters was done on parafilm instead of glass to avoid particle 

loss: A drop of agarose was applied to parafilm. The filter was carefully dipped into the 

drop from both sides, before placing it with the filtered side facing down on the parafilm. 

(ii) After the lysozyme treatment, filters were incubated with 60 U achromopeptidase 

(Sigma, Taufkirchen, Germany) in 10 mM NaCl, 10 mM TrisHCl pH 8.0 for 30 min at 

37°C to permeabilize the cell walls. Then filters were rinsed with MilliQ water. (iii) 

Endogenous peroxidases were inactivated with 0.15% hydrogen peroxide in methanol for 

20 min at RT. (iv) Finally, filters were embedded in a 4:1 ratio of Citifluor to Vectashield 

plus 4’,6-diamidino-2-phenylindole (DAPI; 0.5 ng liter-1) as described in Nikrad et al. 

(2012).  

Cells were manually counted with a Zeiss Axio Imager D2 microscope (Zeiss, 

Oberkochen, Germany) equipped with a Zeiss AxioCam MRm camera, utilizing the 

software Axio Vision (v 4.8.). Detection of cells was based on fluorescence signals of 

DAPI using the microscope filter DAPI HC (AHF, Tübingen, Germany) and of Alexa 

488 using the filter EGFP ET (AHF). The latter was used in CARD-FISH for the probes 

EUBI-III and Non-EUB (control) (Amann et al., 1990). Per sample a minimum of 2000 

cells or the total cell abundance in 100 grids (size of one grid: 15625 µm2) were counted. 

The local density of cells on the filters was analyzed to determine the spatial proximity 

to a particle and other cells. We differentiated seven types of cell distribution: (1) single 

cells with equal spreading across the grid, (2) cells in direct contact with a transparent 

exopolymeric particle (TEP), (3) an algae, or (4) diatom shells, (5) cell consortia with a 

larger local cell density compared to the surrounding background cell density, but without 

stained contact points, (6) cells in filaments of at least 3 cells, and (7) cells in aggregates 

with a central distinctive connection among them (Supplement Figure 3). The total cell 

count per mL seawater was calculated with the following equation:  

𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
=  

𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠

𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑔𝑟𝑖𝑑𝑠
∗

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑖𝑙𝑡𝑒𝑟 𝑎𝑟𝑒𝑎 (µ𝑚2)

𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑔𝑟𝑖𝑑 𝑎𝑟𝑒𝑎 (µ𝑚2)
∗

1

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
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Particles with cells were analyzed for their abundance and approximate size. 

Based on their appearance, they were categorized as transparent polymeric particles, 

algae or diatom debris.  

3.3.8 Statistical evaluation and graphical visualization  

Statistical analyses, data transformations and graphing were performed in R studio 

(R Core Team, 2014). Non-metric Multidimensional Scaling (NMDS) analysis based on 

Bray Curtis dissimilarity indices was performed with the “vegdist()” function (“vegan” 

package, Oksanen et al. (2020)). Stress was determined with the “metaMDS()” function 

and a Shepard diagram was created to determine the fit between observed dissimilarity 

against the ordination distance (non-metric and linear). Statistical evaluation of the 

communities between the methods was performed with a Permutational Multivariate 

Analysis of Variance (PERMANOVA) using distance matrices (method=bray, 

“vegdist()” function, “vegan” package, Oksanen et al. (2020)). This analysis was 

followed by a pairwise comparison of the method effect (“pairwise.perm.manova()” 

function, method=euclidian).  

Cell distributions between different particle types, the colonization of cells and 

varying particle types, as well as the calculated diversity indices of each sample group 

were treated as comparisons between parametric groups. Significant differences among 

the defined parameters were determined with an Analysis of Variance (“aov()” function), 

followed by a Tukey multiple pairwise comparison (“TukeyHSD()” function) t-test. 

Residuals versus fit plots were used to check for homogeneity of variances, which was 

additionally tested by a Levene test (“leveneTest()” function, “car” package, R Version 

3.5.3, Fox and Weisberg (2019)). A normality plot of residuals was used to test for the 

normal distribution of the data. This was additionally tested by a Shapiro-Wilk test 

(“shapiro.test()” function) after extraction of the residuals (“residuals()” function). If the 

data distribution did not meet the homogeneity of variance or violated a normality 

distribution, the one-way ANOVA was replaced by a non-parametric Kruskal-Wallis rank 

sum test. The rank sum test was followed by pairwise comparisons using Tukey and 

Kramer (Nemenyi) test with Tukey-Distance approximation for independent samples 
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(posthoc.kruskal.nemenyi.test (dist=”Tukey”) function, “PMCMR” package, R Version 

3.5.3, Pohlert (2014)).  

Further R packages were used for data visualization and data transformation: 

ComplexHeatmap (Gu et al., 2016), circlize (Gu et al., 2014), picante (Kembel et al., 

2010), rioja (Juggins, 2020), colorspace (Zeileis et al., 2009) and dplyr (Wickham et al., 

2018).  

 

3.4 Results  

The 2018 phytoplankton Spring bloom was dominated by diatoms of the genera 

Thalassiosira, Chaetoceros, Mediopyxis, and Rhizosolenia, and the haptophyte 

Phaeocystis. The phytoplankton bloom was accompanied by an increase of the total 

bacterial cell counts from 0.60 x106 cells mL-1 to up to 2.47 x106 cells mL-1 

(Supplementary Figure 1, Supplementary Table 1). Community dissimilarity analysis of 

unfractionated seawater samples showed a change with the onset of the algal bloom 

(Figure 7A). Dominant OTUs in the seawater were affiliated with Planktomarina, SAR11 

clades Ia and Ib, Ca. Actinomarina, flavobacterial Ulvibacter, Formosa, Aurantivirga, 

and marine clades NS3a, 4 and 5, and Persicirhabdus of the Verrucomicrobia (Figure 

7B).  
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Figure 7. Bacterial community diversity of unfractionated seawater and size-fractionated 

populations obtained during a phytoplankton spring bloom off Helgoland (North Sea) in 

2018. (A) Non-metric multidimensional scaling (NMDS) plot based on Bray–Curtis 

dissimilarity shows shifts in bacterial communities at five sampling time points (Julian 

Days 102, 109, 115, 128, and 142). The statistical evaluation is represented by an 

ANOVA, PERMANOVA, and a pairwise comparison visualized in a distance matrix (n 

for each group: 5). (B) Stacked bar charts of community composition. Operational 

taxonomic units (OTUs) shown were among the five most abundant OTUs in at least one 

sample. Time points are indicated as numbers inside the bars. F_0.2μm, filtered fraction 

ranging from 3 to 0.2 μm; F_3μm, filtered fraction ranging from 10 to 3 μm; F_10μm, 

filtered fraction >10 μm. 
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3.4.1 Sequential filtration as standard for size-selective separation of microbial 

communities 

Microscopy of the 10, 3, and 0.2 µm pore size filters confirmed the effectivity of 

filtration. Particles including diatoms and Phaeocystis cells were collected on the 10 and 

3 µm filters, whereas the 3-0.2 µm fraction contained almost exclusively single bacterial 

cells (98.3% to 100%) (Table 1). Only 44 to 71% of the cells present in unfractionated 

seawater were recovered on 0.2 µm filters after sequential filtration, with less than 1% of 

all cells detected on the 10 µm and 3 µm filters (Table 1). The cell loss coincided with 

shifts in OTU relative read abundances. To quantify the abundance shifts, we derived 

enrichment factors that were calculated as ratio of the relative read abundance in a fraction 

community divided by the relative read abundance in the unfractionated seawater 

community (Figure 8). We also calculated the mean enrichment factor for the OTUs with, 

on average, the highest relative read abundance in seawater (Figure 9). The 3-0.2 µm 

fractions were enriched in reads affiliated with SAR11 and depleted in several 

flavobacterial clades, notably Aurantivirga and Formosa (Figure 8). The fact that the 

latter were also depleted in the particle fractions (> 10 µm and 10-3 µm) suggested some 

cell loss of Flavobacteriales. The unfractionated seawater communities and derived free-

living communities resembled each other closely, which was supported by pairwise 

statistical comparisons (Figure 7A, Supplementary Table 2), albeit with a lower diversity 

(Shannon-Wiener index) after filtration because of a lower evenness in relation to 

seawater communities (ANOVA, P<0.001, Supplementary Figure 4).  

Particle filters (> 10 µm and 10-3 µm) were dominated by particle-attached 

bacteria. On average, less than 40% were single cells (Table 1). These cells were smaller 

than 3 µm based on DAPI staining. Most cells were in direct contact with transparent 

polymeric particles, algae, or diatom shells (Supplementary Figure 3). A small portion of 

cells appeared clustered together in cell consortia larger than 3 µm (Supplementary Table 

3). Bacterial cell density on particles was highly variable. In general, transparent 

polymeric particles were slightly more populated (0.02 ± 0.02 cells (µm2 particle)-1) than 

algae (0.01 ± 0.01 cells (µm2 particle)-1) and diatom shells (0.01 ± 0.01 cells (µm2 

particle)-1) (Supplementary Figure 5).  
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Figure 8. Heatmap of enrichment factors: experimental separation of cells resulted in five 

operational taxonomic unit (OTU) patterns that were characterized by (I) an overall 

depletion of free-living genera, (II) enriched free-living genera, (III) particle-attached 

genera that were not enriched in the bottom fraction, (IV) particle-attached genera present 

in the bottom fraction as free-living and as particle-attached cells, and (V) particle-

attached genera enriched in the bottom fraction. C_FL, supernatant fraction of a 

separation by centrifugation (with free-living cells); C_PA, particle fraction of a 

separation by centrifugation; F_0.2μm, filtered fraction ranging from 3 to 0.2 μm; F_3μm, 

filtered fraction ranging from 10 to 3 μm; F_10μm, retentate fraction > 10 μm; F_20μm, 

plankton net catch > 20 μm; F_80μm, plankton net fraction >80 μm; SC_TF, 

sedimentation cone top fraction; SC_BF, sedimentation cone bottom fraction; 

SC_BF_FL, free-living cells in sedimentation cone bottom fraction; SC_BF_PA, particle-

attached cells in sedimentation cone bottom fraction. Numbers at the end of the sample 

names indicate sampling time points (Julian Days 102, 109, 115, 128, and 142). Dark 

blue, enrichment factor ≥6; light green, enrichment factor 2–6; white, enrichment factor 

1 (=no enrichment or depletion); brown, enrichment factor <1 (=depletion); black, OTU 

relative read abundance was in seawater below the detection limit, and thus, no 

enrichment factor could be calculated. 
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Table 1. Total cell counts (TCC) of seawater fractions, collected during a phytoplankton 

Spring bloom off Helgoland (North Sea) in 2018 (Julian Days 102, 109, 115, 128, and 

142).  
 Fraction TCC (x 103 cells ml-1) 

          Mean SD FLa PAb 

T
P

1
 

C_FL 382.6 58.0 382.4 0.2 

C_PA 13.1 2.3 12.9 0.2 

F_0.2µm 438.3 21.9 431.0 7.4 

F_3µm 1.6 0.7 0.7 0.9 

F_10µm 1.1 0.6 0.4 0.7 

SC_TF 562.2 78.7 551.8 10.4 

SC_BF 1.5 0.2 1.5 0.0 

SC_BF_FL 1.5 0.5 1.4 0.1 

SC_BF_PA 0.3 0.0 0.3 0.0 

T
P

2
 

C_FL 597.8 102.4 595.5 2.3 

C_PA 11.1 6.2 10.5 0.6 

F_0.2µm 469.0 52.4 464.1 4.9 

F_3µm 1.5 1.1 0.5 1.0 

F_10µm 1.4 2.0 0.1 1.3 

SC_TF 661.2 120.5 656.6 4.6 

SC_BF 1.1 0.8 1.0 0.1 

T
P

3
 

C_FL 807.7 113.0 800.4 7.3 

C_PA 20.9 5.4 20.5 0.4 

F_0.2µm 738.4 61.6 738.4 0.0 

F_3µm 1.4 0.9 0.5 0.9 

F_10µm 1.6 2.2 0.2 1.5 

SC_TF 777.5 93.8 748.8 28.8 

SC_BF 0.4 0.2 0.4 0.0 

SC_BF_FL 0.3 0.2 0.3 0.0 

SC_BF_PA 0.1 0.1 0.0 0.1 

T
P

4
 

F_0.2µm 922.4 94.4 916.2 6.3 

F_3µm 1.4 0.3 0.9 0.4 

F_10µm 1.6 2.0 0.8 0.9 

SC_TF 1011.1 152.5 997.2 13.9 

SC_BF 1.3 0.4 1.2 0.0 

T
P

5
 

F_0.2µm 1677.9 191.6 1655.8 22.1 

F_3µm 4.5 1.2 2.8 1.6 

F_10µm 5.8 6.1 2.4 3.4 

SC_TF 1766.7 202.8 1766.7 0.0 

SC_BF 3.5 0.7 2.2 1.3 
a Free-living cells (FL) and b particle-attached cells (PA) were quantified by microscopy. 

C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= 

pellet) fraction, F_0.2µm: filtered free-living fraction 3-0.2 µm, F_3µm: filtered particle 

fraction10-3 µm, F_10µm: filtered particle fraction > 10 µm, SC_BF: sedimentation cone 

bottom fraction after 3 h of sedimentation, resuspended and separated by centrifugation 

into free-living (SC_BF_FL) and particle-attached (SC_BF_PA) fractions, SC_TF: 

sedimentation cone free-living top fraction after 3 h of sedimentation, SD: standard 

deviation, TP: sampling time points. 
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The > 10 µm and 10-3 µm fractions were significantly different from each other 

and from unfractionated seawater and the 3-0.2 µm fractions (ANOSIM and 

PERMANOVA, P<0.001; Figure 7A, Supplementary Table 2). The diversity of the 

filtration-separated particle communities was higher than in unfractionated seawater and 

free-living communities because of greater OTU evenness (ANOVA, P<0.001) 

(Supplementary Figure 4).  

Only one of the dominant OTUs in seawater (Figure 7B, Supplementary Table 4) 

had a higher relative read abundance in the filtered particle fractions: Persicirhabdus 

(Verrucomicrobia). The other dominant seawater OTUs were depleted.  

OTUs with a high relative read abundance in seawater are, for arithmetical 

reasons, unlikely to have high enrichment factors. For OTUs with a relative read 

abundance of at least 0.1% in seawater, only few OTUs had enrichment factors > 6 in the 

particle fractions. These were expected to spend most of their lifetime on particles. 

Examples of these OTUs in both particle fractions were in decreasing order of the read 

abundance: clade BD1-7, Sulfitobacter, Algibacter, Rhodococcus, Colwellia, 

Psychromonas, Winogradskyella and Maribacter (Figure 8 and 9A). A size-selectivity 

was noticed for several OTUs: uncultured Nitrincolaceae, Kiloniella and 

Phycisphaeraceae were present at higher relative read abundances in the small particle 

communities (10-3 µm), whereas the large particle communities (> 10 µm) included 

higher relative abundances of Sneathiella, Loktanella, and Maribacter. Taxa with a lower 

relative read abundance in seawater (< 0.1%) and with high enrichment (enrichment 

factors of > 25) in both particle communities, were Tropicibacter, Lentisphaera, 

Roseobacter, and uncultured Actinomarinales. Highly enriched on particle filters, but less 

rare in seawater were uncultured Cyclobacterium, clade KI89A, Paraglaciecola and 

Phycisphaeraceae.  

We extended the size-selective separation by community analysis to 20 µm and 

80 µm pore-sized plankton net catches that were concentrated on 3 µm filters. These 

fractions were similar to the corresponding > 10 µm communities (Figure 7). 

Interestingly, Gramella was 125 times more enriched in plankton net samples than in 

unfractionated seawater and > 10 µm samples (Figure 8, Supplementary Table 4). Also 

highly enriched were Aliikangiella, Costertonia, Gillisia, and Flavimarina.  
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Figure 9. Two-sided bar charts of operational taxonomic units (OTUs) with, on average, 

the highest relative read abundance in seawater and sorted by their mean enrichment 

factor across time points in (A) the filtration-derived particle fraction (F_10μm and 

F_3μm), (B) centrifugation-derived particle fraction (C_PA), and (C) sedimentation cone 

derived bottom fraction (SC_BF) (gray and dark gray). Samples were obtained during a 

phytoplankton spring bloom off Helgoland (North Sea) in 2018. White, free-living 

(C_FL/F_0.2μm) and top fraction (SC_TF). 
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3.4.2 Centrifugation as forced gravitational separation of microbial communities 

Centrifugation of seawater at 4890x g for 10 min resulted in visible pellets. 

Although the relative read abundance of 16S rRNA genes originating from chloroplasts 

increased in two out of three samples by 50% (Supplementary Figure 2), the bacterial 

communities of supernatant and pellet showed no significant differences (pairwise 

comparison, P>0.05, Figure 10A, Supplementary Table 5). Diversity, species richness, 

and evenness were not significantly different between the fractions (Supplementary 

Figure 4). Cell counts were highest in the centrifugation-derived particle fractions, 

compared to the particle fractions of the other methods. Dominant OTUs had similar 

relative read abundances in seawater and in the pellet and supernatant communities 

(Figure 10B). Among the OTUs enriched in pellet fractions were Profundimonas and 

Colwellia, which had the highest read abundance of 1.9% at time point 3 (onset of the 

diatom bloom). OTUs with a relative read abundance ≥ 0.1% and an enrichment factor of 

above 18 for the pellet fraction were Ca. Megaira and Martelella (both 

Alphaproteobacteria), Aliikangiella, Oleispira, Profundimonas and Pseudoalteromonas 

(all Gammaproteobacteria), Flavobacterium, flavobacterial clade NS10 and 

Lentisphaera (Figure 8 and Figure 9B). 
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Figure 10. Bacterial community diversity of unfractionated seawater, density-, and size-

fractionated populations obtained during a phytoplankton spring bloom off Helgoland 

(North Sea) in 2018. (A) Non-metric multidimensional scaling (NMDS) plot based on 

Bray–Curtis dissimilarity shows shifts in bacterial communities at three sampling time 

points (Julian Days 102, 109, and 115). The statistical evaluation is represented by an 

ANOVA, PERMANOVA, and a pairwise comparison visualized in a distance matrix (n 

for each group: 3). (B) Stacked bar charts of community composition. Operational 

taxonomic units (OTUs) shown were among the five most abundant OTUs in at least one 

sample. C_FL, supernatant fraction of a separation by centrifugation (with free-living 

cells); C_PA, particle fraction of a separation by centrifugation. 

3.4.3 Community shifts by prolonged settlement times 

Enrichment of particles in sedimentation cones was first explored at Helgoland 

Roads in Spring 2017 using a particle settlement time of 24 h. Particle communities were 

collected onto 3 µm pore size filters and were compared with seawater communities 

directly sampled as > 3 µm and 3-0.2 µm fractions by sequential filtration. Statistical 

analyses revealed significant differences between the communities, with the largest 
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distances between the 24h-particle samples and both types of 0h-samples (ANOVA and 

PERMANOVA, P< 0.001, Supplementary Table 6 and 7, Supplementary Figure 6). 

Dominant free-living microorganisms (3-0.2 µm fraction) affiliated to SAR11 clades, 

SAR86, SAR116, OM43, Planktomarina, Ca. Actinomarina, flavobacterial marine 

groups NS4 and NS5 and uncultured Cryomorphaceae, a typical free-living community 

for a pre-algal bloom in March at Helgoland Roads (Chafee et al., 2018) (Supplementary 

Table 8). At the earlier sampling days (time points 1 and 2, 2017), few particles were 

collected. The seawater > 3 µm population showed increased relative read abundances of 

Fluviicola and the gammaproteobacterial genera Colwellia, Halomonas, 

Pseudoalteromonas, Psychrobacter, Shewanella, Vibiro and Woeseia. Most of these 

gammaproteobacterial OTUs dominated the sedimentation cone bottom fraction (> 3 

µm), together with increased numbers of Alphaproteobacteria (Erythrobacter, 

Loktanella, Sulfitobacter, Roseovarius) and the Flavobacteriaceae Gramella and Olleya. 

Many of these taxa are known to be part of the phycosphere, but are also part of the 

“bottle-effect”, a shift in community composition upon sampling into bottles (Pernthaler 

and Amann, 2005).  

In 2018 bacterial communities after 3 and 24 h of separation in cones were 

analyzed to quantify the influence of microbial growth. Bottom fraction communities of 

the two sedimentation times resembled each other closer than other communities (Figure 

11). Growth of gammaproteobacterial Pseudoalteromonas, Colwellia, and Psychrobacter 

was detected as larger relative read abundance or enrichment factor in the 24 h 

sedimentation cone bottom fractions, complemented by lower relative read abundances 

and enrichment factors of Olleya, Polaribacter 1, Pseudofulvibacter, Flavirhabdus, 

uncultured Nitrincolaceae, Dokdonia, Sulfitobacter, Roseobacter, Nonlabens, and 

Cellulophaga. Such a strong growth-dependent signal was not observed in the 

supernatant fractions of the cones (Supplementary Tables 4 and 8).  
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Figure 11. Community composition shifts by variable settlement times (3 and 24 h). 

Cluster tree based on Bray–Curtis dissimilarity depicting bacterial communities obtained 

during a phytoplankton spring bloom off Helgoland (North Sea) in 2018. Seawater was 

fractionated applying sequential filtration with 10-, 3-, and 0.2-μm pore-sized filters 

(F_10μm, F_3μm, and F_0.2μm, respectively), using centrifugation to obtain a 

supernatant (C_FL) and pellet fraction (C_PA) or by sedimentation in cones (SC). The 

SC samples were composed of a free-living fraction (SC_TF), and a bottom fraction that 

was resuspended in artificial seawater and secondarily split by centrifugation into a 

supernatant (SC_BF_FL) and pellet (SC_BF_PA). Sedimentation times were either 3 or 

24 h. All other samples were immediately processed (t = 0 h). A reference sample was 

taken by filtering seawater directly onto a 0.2-μm filter (seawater). 
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3.4.4 Separation in Imhoff sedimentation cones 

In Spring 2018, six settlement times (0.5, 1, 3, 6, 16, and 24 h) covering sinking 

speeds ranging from 0.3 m d-1 (24 h settlement time) up to 14.4 m d-1 (0.5 h settlement 

time) were tested. The amount of particles settled at the bottom of the cones did not 

visibly increase beyond 3 h. This time corresponds to the collection of all particles with 

a sinking speed larger than 2.4 m d-1 and provides sufficient time for chemosensory-

directed swimming of motile bacteria to follow the particles to the bottom of the cone 

(reviewed in Stocker and Seymour (2012)).  

Microscopy revealed that algae and diatom shells had settled. The supernatant still 

contained particles composed of extracellular polymeric substances, but was dominated 

by single cells (96%-100%). Single cells were also abundant in the bottom fraction      

(63.3 % -99%, Table 1). Bacterial communities of unfractionated seawater and of the top 

fraction in cones were not significantly different in OTU diversity and relative read 

abundance (pairwise comparison, P>0.05, Figure 12, Supplementary Table 9, 

Supplementary Figure 4). Only 403 to 487 OTUs were detected in the bottom fractions, 

which was half of the OTU numbers detected in unfractionated seawater and the 

supernatant (742 to 1079) (Supplementary Figure 4). The reduced richness was balanced 

by a larger evenness resulting in no change in the overall diversity (Supplementary Figure 

4). 

The settled fractions at time points 4 and 5 were rich in SAR11 clade Ia as most 

abundant and slightly enriched OTU compared to seawater. High enrichment factors were 

observed for Psychrobacter, Erythrobacter, Rheinheimera, Halomonas, Pseudomonas, 

Oleispira and Methylobacterium, all with ≥ 0.1% relative read abundance in seawater 

(Figure 8 and Figure 9C). Among the less frequent OTUs (relative read abundances            

< 0.1%) with enrichment factors > 10 were reads affiliating with the genera Roseobacter, 

Francisella, Acinetobacter and Pirellula. 
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Figure 12. Bacterial community diversity of unfractionated seawater and gravitationally 

fractionated populations obtained during a phytoplankton spring bloom off Helgoland 

(North Sea) in 2018. (A) Non-metric multidimensional scaling (NMDS) plot based on 

Bray–Curtis dissimilarity shows shifts in bacterial communities at five sampling time 

points (Julian Days 102, 109, 115, 128, and 142). The statistical evaluation is represented 

by an ANOVA, PERMANOVA, and a pairwise comparison visualized in a distance 

matrix (n for each group: 5). (B) Stacked bar charts of community composition. 

Operational taxonomic units (OTUs) shown were among the five most abundant OTUs 

in at least one sample. Time points are indicated as numbers inside the bars. SC_TF, 

sedimentation cone top fraction; SC_BF, sedimentation cone bottom fraction; 

SC_BF_FL, free-living population of sedimentation cone bottom fraction; SC_BF_PA, 

particle-attached population of sedimentation cone bottom fraction. 

 

3.4.5 Second separation of the settled fractions by centrifugation  

At two time points, the sedimentation cone bottom fractions (after 3h of 

settlement) were resuspended in artificial seawater and separated for a second time by 

centrifugation. Most cells were recovered in the resulting supernatants. Overall, the 

number of particle-attached cells increased with the start of the phytoplankton bloom 

(time point 1 versus 3) (Table 1, Supplementary Table 3). OTU communities obtained by 

the secondary separation were different from each other and to all other communities 

(Figure 12A). Three groups of taxa were identified and categorized as present in both 

fractions or enriched in either the supernatant or the pellet. OTUs with an enrichment 
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factor and ≥ 0.1% relative read abundance in the supernatant included SAR11 clades Ia, 

Ib, I uncultured, II and III, SAR116, SUP05 group, Oleibacter, uncultured Nitincolaceae, 

Lentimonas, flavobacterial marine groups NS7 and NS9, and Puniceicoccaceae marine 

group (Figure 8). OTUs specifically enriched in the pellet samples and with relative read 

abundances of ≥ 0.5% were Lutimonas, Fusobacterium, Ca. Megaira and 

Pseudophaeobacter (Figure 8). Taxa enriched in the pellet and supernatant were in a 

decreasing order of relative read abundance Pseudoalteromonas, Olleya, Nonlabens, 

Erythrobacter, Sulfitobacter, Psychrobacter, Flavobacterium, Sphingorhabdus, 

Shewanella, Vibrio, Cellulophaga, Pseudomonas, Loktanella, Rheinheimera and 

Lacinutrix (Figure 8).  

 

3.5 Discussion  

Sequential filtration is easily performed, in wide-spread use, and separates 

particle-attached, large and aggregated bacteria well from small, single-celled free-living 

microorganisms (Bidle and Fletcher, 1995; Crump et al., 1999; Ayo et al., 2001; Crespo 

et al., 2013; Bižić-Ionescu et al., 2015). For the enrichment of particle-associated and 

phycosphere bacteria alternative separation techniques are necessary. In this study, we 

introduced Imhoff sedimentation cones which enable a fractionation that targets 

chemotactic, free-living, motile bacteria and particle-attached microbiomes in one 

fraction. The taxon abundance distribution in separation experiments by filtration, 

centrifugation and sedimentation cones resulted in five technically defined OTU groups: 

a mechanosensitive group, a more mechanically robust group of free-living bacteria and 

three particle group fractions (Figure 8). 

Our OTU analysis showed microbial communities in the fractions similar to those 

observed in earlier sequential filtration experiments at Helgoland (Bižić-Ionescu et al., 

2015) and other coastal seas (Mestre et al., 2017; Mestre et al., 2020). Filtration removed 

particles efficiently from the seawater, together with large, filamentous and rosette-

forming free-living bacteria, related to the genera Tenacibaculum (Avendaño-Herrera et 

al., 2006) and Polaribacter (Nedashkovskaya et al., 2013), as well as the phylum 

Planctomycetes (Ward, 2010). Also, the collection, albeit in small amounts, of small free-
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living non-motile bacteria, like Ulvibacter [now Ca. Prosiliicoccus vernus, (Francis et al., 

2019)] or Aurantivirga (Song et al., 2015), on particle filters has been reported before 

(Bižić-Ionescu et al., 2015).  

We observed that the cell recovery in the 3-0.2 µm filter fraction was the lowest 

of all free-living fractions among the separation techniques (Table 1). Mechanical stress 

during sequential filtration (Ferguson et al., 1984) is likely causing the significant cell 

loss of a group of free-living bacteria referred to as OTU group I (Figure 8). In contrast, 

OTUs of this group were recovered from the supernatant of sedimentation cones (top 

fraction). The degree of depletion based on mechanical stress varied among different 

OTUs. For example, flavobacterial marine group NS4 and the gammaproteobacterial 

RS62 and OM43 maintained their relative read abundance whereas bacteria affiliated 

with Aurantivirga, Formosa, flavobacterial marine clade NS5, and Hellea seemed to be 

more fragile. Mechanic sensitivity in marine cells has been previously shown in Formosa-

related strains, which have large appendages formed by biopearling on the cell surface 

(Fischer et al., 2019). Furthermore, atomic force microscopy suggested that 

approximately 30% of all seawater bacteria might be connected by cell surface extensions 

(Malfatti and Azam, 2009). In any case, loss of mechano-sensitive cells needs to be 

considered as a bias intrinsic to sequential filtration, best by comparative cell counting of 

fractions.  

The mathematical consequence of a loss of a group of cells is the enrichment of a 

second, more mechano-stabile group. This OTU group II was enriched in the 3-0.2 µm 

fraction, but also in the 10-3 µm fraction and the supernatant that was obtained by 

centrifugal separation of the sedimentation cone bottom fraction (Figure 8). The latter 

enrichment was surprising, since many cultured representatives of these taxa are 

considered non-motile species including for example SAR116, SAR92, and the SAR11 

clades (Connon and Giovannoni, 2002; Rappé et al., 2002; Oh et al., 2010). SAR11 clades 

are the most abundant bacteria in the ocean. They are generally considered to be free-

living, but they have been detected previously in particle fractions of sequential 

filtrations, especially in the cold season (Mestre et al., 2020). Their cells have less 

hydrophobic cell surfaces properties than other planktonic cells, a property that was 

linked to grazing avoidance (Dadon-Pilosof et al., 2017). It is possible that these surface 
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properties facilitated attachment to algal particles while these sink and collide with the 

bacterial cells. In our experiments, cells of this group became free-living after 

resuspension of sedimentation cone bottom fractions, suggesting a loose nature of their 

particle association. Still, the adsorption to particles could provide cells like SAR11 with 

transient access to elevated nutrient concentrations, and may contribute to the ecological 

success of this clade and other non-motile free-living planktonic bacteria.  

The large size fractions, recovered by sequential filtration, could be further 

categorized according to three different distribution patterns in the cone experiments: 

absence in the bottom fraction of sedimentation cones (OTU group III), presence in both 

free-living and particle-attached sub-fractions of the cones’ bottom fractions (OTU group 

IV), and presence only in the particle-attached sub-fraction of the bottom fraction (OTU 

group V). 

Absence in the Imhoff cone bottom fraction (OTU group III) was to be expected 

for neutral buoyant large bacteria and aggregate-forming bacteria, but also for bacteria 

attached to non-rapidly sinking particles. For all of these bacteria the sinking rates were 

too slow to be collected at the bottom of the Imhoff cone. This OTU group III 

encompassed the verrucomicrobial genus Persicirhabdus, but also Algibacter, Lewinella, 

Polaribacter, Leucothrix, Psychromonas, Sneathiella, Tenacibaculum and several 

Planctomycetes (Figure 8). Many of these taxa are large or filamentous cells or do form 

cell aggregates. Smaller cells in OTU group III (e.g. some other Polaribacter strains 

(reviewed in Nedashkovskaya et al. (2013)) may be attached to non- or slowly sinking 

particles, for example those consisting of transparent extracellular polymeric substances 

(Passow, 2002).  

Large size fraction bacteria of group IV were enriched both in the supernatant and 

in the pellet sub-fraction of the Imhoff sedimentation cone bottom fractions, i.e. 

Cellulophaga, Dokdonia, Sulfitobacter, Rheinheimera and Shewanella. Thus, OTU group 

IV comprised many free-living chemosensory motile taxa, predominantly 

alphaproteobacterial Rhodobacteraceae and Gammaproteobacteria (Seymour et al., 

2017). Chemosensory motile bacteria have developed a range of fine-tuned strategies to 

deal with the limited life span of a particle. They often stay on or close to a particle only 

during nutrient-rich conditions, before they swim to the next particle (Pedrós-Alió and 
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Brock, 1983; Ghiglione et al., 2007; Grossart, 2010; Yawata et al., 2014). Their 

simultaneous presence as free-living and as attached cell is the consequence of this highly 

dynamic response to substrate availability (Seymour et al., 2017). Microdiversity within 

these genera may also contribute to the presence in both fractions, however, a resolution 

of this is below the detectability by 16S rRNA amplicon sequencing. It is also possible 

that several taxa clustered as one OTU based on the chosen cluster threshold of 98%.  

Flavobacteriia and Alphaproteobacteria have been identified as particle-

preferring bacteria, as they are often enriched in particle-attached fractions, in contrast to 

Gammaproteobacteria (Crump et al., 1999; Bižić-Ionescu et al., 2015). We found a 

specialization within these classes, even within families. The Flavobacteriaceae 

Algibacter, Algitalea, Flavimarina and several Polaribacter were enriched in particle 

fractions of filtrations (group III), but not in the sedimentation cone bottom fraction, 

unlike flavobacterial OTUs affiliating to Lutimonas and Winogradskyella (group V). This 

specialization was also observed in families within alphaproteobacterial 

Rhodobacteraceae, where the pattern showed a range from free-living Planktomarina 

and Planktotalea over particle-associated taxa like Loktanella, Roseobacter and 

Sulfitobacter to particle-attached cells like Paracoccus, Pseudophaeobacter and 

Roseovarius (Figure 8). These observations highlight the individual lifestyles and niche 

occupations, which have already been shown within clades, e.g. SAR11 (Dadon-Pilosof 

et al., 2017; Mestre et al., 2020), genera, e.g. Vibrio (Thompson et al., 2005; Hunt et al., 

2008), and even species, e.g. Gordona hydrophobica (Moormann et al., 1997).  

Both sequential filtration and particle collection in sedimentation cones have 

advantages and disadvantages. The mechanical stress in sequential filtration can lead to 

a quantifiable cell loss, and unspecific binding of cells to particles and filters can give 

misleading results. These problems can be avoided by using gravitational settlement of 

particles.  

Sedimentation cones fill an intermediate gap between filtration of a sample and 

oceanic instruments for particle collection, the sediment traps (McDonnell et al., 2015). 

The latter collect settable particles of larger volumes over longer timescales than cones 

and usually stop biological processes such as heterotrophic particle mineralization or 

grazing by adding toxins (Davis, 1967; Knauer et al., 1984). Nowadays, non-lethal traps 
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are applied using a brine solution (Fontanez et al., 2015). Addition of a particle separator 

has given access to in situ measurements of bacterial heterotrophy (Boyd et al., 2015). 

The autonomous separation of water samples with sediment cones on an oceanic 

instrument, i.e., the design of a multiconer similar to CTD rosettes or multicorer, may in 

the future provide particles and their associated bacteria for determination of in situ 

activities, which is desired for a better understanding of the oceanic carbon flux. 

Sedimentation cones require a particle or cell density higher than seawater for 

enrichment by natural gravitation. Large cells and particles with a density equal to 

seawater will not be collected; i.e., particles made of extracellular polymeric substances 

and colloidal particles, which both have a low sinking rate. Freshly formed particles, 

particles of spherical shape and sizes of 80 to 400 μm, and fecal pellets have sinking rates 

of >3, 9, and >5 m day-1, respectively, and can be collected in short times. However, 

individual diatom species have sinking rates of 0.05–10 m day-1 and may in some cases 

not be collectable (Bach et al., 2012; Turner, 2015). Hence, the usage of sedimentation 

cones in marine particle research requires initially optimization experiments to collect the 

desired particles and microscopic particle characterization. Short sedimentation times are 

preferred to minimize selective microbial growth and mortality by grazing or viral lysis 

leading to a community shift known as bottle effect. The non-lethal particle collection in 

addition to low settlement times in sedimentation cones allows for subsequent cultivation 

of the particle-associated microbiome, which remains understudied compared with the 

cultivation of microorganisms using seawater as source (e.g., Alejandre-Colomo et al., 

2020). 

 

In summary, gravitational sedimentation in Imhoff cones allowed chemotactic 

free-living bacteria, like Shewanella and Pseudoalteromonas, to follow the particles and 

to end up in the same fraction as bacteria attached to rapidly sinking particles. A further 

separation of these communities could be partially obtained by subsequent centrifugation 

of the resuspended bottom fractions. We conclude that the characterization of particle-

associated bacteria may best be performed by multiple separation techniques, at least a 

combination of sequential filtration and sedimentation cones. With an appropriate 

consideration of the advantages and disadvantages of each technology, further studies 
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might obtain novel insights into the ecology of planktonic microorganisms. Hypotheses, 

thereby generated on spatial niches of bacterial species on different classes of particles, 

may subsequently be tested by microscopic studies. 
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3.7 Supplementary material  

3.7.1 Supplementary Figures  

 
Supplementary Figure 1. Development of a phytoplankton Spring bloom (Chlorophyll 

a content, grey line) and the associated bacterioplankton bloom (total cell count, black 

asterisks) off Helgoland, North Sea (54°11’03”N, 7°54’00”E) in 2018. Triangles indicate 

five sampling time points (Julian Days 102, 109, 115, 128, and 142).  
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Supplementary Figure 2. Bar chart depicting the relative read abundances of Archaea 

(yellow), Eukaryotes (blue), chloroplasts (green), mitochondria (red), Bacteria (light 

grey) and operational taxonomic units (OTUs) with no close relatives (dark grey) in the 

Silva database (v. 132) in amplicon communities across different bacterioplankton 

separation techniques (x-axis) and sampling time points (number behind method, Julian 

Days 102, 109, 115, 128, and 142). 20µm: 20µm plankton net fraction, 80µm: 80 µm 

plankton net fraction, C: centrifugation, F_0.2µm: 3-0.2 µm filter fraction, F_3µm: 10-3 

µm filter fraction, F_10µm: > 10 µm filter fraction, FL: free-living bacterial fraction, 

SC_TF: sedimentation cone top fraction, SC_BF: sedimentation cone bottom fraction. 

SC_BF_FL/PA: sedimentation cone bottom fraction separated by centrifugation into a 

supernatant (FL) and pellet (PA), PA: particle fraction. 
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Supplementary Figure 3. Distributions of stained cells (blue: DAPI, green: EUBI-III 

probe and Alexa 488) in respect to particulate substrate (A-C) or other cells (D-F). 

Samples were taken during a phytoplankton Spring bloom in 2018 off Helgoland (North 

Sea). (A) Cells (white arrows) in direct contact with a transparent exopolymeric particle, 

(B) an algae, or (C) a diatom shell; (D) Cell consortia with bacteria clustered in closer 

proximity to each other compared to the surrounding cell density, but without consistent 

contact points; (E) Filamentous cells; (F) Cells aggregated with a central distinctive 

connection point. Scale bars 5 µm.  
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Supplementary Figure 4. Bar chart depicting diversity indices, species richness, and 

evenness of seawater and fractionated seawater samples taken during a phytoplankton 

Spring bloom off Helgoland (North Sea) in 2018. Seawater was either fractionated by 

size using sequential filtration with 10, 3, and 0.2 µm pore-sized filters (F_10µm/ 3µm/ 

0.2µm) or plankton net catches with 20 or 80 µm pore size (PN_20/80); or they were split 

gravitationally by centrifugation (C_FL/ PA), with sedimentation cones (SC_TF/BF) or 

a combination of natural sedimentation in cones, followed by secondary differentiation 

by centrifugation (SC_BF_FL/PA). Numbers in the bars indicate the sampling times 

(Julian Days 102, 109, 115, 128, and 142). Brackets depict results of ANOVA and 

pairwise comparisons: *** P < 0.0001, ** P < 0.001, *P < 0.05, ns: no significant 

difference. White unfractionated seawater, blue free-living fraction, green particle 

fraction. 
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Supplementary Figure 5. Scatterplot displaying the relationship between cell number 

and particle size of particle-attached bacteria sampled during a phytoplankton Spring 

bloom off Helgoland (North Sea) in 2018. Bacteria attached to transparent exopolymeric 

particles (A), algae (B), or diatom debris (C). The black line and R2 value indicate the 

linear fit and its quality, respectively. Pearson best possible fit, P value significance, n 

number of samples. 
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Supplementary Figure 6. Non-metric multidimensional scaling (NMDS) plot showing 

Bray Curtis dissimilarity of bacterial communities sampled during a phytoplankton 

Spring bloom off Helgoland (North Sea) in 2017. One liter of seawater was either 

separated by sequential filtration through a 3 µm (F_>3µm, purple) followed by a 0.2 µm 

pore sized filter (F_0.2µm, blue) directly after sampling, or it was transferred into a 

sedimentation cone, where it remained for 24 h until 5 mL of the bottom fraction were 

collected through a stopcock and filtered through a 3 µm pore sized filter (SC_BF_3µm, 

green). Symbols indicate the two sampling times (TP) Julian day 88 (circle) and 94 

(diamond). Distance matrix (bottom of the plot) depicts the significance values (P value) 

based on a pairwise permutation MANOVA.  

 



 

 

3.7.2 Supplementary Tables 

Supplementary Table 1. Total cell counts of seawater and fractionated free-living and top fractions (FL and TF) during a 

phytoplankton spring bloom off Helgoland (North Sea) in 2018 

Time point/ 

Julian day 

Chl a 

(µg L-1) 

Seawater 

(x 105 cells ml-1) 

F_0.2µm 

(x 105 cells ml-1) 

C_FL 

(x 105 cells ml-1) 

SC_TF 

(x 105 cells ml-1) 

1/ 102 1.2 6.04 ± 0.75 4.38 ± 0.48 3.83 ± 0.83 5.62 ± 0.11 

2/ 109 2.0 7.57 ± 0.96 3.39 ± 0.95 5.89 ± 0.13 6.59 ± 0.28 

3/ 115 6.1 11.00 ± 0.90 7.38 ± 0.22 8.08 ± 0.16 7.78 ± 0.14 

4/ 128 2.4 14.41 ± 2.05 7.07 ± 0.34 -- 10.05 ± 0.41 

5/ 142 6.3 24.72 ± 2.50 17.09 ± 0.67 -- 17.67 ± 0.64 

C: centrifugation, F: sequential filtration (3-0.2 µm), SC: sedimentation cone. 

 

 

 

Supplementary Table 2. PERMANOVA of unfractionated seawater and sequentially filtered seawater in the range of > 10 µm, 

10 – 3 µm, and 3 – 0.2 µm (n for each group: 5). Samples were obtained between March and May 2018 off Helgoland 

(54°11’03”N, 7°54’00”E). 
 Df  Sums of squares Mean squares F Model     R2 Pr(>F)     Significance 

Dataset 3 1.5697 0.52323 4.9133 0.4795 0.001 0.0001 

Residuals 16 1.7039 0.10649  0.5205   

Total  19 3.2736   1.00000     

DF: degrees of freedom, n= number of samples.     

 

  



 

 

Supplementary Table 3. Local cell environment on filters obtained during a phytoplankton spring bloom off Helgoland in 2018. 

  Cell environment on filter (%)  Counts (no. of) 

  Single TEP Algae Diatom Cluster Chain Aggregate  Particles  DAPI signals 

TP1 C_FL 99.96 0.00 0.04 0.00 0.00 0.00 0.00  1  2453 

C_PA 98.53 0.37 1.09 0.00 0.00 0.00 0.00  20  3471 

F_0.2µm 98.32 1.49 0.13 0.00 0.00 0.00 0.07  65  6123 

F_3µm 46.71 50.90 0.60 0.00 0.00 0.00 1.80  89  334 

F_10µm 34.78 58.94 0.48 0.00 0.00 1.93 3.86  55  207 

SC_TF 98.15 1.77 0.08 0.00 0.00 0.00 0.00  48  3896 

SC_BF 99.02 0.77 0.21 0.00 0.00 0.00 0.00  25  3871 

SC_BF_FL 92.97 4.96 1.41 0.00 0.67 0.00 0.00  22  1493 

SC_BF_PA 90.77 8.62 0.62 0.00 0.00 0.00 0.00  18  650 

TP2 C_FL 99.59 0.28 0.03 0.00 0.00 0.10 0.00  6  4077 

C_PA 94.66 4.15 1.19 0.00 0.00 0.00 0.00  23  674 

F_0.2µm 98.70 0.85 0.13 0.00 0.00 0.00 0.31  37  8682 

F_3µm 32.14 56.01 0.00 0.00 3.64 8.21 0.00  271  2228 

F_10µm 10.23 77.00 0.00 12.54 0.23 0.00 0.00  74  2130 

SC_TF 99.26 0.47 0.27 0.00 0.00 0.00 0.00  17  3859 

SC_BF 91.37 4.02 0.02 1.80 0.09 0.20 2.50  105  4601 

TP3 C_FL 99.10 0.41 0.24 0.00 0.00 0.11 0.13  21  5330 

C_PA 98.07 1.31 0.61 0.00 0.00 0.00 0.00  18  1142 

F_0.2µm 100.00 0.00 0.00 0.00 0.00 0.00 0.00  0  3863 

F_3µm 34.38 57.44 1.05 0.00 0.00 5.24 1.89  96  477 

F_10µm 11.73 65.34 9.66 3.09 9.79 0.39 0.00  125  776 

SC_TF 96.30 1.12 1.67 0.90 0.00 0.00 0.00  42  4541 

SC_BF 94.37 5.63 0.00 0.00 0.00 0.00 0.00  9  284 

SC_BF_FL 91.81 6.24 1.95 0.00 0.00 0.00 0.00  43  1490 

SC_BF_PA 26.04 33.33 40.63 0.00 0.00 0.00 0.00  41  192 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TP4 F_0.2µm 99.61 0.29 0.06 0.00 0.00 0.00 0.04  12  8560 

F_3µm 70.04 19.49 5.23 0.00 1.11 4.12 0.00  117  898 

F_10µm 47.18 50.91 0.00 0.00 1.44 0.48 0.00  93  1045 

SC_TF 98.62 1.14 0.24 0.00 0.00 0.00 0.00  24  5364 

SC_BF 97.33 2.11 0.56 0.00 0.00 0.00 0.00  10  711 

TP5 F_0.2µm 98.68 1.03 0.05 0.00 0.00 0.00 0.24  23  6227 

F_3µm 63.77 24.65 4.93 0.00 0.00 3.64 3.00  86  933 

F_10µm 42.66 14.87 6.33 0.00 34.47 0.44 1.23  84  3174 

SC_TF 100.00 0.00 0.00 0.00 0.00 0.00 0.00  0  3004 

SC_BF 63.35 35.81 0.84 0.00 0.00 0.00 0.00  100  955 

BF: bottom fraction, C: centrifugation, F_0.2µm: filtered fraction 3-0.2 µm, F_3µm: filtered fraction 10-3µm, F_10µm: 

filtered fraction > 10 µm, FL: free-living fraction, No. particles: Number of particles, PA: particle-attached fraction, SC: 

sedimentation cone, TF: top fraction, TP: sample time point (Julian Days 102, 109, 115, 128, and 142). 
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Supplementary Table 4. Bacterial community composition. Relative read abundances of all 

OTUs in all fractions of all 2018 samples (Excel sheet can be found online at: 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.643730/full#supplementary-

material, electronic supplementary material 1). Abbreviations of the file names: 20µm: 

plankton net fraction 20 µm, 80µm: plankton net fraction 80 µm, BF: bottom fraction, C: 

centrifugation, F_0.2µm: filtered fraction 3-0.2 µm, F_3µm: filtered fraction 10-3 µm, 

F_10µm: filtered fraction > 10 µm, FL: free-living fraction, PA: particle-attached fraction, 

SC: sedimentation cone, TF: top fraction. Numbers behind the sample names indicate the 

sampling time points (Julian Days 102, 109, 115, 128, and 142). 
  

 

 

Supplementary Table 5. PERMANOVA of unfractionated seawater, sequentially filtered 

seawater in the range of > 10 µm, 10 – 3 µm, and 3 – 0.2 µm, and a particle- and free-living 

fraction obtained by centrifugation (n for each group: 3). Samples were obtained between 

March and April 2018 off Helgoland (54°11’03”N, 7°54’00”E). 
 Df  Sums of squares Mean squares F Model     R2 Pr(>F)     Significance 

Dataset 5 1.36005 0.27201 3.3627 0.58353 0.001 0.0001 

Residuals 12 0.97068 0.08089  0.41647   

Total  17 2.33073   1.00000     

DF: degrees of freedom, n= number of samples.     

 

 

Supplementary Table 6. PERMANOVA of three sample groups from 2017: (i) 24 h 

sedimentation cone bottom fraction > 3µm (n= 8); (ii) directly filtered > 3µm (n= 4); (iii) 

directly filtered < 3 µm and > 0.2 µm (n= 4), obtained at the end of March (Julian day 88) 

and beginning of April 2017 (Julian day 94) off Helgoland (54°11’03”N, 7°54’00”E). 

 Df  Sums of 

squares 

Mean 

squares 

F 

Model     

R2 Pr(>F)     Significance 

Dataset 2 2.4469 1.22346   10.077 0.001 0.60788   0.0001 

Residuals 13 1.5784 0.12141  0.39212              

Total  15 4.0253   1.00000     

DF: degrees of freedom, n= number of samples.     

 

 

Supplementary Table 7. Pairwise comparisons using permutation MANOVAs on a distance 

matrix of three sample groups, (i) 24h sedimentation cone bottom fraction > 3 µm 

(SC_BF_3µm, n= 8); (ii) directly filtered > 3 µm (F_>3µm, n= 4); (iii) directly filtered < 3 

µm and > 0.2 µm (F_0.2µm, n= 4), obtained at the end of March and beginning of April 

2017 off Helgoland (54°11’03”N, 7°54’00”E). 
 SC_BF_3µm  F_>3µm 

F_>3µm       0.003  

F_0.2µm 0.006 0.029 

 

 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.643730/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.643730/full#supplementary-material


 

 

Supplementary Table 8. Table of operational taxonomic units (OTUs) that reached 1% relative read abundance (shown in %) at least once in 

a sample. Samples were taken off Helgoland (54°11’03”N, 7°54’00”E) in 2017 during pre-bloom condition at the end of March (Julian day 88, 

TP1) and beginning of April (Julian day 94, TP2), as well as during a phytoplankton bloom mid-May (Julian day 135, TP3). 

    Direct filtration   Sedimentation cone 24h 

  > 3µm < 3µm and > 0.2µm  Sedimentation cone bottom fraction > 3µm 

Phylum OTUs 

TPa

1 

TPb
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2 
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 Ca. Actinomarina 4.17 1.76 2.01 2.47 0.17 0.12 2.65 5.22 5.76 3.47 4.54 5.00   0.00 0.08 0.03 0.01 0.01 0.07 0.00 0.01 

Ilumatobacter 0.11 1.23 0.10 0.09 0.02 0.08 0.05 0.35 0.12 0.03 0.03 0.05  0.00 0.03 0.14 0.04 0.05 0.02 0.02 0.06 

Sva0996 marine group 0.32 2.06 0.91 0.96 0.25 0.41 0.62 2.55 1.10 0.39 0.42 0.24   0.01 0.02 0.02 0.03 0.03 0.06 0.00 0.01 
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Lewinella 0.02 0.10 0.01 0.03 1.20 0.83 0.01 0.02 0.00 0.01 0.03 0.01   0.08 0.25 0.88 0.61 0.18 0.06 0.08 0.07 

Saprospiraceae uncultured 0.12 0.28 0.31 0.16 3.08 2.10 0.04 0.04 0.03 0.05 0.86 0.74  0.03 0.08 0.48 0.23 0.11 0.07 0.67 0.14 

Brumimicrobium 0.24 0.00 0.07 0.30 0.21 0.09 0.08 0.05 0.09 0.13 0.04 0.00  0.98 2.25 1.02 0.50 0.00 0.12 0.02 0.00 

Fluviicola 4.12 2.55 11.6 7.06 4.38 1.33 0.89 1.19 2.22 1.39 2.24 0.28  0.06 0.28 0.24 0.06 1.46 3.04 0.33 1.14 

Luteibaculum 0.01 0.00 0.04 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00  0.00 0.12 2.54 0.33 0.00 0.00 0.00 0.00 

Cryomorphaceae uncultured 3.23 1.67 1.69 1.78 1.00 0.54 2.68 4.91 3.80 1.89 3.13 3.79  0.03 0.18 0.28 0.08 0.03 0.14 0.04 0.03 

Aquibacter 0.81 0.65 0.85 0.42 2.69 2.25 0.26 0.44 0.33 0.19 0.60 0.15  0.03 0.16 0.14 0.06 0.11 0.28 0.14 0.19 

Aurantivirga 0.53 0.00 0.07 0.27 0.51 0.24 0.35 0.67 0.26 0.21 2.89 0.74  0.00 0.09 0.03 0.01 0.00 0.05 0.00 0.02 

Bizionia 0.09 0.04 0.16 0.04 0.13 0.12 0.03 0.01 0.01 0.01 0.02 0.00  0.27 0.72 2.59 0.61 0.17 0.62 0.40 0.37 

Dokdonia 0.19 0.00 0.02 0.07 1.97 0.53 0.04 0.04 0.02 0.05 0.14 0.07  0.21 0.32 0.60 0.16 0.14 0.11 0.17 0.29 

Flavobacterium 0.07 0.00 0.00 0.14 0.71 0.20 0.05 0.02 0.00 0.07 0.08 0.02  0.02 0.23 0.20 0.13 2.84 6.44 0.75 0.33 

Gramella 0.18 0.29 0.14 0.03 0.02 0.02 0.04 0.01 0.02 0.02 0.01 0.01  2.04 2.01 5.89 4.24 0.89 0.60 1.57 0.29 

Lacinutrix 0.03 0.00 0.00 0.01 0.25 0.31 0.01 0.01 0.00 0.01 0.04 0.02  0.19 0.12 0.35 0.14 1.64 0.08 0.12 0.09 

Maribacter 0.21 0.00 0.00 0.13 0.20 0.12 0.08 0.06 0.01 0.08 0.06 0.02  0.05 0.09 0.46 0.31 0.45 0.12 1.26 0.22 

Mesonia 0.06 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00  0.28 0.34 1.20 0.32 0.00 0.02 0.03 0.02 

Nonlabens 0.11 0.00 0.03 0.10 0.05 0.02 0.02 0.01 0.00 0.03 0.01 0.00  0.31 1.00 0.93 0.28 0.25 0.13 0.10 0.01 

NS2b marine group 1.33 0.23 0.61 1.01 0.20 0.06 1.11 1.05 1.10 0.91 0.95 1.03  0.00 0.03 0.01 0.00 0.03 0.05 0.00 0.00 

NS3a marine group 2.09 0.92 0.03 1.39 0.19 0.03 1.91 1.97 0.55 1.49 0.80 0.24  0.00 0.07 0.00 0.01 0.04 0.09 0.00 0.00 

NS4 marine group 1.81 2.91 3.87 3.84 0.43 0.28 4.95 7.90 8.28 4.87 2.66 2.52  0.01 0.15 0.02 0.01 0.16 0.16 0.01 0.01 



 

 

NS5 marine group 3.01 4.94 3.69 2.67 0.71 0.30 3.52 7.36 7.14 3.05 3.71 4.81  0.01 0.13 0.02 0.01 0.02 0.16 0.02 0.01 

Olleya 0.05 0.00 0.01 0.03 0.38 0.36 0.02 0.02 0.01 0.01 0.05 0.01  0.18 0.28 0.90 0.16 3.25 0.93 1.80 1.07 

Polaribacter 4 0.09 0.00 0.00 0.07 0.17 0.15 0.05 0.02 0.01 0.04 0.05 0.03  1.01 1.84 0.95 0.32 0.30 0.13 0.10 0.25 

Pseudofulvibacter 0.04 0.31 0.00 0.07 2.89 2.34 0.02 0.01 0.01 0.02 0.17 0.05  0.01 0.02 0.06 0.01 0.00 0.03 0.04 0.01 

Tenacibaculum 0.30 0.05 0.30 0.15 1.51 1.15 0.12 0.09 0.34 0.08 0.68 0.15  0.27 1.11 0.11 0.13 0.11 0.08 0.05 0.00 

Ulvibacter 0.30 0.42 0.16 0.18 2.54 1.43 0.18 0.28 0.15 0.12 5.14 6.14  0.07 0.16 0.28 0.25 0.19 0.10 0.02 0.08 

Winogradskyella 0.15 0.03 0.11 0.08 0.66 1.77 0.04 0.06 0.02 0.03 0.15 0.11  0.13 0.24 0.79 0.24 0.05 0.09 0.03 0.11 

NS9 marine group 1.30 0.30 0.17 0.66 1.71 1.59 0.75 0.55 0.52 0.60 1.58 0.54   0.04 0.15 0.07 0.02 0.02 0.08 0.02 0.02 

Cyan Synechococcus CC9902 0.31 1.05 0.57 0.31 0.68 0.49 0.15 1.40 0.46 0.11 0.74 0.23   0.00 0.02 0.01 0.00 0.04 0.02 0.01 0.01 

Epsi Arcobacter 0.14 0.00 0.00 0.07 0.44 0.31 0.06 0.09 0.02 0.06 0.25 0.25  1.03 1.12 0.66 0.26 0.12 0.17 0.08 0.16 

Firm Fusibacter 0.03 0.00 0.24 0.03 0.33 0.33 0.02 0.01 0.01 0.03 0.09 0.07  0.00 0.03 0.01 0.05 0.00 1.37 0.03 0.00 

Fuso Psychrilyobacter 0.05 0.00 0.43 0.05 0.05 0.09 0.01 0.00 0.00 0.02 0.05 0.14  0.07 1.45 0.71 8.76 0.01 0.02 0.04 0.10 

Mari SAR406 clade 0.15 0.00 0.85 0.14 0.02 0.02 0.31 0.36 0.67 0.46 0.22 1.23  0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 

Pate Gracilibacteria JGI 0000069 P22 0.06 0.01 0.17 0.03 0.51 0.26 0.02 0.15 0.02 0.02 0.06 0.25   26.9 2.89 3.70 10.8 1.61 0.02 0.26 0.30 
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Caedibacteraceae uncultured 0.00 0.01 0.02 0.00 0.12 6.72 0.00 0.01 0.02 0.00 0.00 0.01   0.02 0.00 0.09 0.01 0.07 0.00 17.2 0.01 

Hellea 0.83 0.79 0.14 0.69 0.79 0.64 0.97 1.39 0.99 0.85 0.48 0.30  0.01 0.05 0.01 0.00 0.04 0.04 0.11 0.03 

Litorimonas 0.05 0.00 0.01 0.03 0.12 0.16 0.01 0.02 0.00 0.01 0.01 0.02  0.09 0.07 0.33 0.03 0.00 0.02 1.71 0.00 

Kordiimonadales uncultured 0.14 1.03 0.00 0.11 0.05 0.05 0.14 0.20 0.13 0.17 0.29 0.54  0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

SAR116 clade 1.99 1.97 2.58 2.06 0.17 0.19 2.88 2.52 3.40 3.21 1.37 2.02  0.01 0.08 0.01 0.00 0.01 0.09 0.01 0.08 

Methylobacterium 0.00 1.89 0.77 0.00 0.00 0.09 0.00 0.04 0.05 0.00 0.00 0.04  0.01 0.00 0.06 0.02 0.31 0.00 0.07 1.05 

Amylibacter 1.45 2.21 0.86 1.44 1.25 1.10 1.41 1.33 1.91 1.95 5.29 6.93  0.02 0.11 0.04 0.01 0.04 0.14 0.01 0.09 

Ascidiaceihabitans 0.33 1.36 0.61 0.33 0.19 0.12 0.37 0.54 0.43 0.24 0.45 0.36  0.00 0.01 0.00 0.00 0.05 0.03 0.00 0.00 

Lentibacter 0.45 0.17 0.01 0.49 0.24 0.38 0.67 0.41 0.35 0.75 1.56 0.46  0.00 0.01 0.01 0.01 0.00 0.03 0.05 0.01 

Loktanella 0.08 0.20 0.04 0.49 0.23 0.32 0.03 0.03 0.01 0.07 0.04 0.03  0.16 0.13 1.32 0.40 4.47 2.25 3.24 3.28 

Planktomarina 0.85 6.09 2.90 4.14 1.33 1.09 3.50 7.30 4.13 3.08 5.66 4.25  0.02 0.13 0.03 0.03 0.17 0.21 0.04 0.09 

Roseovarius 0.02 0.01 0.01 0.03 0.13 0.23 0.01 0.01 0.01 0.01 0.01 0.01  0.52 0.12 3.68 0.83 3.69 0.45 1.01 1.06 

Sulfitobacter 0.73 1.43 2.52 0.63 1.62 1.99 0.73 1.42 1.02 0.45 1.65 3.92  0.74 0.31 4.13 1.31 9.39 2.33 3.11 3.08 

Rhodobacteraceae uncultured 0.75 1.48 0.85 1.43 1.24 1.62 1.53 1.44 1.51 1.60 1.03 0.67  0.15 0.12 0.79 0.23 0.72 0.24 0.44 0.34 



 

 

Rhodospirillales uncultured 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00  3.84 0.12 0.12 0.21 0.00 0.01 0.06 0.00 

Kiloniella 0.14 0.56 0.18 0.12 3.22 5.16 0.02 0.02 0.05 0.04 0.30 0.10  0.00 0.02 0.02 0.00 0.01 0.04 0.01 0.08 

SAR11 Clade Ia 16.2 16.0 14.3 19.1 0.68 0.48 26.9 17.2 24.3 26.7 17.4 25.7  0.05 0.27 0.06 0.05 0.79 0.48 0.08 0.06 

SAR11 Clade Ib 2.17 0.13 5.01 2.82 0.22 0.05 2.30 1.46 3.76 2.37 1.44 2.99  0.00 0.07 0.00 0.00 0.01 0.09 0.01 0.02 

SAR11 Clade II 2.45 1.97 2.36 2.33 0.11 0.05 2.98 1.58 2.65 2.90 0.99 0.93  0.00 0.07 0.00 0.01 0.06 0.09 0.00 0.00 

SAR11 Clade I uncultured 2.23 0.14 0.18 1.10 0.07 0.08 2.13 0.70 0.79 2.41 1.30 0.53  0.00 0.16 0.00 0.00 0.02 0.04 0.00 0.00 

Erythrobacter 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.00 0.01 0.00 0.00  0.12 0.06 0.86 0.20 8.83 0.41 0.47 2.04 

Sphingopyxis 0.02 0.00 0.18 0.06 0.00 0.01 0.01 0.02 0.03 0.01 0.00 0.00  0.02 0.01 0.08 0.01 2.18 0.38 0.21 0.17 

Sphingorhabdus 0.04 0.05 0.30 0.03 0.05 0.04 0.00 0.03 0.01 0.01 0.01 0.01   0.03 0.09 0.34 0.14 2.40 0.10 0.16 0.37 

G
a

m
m

a
p

ro
te

o
b

a
ct

er
ia

 

Rheinheimera 0.03 0.14 0.00 0.02 2.72 0.91 0.02 0.00 0.00 0.02 0.12 0.03   0.09 0.27 0.23 0.11 0.49 0.14 0.46 0.43 

Colwellia 2.07 1.15 1.00 3.56 14.9 21.5 0.46 0.16 0.13 0.32 0.83 0.38  18.2 16.3 6.89 5.52 1.21 3.03 8.03 4.11 

Moritella 0.04 0.02 0.00 0.07 0.24 0.33 0.02 0.01 0.02 0.02 0.15 0.07  1.41 1.21 0.76 0.50 0.00 0.02 0.27 0.02 

Pseudoalteromonas 1.35 0.44 0.07 1.30 0.85 1.10 0.83 0.24 0.09 0.85 0.32 0.12  18.9 20.3 5.23 21.7 1.20 2.38 3.84 1.88 

Psychrosphaera 0.04 0.00 0.01 0.02 0.02 0.01 0.03 0.01 0.00 0.02 0.02 0.01  4.08 3.55 0.42 1.87 0.08 0.08 0.04 0.11 

Shewanella 0.09 2.52 1.07 0.06 0.70 0.96 0.04 0.10 0.14 0.06 0.07 0.05  0.15 0.29 0.76 1.11 2.74 5.44 5.20 13.9 

OM43 clade 2.12 0.60 2.10 1.40 0.16 0.18 2.91 2.53 2.64 2.98 0.95 1.11  0.01 0.05 0.01 0.00 0.12 0.09 0.02 0.01 

Incertae Sedis Family 

Marinicella 0.83 1.50 1.99 0.06 0.33 0.20 0.04 0.13 0.06 0.01 0.01 0.02  0.11 0.40 0.88 0.28 0.51 0.06 0.03 0.32 

Alcanivorax 0.34 0.01 0.02 0.10 0.14 0.19 0.12 0.03 0.02 0.09 0.05 0.03  0.06 0.41 1.28 0.16 0.04 0.08 0.07 0.03 

Halomonas 0.00 4.72 1.62 0.07 0.01 0.28 0.00 0.12 0.16 0.04 0.01 0.03  0.03 0.12 0.28 0.18 0.68 0.28 0.20 0.59 

Pseudohongiella 1.17 1.00 0.54 0.91 0.14 0.11 1.04 0.45 0.54 1.18 0.61 0.38  0.01 0.08 0.01 0.01 0.00 0.09 0.01 0.03 

Oleispira 0.17 0.07 0.01 0.06 1.71 2.43 0.06 0.01 0.01 0.03 0.23 0.18  2.61 2.82 0.83 1.17 0.06 0.10 0.14 0.11 

OM182 clade 0.97 0.32 0.47 0.63 0.10 0.08 1.18 0.75 0.58 1.26 0.66 0.14  0.00 0.03 0.00 0.00 0.00 0.05 0.01 0.00 

Psychrobacter 0.76 0.35 0.27 1.99 0.17 0.03 0.20 0.04 0.04 0.42 0.14 0.01  1.62 5.68 3.66 1.50 7.33 26.6 3.35 3.89 

Pseudomonas 0.12 0.14 0.10 0.15 0.11 0.11 0.09 0.04 0.05 0.12 0.07 0.04  0.08 0.14 0.19 0.08 24.8 18.2 5.75 37.6 

SAR86 clade 4.39 1.45 1.50 4.06 0.69 0.32 6.03 2.43 2.76 7.67 6.96 5.64  0.02 0.24 0.02 0.01 0.15 0.30 0.02 0.04 

Woeseia 0.41 1.45 0.89 0.36 0.09 0.10 0.03 0.03 0.02 0.04 0.02 0.01  0.01 0.02 0.01 0.01 0.19 0.08 0.01 0.07 

Thioglobaceae SUP05 cluster 0.54 0.93 1.48 0.68 0.13 0.12 0.83 0.64 1.02 1.03 1.57 2.61  0.00 0.04 0.00 0.00 0.01 0.04 0.01 0.01 

Leucothrix 0.05 0.17 0.11 0.05 1.90 1.25 0.02 0.01 0.01 0.02 0.07 0.03  0.01 0.03 0.04 0.01 0.00 0.03 1.74 0.03 



 

 

Aliivibrio 0.05 0.00 0.01 0.07 0.15 0.16 0.04 0.02 0.01 0.03 0.03 0.02  0.44 1.74 0.49 1.79 0.00 0.57 0.36 0.07 

Vibrio 0.57 0.19 0.41 0.64 1.81 3.18 0.37 0.13 0.12 0.39 0.39 0.22   6.29 14.9 23.0 24.1 0.47 10.8 27.1 9.81 

Verru Persicirhabdus 1.24 0.09 0.12 0.80 1.60 0.20 0.06 0.05 0.02 0.06 0.12 0.02   0.00 0.02 0.01 0.00 0.04 0.08 0.01 0.01 

 No Relative 2.48 1.11 3.58 2.10 2.71 1.56 5.60 2.90 4.10 4.73 2.09 2.14  0.71 0.62 0.24 0.16 0.99 0.59 0.24 1.44 

 SUM 76.7 77.6 80.4 81.4 73.5 76.1 87.7 85.5 91.2 88.1 87.3 92.0   94.9 89.3 83.6 92.9 88.7 92.2 93.2 91.8 

Actino: Actinobacteria, Cyan: Cyanobacteria, Epsi: Epsilonbacteraeota, Firm: Firmicutes, Fuso: Fusobacteria, Mari: Marinimicrobia, Pate: 

Patescibacteria, Verru: Verrucomicrobia 
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4.1 Abstract  

Among planktonic bacteria, the particle-associated fraction comprises motile 

free-living and particle-attached cells. Both groups have larger genomes and more 

physiological capabilities than the non-motile free-living bacteria. Whether particle-

associated bacteria dominate the colony-forming microbiome on solid medium was 

investigated by dilution plating on marine agar 2216 plates (ZoBell´s agar) with samples 

originating from unfractionated seawater, as well as free-living, particle-associated and 

particle-attached populations. By dividing colony-forming units by microscopic cell 

counts we showed that particle-associated bacteria, which accounted for < 1% of all cells 

in the samples, had with up to 24% a cultivability about one magnitude higher than cells 

in unprocessed seawater or free-living bacteria. Comparative sequence analysis of partial 

16S rRNA genes was used to identify colonies. Abundant cultivable genera included the 

free-living Lentibacter and Planktomarina, however, the majority of strains affiliated 

with well-known particle-associated bacteria, including Sulfitobacter and other 

Rhodobacteraceae, Pseudoalteromonas, Psychromonas, Arcobacter and many 

Flavobacteriaceae. Communities grown on plates were also analyzed by Illumina-

sequencing of 16S rRNA V3V4 amplicon libraries. Nearly all operational taxonomic 

units (OTUs) had a cultivated and described strain in close phylogenetic proximity. This 

indicated that decades of strain isolation from seawater on ZoBell´s marine agar medium 

has achieved a very good coverage of abundant cultivable genera. The majority of colony-

forming bacteria and of OTUs belonged to particle-associated bacteria. This suggests also 

that most free-living bacteria require cultivation conditions closer to their natural habitat, 

e.g., liquid cultivation in oligotrophic medium.         

4.2 Introduction  

The bacterioplankton is comprised of particle-associated and of free-living 

bacteria, with the latter constituting the large majority of the community (Koch, 2001; 

Morris et al., 2002; Lauro et al., 2009). Free-living bacteria often are small in size, have 

small genomes and a smaller substrate range (Caron et al., 1982; Alldredge et al., 1986; 

Rappé et al., 2002; Simon et al., 2002; Lauro et al., 2009; Smith et al., 2013; Rieck et al., 
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2015; Kappelmann et al., 2019). These traits likely result from genome streamlining, an 

adaptation to the oligotrophic marine environment with its micromolar substrate 

concentrations (Giovannoni et al., 2014). Particle-associated bacteria are either particle-

attached, in which case they possess attachment capability and often gliding motility 

(Burchard, 1980; Liao et al., 2015), or chemotactic, motile and free-living by means of 

one or more polar or lateral flagella (Lauro et al., 2009; Stocker and Seymour, 2012). 

Their close proximity to nutrient hot spots and high metabolic activity make them 

significant microbial contributors to biochemical cycles (Smith et al., 1992; DeLong et 

al., 1993; Grossart et al., 2007; Ziervogel and Arnosti, 2008; Lauro et al., 2009; Ziervogel 

et al., 2010; Pedler et al., 2014). It was suggested that their adaptation to nutrient rich 

particles implies a better cultivability, especially on solid medium (Hahn et al., 2004). In 

this contribution, we experimentally test this hypothesis for samples collected during a 

diatom-dominated phytoplankton spring bloom off Helgoland. 

Cultivation is pivotal to fully understand the capability of bacterial strains and to 

understand their role in the environment (Steen et al., 2019). Today, most cells of the 

planktonic bacterial community still remain uncultivated on plates (Joint et al., 2010; 

Steen et al., 2019), despite high-throughput approaches using several media and dilution 

series at environmental temperatures (Alejandre-Colomo et al., 2020). For more than 60 

years (Oppenheimer and ZoBell, 1952) ZoBell´s marine agar is the standard plate 

medium for the cultivation of marine bacteria (Eilers et al., 2000; Hahnke and Harder, 

2013; Alejandre-Colomo et al., 2020).  

In this study, we used Zobell´s marine agar to determine the cultivability of 

particle-attached and free-swimming particle-associated bacteria in comparison to the 

free-living, non-motile populations. These fractions were obtained from seawater by 

separation techniques including filtration, centrifugation and sedimentation in cones. 

Cultivation-independent community results of these fractions, published in a previous 

study (Heins et al., 2021), were used to affiliate a habitat preferences to individual genera. 

Growth quantification was based on colony forming units (CFUs) and combined with 

total and particle-attached cell counts. Diversity analysis was performed with partial 16S 

rRNA gene sequences of individual colonies. To confirm the results and to detect small 

CFUs, we combined dilution series on plates with Illumina-based amplicon sequencing. 
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4.3 Material and Methods  

4.3.1 Sampling  

Seawater was sampled 1 m below the surface at the long term ecological research 

site Helgoland Roads (54°11’03”N, 7°54’00”E) during a diatom dominated 

phytoplankton spring bloom in April and May 2018 (Heins et al., 2021). Five sampling 

time groups were chosen covering pre-bloom condition (groups 1 and 2) and bloom 

conditions with the first and second chlorophyll a maxima and an intermediate period 

(group 3, 5 and 4, respectively, Supplementary Table 9). The seawater was stored at 4°C 

in 10 L containers and was processed within 2 h after sampling, starting by gently 

inverting the resuspended particles. Seawater was either directly diluted and plated or 

first separated by sequential filtration, centrifugation or sedimentation in cones. 

Additionally, plankton net catches were obtained with a pore size of either 20 µm or 80 

µm. 

 

4.3.2 Seawater fractionation and sample plating  

Unprocessed seawater samples were diluted in a ten-fold series with artificial 

sterile seawater (Winkelmann and Harder, 2009) prior to inoculation. A plate inoculum 

of 200 µl was distributed with a sterile, one-way inoculation loop using a plate rotator. 

The medium was ZoBell’s marine agar 2216 (Difco Laboratories, Detroit, USA).  

For the separation by sequential filtration, 500 ml seawater were filtered through 

10 µm (filter code: TCTP) and 3 µm (filter code: TSTP) pore-sized filters, resulting in 

two particle-attached and one free-living fraction from the two retentates and the < 3 µm 

filtrate, respectively. All filters were composed of a hydrophilic polycarbonate membrane 

(Millipore, Darmstadt, Germany) and had a diameter of 47 mm, with an effective filter 

diameter of 39 mm and an effective filter area of 1195 mm2. Cells of the particle fractions 

were recovered by rinsing the filters repeatedly with 3 ml of artificial seawater and 

collecting the particles in a sterile petri dish. One ml of the resuspension was 

homogenized gently by shear force using sterile pestles and tubes (Bel-Art ProCulture 
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micro-tube homogenizers, Thermo Fisher Scientific Inc., Schwerte, Germany). All 

fractions were diluted and plated as aforementioned.  

A Rotina 35R centrifuge (Hettich, Tuttlingen, Germany) was used to obtain a 

particle fraction (pellet) and free-living fraction (supernatant) from 50 ml of seawater by 

forced gravitation, applying 4890x g for 10 min. The pellet was removed with a pipette. 

Homogenization and plating were performed as aforementioned.  

Imhoff sedimentation cones (Brand Scientific, Wertheim, Germany) were used to 

separate 1 L of seawater by natural gravitation. After 3 h of settlement, particles at the 

bottom of the cone were removed through a stopcock and dispersed with a micro 

homogenizer. Both the top fraction (upper water layer, free-living fraction) and the 

bottom fraction (particle-associated bacteria) were diluted and plated as aforementioned.  

Some harvested bottom fractions were further separated. First, they were 

resuspended in 50 ml ASW, then they were centrifuged with 4,890 x g for 10 min, 

resulting in a free-living motile (supernatant) and a particle-attached bottom fraction.  

The larger particles retrieved from the 20 µm and 80 µm pore-sized plankton net 

catches were homogenized, diluted and plated as described above.  

 

4.3.3 DNA extraction and partial 16S rRNA gene sequencing  

Colonies were imaged and then a small amount of each colony was transferred 

into 20 µl of PCR-grade water using sterile 1 µl pipette tips. The cell material was 

dispensed by twisting the pipette tip between the fingertips for 30 sec. Cells were broken 

up in five freeze and thaw cycles iterating between -20°C and 4°C. About 1 ng of DNA 

served as template for a partial 16S rRNA gene amplification. One µl DNA template, 15 

µl of 2x High-Performance GoTaq® G2 DNA Polymerase Master Mix (Promega, 

Madison, USA), 0.3 µl of a 100 pmol µl-1 working solution of the reverse primer 907R 

(5’-CCGTCAATTCCTTTRAGTTT-3’), 0.05 µl of a 100 pmol µl-1 working solution of 

the forward primer 27f-YM (5’-AGAGTTTGATYMTGGCTCAG-3’) (positions 8–27 of 

Escherichia coli numbering), and 13.65 µl of PCR-grade water (Muyzer et al., 1995; 

Frank et al., 2008). The cycler program began with a 4 minute denaturation at 94°C, 

followed by 35 cycles of a 1 minute denaturation at 94°C, 1 minute of annealing at 55°C 
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and a 3 minutes elongation at 72°C, with a final elongation for 10 minutes at 72°C. After 

purification with Sephadex G-50 superfine columns (Sigma-Aldrich, Taufkirchen, 

Germany), the amplicon was sequenced with the reverse primer 907R using a 3130xl 

Genetic Analyzer (Applied Biosystems, Foster City, USA). Sequences were trimmed 

with Sequencher 4.6 (Gene Codes, Ann Arbor, MI) and compared against the databases 

NCBI and SILVA 138.1 (Pruesse et al., 2012) for strain affiliation. The sequences will 

be available under the accession number XXXXX. 

For the Illumina amplicon sequencing, biomass of 407 dilution plates of 

individual samples was harvested from four seawater samples, 11 samples enriched in 

free-living bacteria, and 31 samples enriched in particle-associated bacteria 

(Supplementary Table 9). For each sample, only the plates with inocula of the three 

highest dilutions that showed growth were harvested. Plates were wetted with artificial 

seawater and sterile one-way inoculation loops were used to collected the suspensions of 

all dilution plates in a centrifugation tube. After centrifugation, the biomass was weighted 

and resuspended in phosphate buffer to 150 mg biomass ml-1. DNA was extracted from 

15 mg biomass with a MP Biomedicals™ FastDNA™ SPIN Kit for soil samples 

according to the manufacturer´s protocol (Thermo Fisher Scientific, Schwerte, Germany). 

DNA concentration, fragment length analysis and amplification of the hypervariable 

V3V4 region of the bacterial 16S rRNA gene were performed as described in Heins et al. 

(2021). Equimolar amplicon pools were sequenced on an Illumina HiSeq2500 in rapid 

mode with 2x 250 bp paired-end run performed by the Max Planck Genome Centre 

Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). 

5.2 million 16S rRNA reads were paired with BBmerge v37.82 applying default 

settings and allowing no mismatch in the overlapping region (Bushnell et al., 2017). A 

total of 4.3 million merged reads were then de-multiplexed and quality trimmed using 

MOTHUR (Schloss et al., 2009). The command “trim.seqs” was used with the setting of 

a minlength=300, maxambig=0, maxhomop=8, allfiles=T, and checkorient=T. The 

resulting high-quality merged sequences (3.9 million) were classified with the SILVAngs 

pipeline (Quast et al., 2013) using SILVA release version 138.1, SINA version 1.2.10, 

and VSEARCH version 2.15.1. We used a minimum alignment length of 150, a minimum 

quality score of 30 (minimum length of a sequence/ reads), and a similarity threshold of 
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0.99 for the creation of OTUs (operational taxonomic units). Each OTU was classified 

according to its most related genus. Reads that did not produce a BLAST (v. 2.2.30+) hit 

for which the sum of the sequence identity and the alignment coverage divided by 2 was 

higher or equal to 93 were assigned and combined as reads with “no relative” (SILVAngs, 

2015). In total, 3,876,908 sequences were classified and analyzed after processing, with 

a minimum of 35,921 and maximum of 90,908 per sample. 

Read abundance was normalized for each sample using R and the “decostand()” 

function (method=total) of the vegan package (Oksanen et al., 2020). Since Illumina 

sequencing is very sensitive and can also detect DNA of cells that did not form colonies, 

we determined a growth threshold, based on the maximum relative read abundance of 

SAR11. Members of the SAR11 clade constitute the majority of the bacterioplankton in 

coastal areas (more than 30%) (Morris et al., 2002; Eiler et al., 2009; Teeling et al., 2012; 

Teeling et al., 2016), but do not grow on plates (Rappé et al., 2002). Therefore this OTU 

was used to serve as indication value for inoculated but non responsive cells. Raw reads 

of all 46 samples will be accessible at the European Nucleotide Archive (ENA) under the 

accession number XXXXX. 

 

4.3.4 Statistical evaluation and visualization  

Statistical analyses, data transformations and graphing were performed in R studio 

(R Core Team, 2014). Statistical evaluation of the CFU communities between the 

methods was performed with a Permutational Multivariate Analysis of Variance 

(PERMANOVA) using distance matrices from the “vegan” package, with the “vegdist()” 

function and the “method=bray” setting (Oksanen et al., 2020). This analysis was 

followed by a pairwise comparison, using the “pairwise.perm.manova()” function and the 

“method=Euclidian” setting. The packages ComplexHeatmap (Gu et al., 2016), circlize 

(Gu et al., 2014), picante (Kembel et al., 2010), rioja (Juggins, 2020), colorspace (Zeileis 

et al., 2009) and dplyr (Wickham et al., 2018) were used for further data visualization and 

transformation. 
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4.4 Results and Discussion  

4.4.1 Cultivability 

Total cell counts increased from 0.60 × 106 to 2.47 × 106 cells ml–1 over the 

duration of the 2018 North Sea spring season (Heins et al., 2021) and with it the number 

of CFUs (Table 2). As expected, unfractionated seawater and the free-living fraction 

yielded more CFUs than particle-enriched samples in absolute numbers. Yet, particle-

associated cells, representing less than 1% of all cells (Heins et al., 2021), had a higher 

cultivability (Table 2). Seawater-inoculated plates showed with 0.5 to 0.7% a cell 

cultivability in the range of previous observations for unprocessed seawater samples from 

the same sampling site (Helgoland Roads) (Gerdts et al., 2004; Alejandre-Colomo et al., 

2020; Heins et al., accepted). Although free-living fractions contained less particles than 

unfractionated seawater, a similar cultivability was observed ranging from 0.4 to 1.2%. 

Particle-enriched fractions contained on average higher percentages of cultivable cells 

compared to unfractionated seawater and free-living fractions. Cultivability reached up 

to 24% in the filtration and natural gravitation derived samples (Table 2). Microbiomes 

associated with particles > 10 µm had the highest cultivability. The particle-containing 

bottom fraction of sedimentation cones, divided by resuspension and centrifugation into 

two fractions, showed a consistently high cultivability (Table 2). This indicates that a 

large fraction of motile and particle-attached bacteria grow readily on plates. Microscopy 

provided not only the means to count cells on filters, but also to count the portion of cells 

in direct contact to algae or transparent exopolymeric particles (Heins et al., 2021). 

Although no correlation was visible, there was a clear dichotomous distribution of high 

cultivability linked to particle-attachment and low cultivability linked to the free-living 

life style (Figure 13). The sedimentation cone bottom fraction, secondarily split by 

centrifugation, exhibited in the attached fraction (pellet) full cultivability of cells. This 

was, however, an exception. For most samples, the concentration of particle-attached 

cells was larger than the number of CFUs (Supplementary Table 10).  

 



 

 

Table 2. Counts of colony forming units (CFU) and calculated cultivability in percent, based on total cell counts of the respective time point.   

  12.4.18 18.4.18 25.4.18 08.5.18 22.5.18 

T
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 (
ce
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m
l-1

) 

SW 6.0 x105 ± 0.7 x105 8.5 x105 ± 0.9 x105 1.1 x106 ± 0.9 x105 1.4 x106 ± 0.2 x106 2.5 x106 ± 0.2 x106 

F_0.2µm 4.3 x105 ± 0.2 x105 4.7 x105 ± 0.5 x105 7.4 x105 ± 0.6 x105 9.2 x105 ± 0.9 x105 1.7 x106 ± 0.2 x106 

F_3µm 1.6 x103 ± 0.7 x103 1.5 x103 ± 1.1 x103 1.4 x103 ± 0.9 x103 1.4 x103 ± 0.3 x103 4.5 x103 ± 1.2 x103 

F_10µm 1.1 x103 ± 0.6 x103 1.4 x103 ± 2.0 x103 1.6 x103 ± 2.2 x103 1.6 x103 ± 2.0 x103 5.8 x103 ± 6.1 x103 

C_FL 3.8 x105 ± 0.6 x105 6.0 x105 ± 1.0 x105 8.1 x105 ± 1.1 x104 nd nd 

C_PA 1.3 x104 ± 0.2 x104 1.1 x104 ± 0.6 x104 2.1 x104 ± 0.5 x104 nd nd 

SC_TF 5.6 x105 ± 0.8 x105 6.6 x105 ± 1.2 x105 7.8 x105 ± 0.9 x105 1.0 x106 ± 1.5 x105 1.8 x106 ± 0.2 x106 

SC_BF 1.5 x103 ± 0.2 x103 1.1 x103 ± 0.8 x103 0.4 x103 ± 0.2 x103 1.3 x103 ± 0.4 x103 3.5 x103 ± 0.7 x103 

SC_BF_FL 1.5 x103 ± 0.5 x103 nd 0.3 x103 ± 0.2 x103 nd nd 

SC_BF_PA 3.0 x102 ± 0.0 x102 nd 0.1 x103 ± 0.1 x103 nd nd 

C
F

U
 m

l-1
 

SW nd 4.3 x103 ± 1.9 x103 5.4 x103 ± 2.3 x103 1.1 x104 ± 1.8 x103 1.2 x104 ± 4.6 x103 

F_0.2µm 2.3 x103 ± 1.1 x103 2.0 x103 ± 0.8 x103 5.6 x103 ± 2.0 x103 8.7 x103 ± 2.7 x103 1.6 x104 ± 5.4 x103 

F_3µm 2.4 x101 ± 0.2 x101 1.3 x101 ± 0.7 x101 5.0 x101 ± 1.3 x101 4.6 x101 ± 1.0 x101 2.3 x102 ± 1.1 x102 

F_10µm 2.6 x102 ± 2.0 x102 4.1 x101 ± 2.2 x101 5.0 x101 ± 1.0 x101 9.9 x101 ± 5.8 x101 3.6 x102 ± 1.4 x102 

C_FL nd 3.0 x103 ± 1.4 x103 3.0 x103 ± 1.4 x103 nd nd 

C_PA nd 1.6 x102 ± 1.3 x102 1.4 x102 ± 4.0 x101 nd nd 

SC_TF nd 3.4 x103 ± 0.4 x103 5.9 x103 ± 2.5 x103 8.8 x103 ± 3.2 x103 2.0 x104 ± 6.6 x103 

SC_BF 1.3 x101 ± 0.1 x101 2.6 x102 ± 1.7 x102 5.0 x101 ± 3.7 x101 4.7 x101 ± 1.3 x101 2.2 x102 ± 0.9 x101 

SC_BF_FL nd 5.4 x101 ± 1.5 x101 2.4 x102 ± 7.5 x101 nd nd 

SC_BF_PA nd 1.0 x101 ± 0.4 x101 1.2 x102 ± 8.5 x101 nd nd 

C
u
lt

u
ra

b
il

it
y
 (

%
) 

SW nd 0.5 0.5 0.7 0.5 

F_0.2µm 0.5 0.4 0.8 0.9 0.9 

F_3µm 1.5 0.9 3.6 3.3 5.1 

F_10µm 24.0 2.9 3.1 6.2 6.1 

C_FL nd 0.5 0.4 nd nd 

C_PA nd 1.5 0.7 nd nd 

SC_TF nd 0.5 0.8 0.9 1.2 

SC_BF 0.9 23.9 12.5 3.6 6.4 

SC_BF_FL nd nd 81.1 nd nd 

SC_BF_PA nd nd 117.2 nd nd 
C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) fraction; nd: not determined; F_10µm, F_3µm, F_0.2µm, F_Filt: 

sequentially filtered fractions of the respective size range >10 µm, 10-3 µm, 3-0.2 µm, and < 3 µm; SC_BF/TF: sedimentation cone bottom and top fraction after 3 

h of sedimentation; SC_BF_FL/PA: sedimentation cone bottom fraction after 3 h of sedimentation, resuspended and then split with centrifugation; SW: seawater. 
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Figure 13. Scatterplot depicting the correlation between the percentage of cells that were 

able to grow on plate (y-axis) and the percentage of cells observed in direct contact with 

particles (x-axis). Samples were taken during a phytoplankton Spring bloom off 

Helgoland in 2018. Particle cell counts were derived from (Heins et al., 2021). Values are 

shown in log scale. Colors indicate fractions. Blue free-living, green particle-attached, 

turquoise motile. Symbols indicate separation technique. F filtration, C centrifugation, 

SC sedimentation cone, SC_BF bottom fraction of a sedimentation cone, secondarily split 

by centrifugation.  
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4.4.2 Diversity of individual colonies 

To further test our hypothesis of a prevalence of particle-associated bacteria, we 

characterized the diversity of cells on plates. Two approaches were utilized: First, in a 

traditional approach, the morphological diverse colonies grown on the plate with the 

highest diluted inoculum were picked for direct partial 16S rRNA gene amplicon dideoxy 

(Sanger) sequencing. Second, as a novel approach, all plates were harvested for DNA 

extraction and partial 16S rRNA gene amplicon sequencing was performed using 

Illumina technology.  

The single colony PCR approach yielded 767 sequences affiliating to 106 genera 

or families. The most abundantly sequenced genera were isolated from all fractions, an 

indication that each bacterium spends a certain time in a detached, free-living stage, either 

as swarming cell or after particle decay (Iversen and Ploug, 2010) (Figure 14, 

Supplementary Table 11). Following a classification based on seawater fractionation and 

enrichment factors with regard to the preferred life style (Heins et al., 2021), only 

Planktomarina and Lentibacter were classified as members of the free-living group 

(group I) among the abundantly present genera (≥7 times across methods). Both formed 

small colonies (Figure 14).  

The majority of abundant sequences affiliated with genera identified as particle-

attached or particle-associated bacteria (21 strains in total): Algibacter, Tenacibaculum 

and Psychromonas were identified as members of a group that can be enriched by particle 

filtration (group III); Colwellia, Hoeflea and Winogradskyella were assigned to the 

strongly particle-attached group (group IV); and group V comprised particle-associated 

bacteria that were either particle-attached or free-swimming, like Maribacter, 

Cellulophaga, Pseudoalteromonas, Shewanella, Sulfitobacter, and Vibrio (Figure 14). 

All these particle-associated bacteria formed large colonies, with the exception of Hoeflea 

and Dokdonia. Many of these genera attach to phyto- and zooplankton or are part of the 

phycosphere (Mestre et al., 2017; Seymour et al., 2017; Heins et al., 2021). In addition, 

cells of these genera pass through a 3 µm pore sized filter in their free-living stage, which 

can explain the occurrence in the free-living, particle-free fraction. The results support 

the hypothesis that particle-associated bacteria dominate the CFU microbiome on ZoBell 

marine agar plates.  
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Figure 14. Relative strain abundance and colony phylogeny of the 29 most abundant 

strains (≥7 times across methods) grown on plates and sampled during a phytoplankton 

spring bloom off Helgoland in 2018. Colonies were individually sampled and identified 

using Sanger sequencing. Roman numerals indicate culture-independent free-living (I) 

and particle-associated (III-V) bacterial groups as described in Heins et al. (2021). I: free-

living, III: large, filamentous, or rosette-forming, IV: particle-attached, V: particle-

attached and motile free-living, nd: not defined (=no information published). C_FL/PA: 

centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) 

fraction; F_10µm, F_3µm, F_Filt: sequentially filtered fractions of the respective size 

range >10 µm, 10-3 µm, and < 3 µm; PN_20µm/ 80µm: plankton net fractions with a 

pore size of 20 µm or 80 µm; SC_BF/TF: sedimentation cone bottom and top fraction 

after 3 h of sedimentation; SC_BF_PA/FL: sedimentation cone bottom fraction after 3 h 

of sedimentation, resuspended and secondarily separated by centrifugation into a free-

living (FL) and particle-attached (PA) fraction; SW: seawater.  
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4.4.3 Diversity of 16S rRNA gene amplicons 

We introduced - to our knowledge for the first time - the partial 16S rRNA 

amplicon sequencing technology for the characterization of CFU microbiomes to cover 

the whole diversity in the sample and to use the method´s sensitivity to identify bacteria 

of small colonies that were not visible to the naked eye. A harvested sample consisted of 

three plates with different inocula population sizes, containing 1-15, 10-100 and 100-

1000 CFUs. The lowest dilution contained up to 300 visible colonies, sometimes in a 

lawn of bacteria. In this lawn, bacterial interactions may have modified the growth 

through benefiting or inhibiting factors. To exclude these biological interactions, which 

prevent a quantitative analysis of cultivability, future experiments using 16S rRNA 

amplicon sequencing for analyzing “plate microbiomes” has to aim at thousands of 

individual colonies per sample grown in distance of each other. One should use multiple 

plates from higher dilutions and not pool three different 10-fold dilutions.  

The definition of a “growth threshold” was guided by the abundance of an 

abundant genus in seawater, for which it is generally assumed that it does not grow on 

plates. We selected the most abundant SAR11 OTU as threshold to delimit successful 

growth. The SAR11 clade is the most abundant taxon in the photic zone of the ocean and 

its members do not grow on solid medium (Morris et al., 2002; Rappé et al., 2002; Eiler 

et al., 2009; Teeling et al., 2012; Teeling et al., 2016). In the Illumina amplicon dataset, 

the most abundant SAR11 OTU had relative read abundances of 5 x 10-5 in a sample. 

Hence an OTU relative read abundance of >1 x 10-4 (0.1‰) was scored as a growing 

OTU and qualitatively included in the “plate microbiome”. 

The data set of 3.9 million reads included in total 65,294 OTUs with a sequence 

identity of over 99%. These were classified into 592 taxa based on a threshold of >93% 

identity to a reference sequence in the Silva 138.1 dataset. Only 512 reads (0.01%) had 

no reference sequence and were therefore listed in a group of “no relatives”. This number 

is very low in comparison to the cultivation-independent direct analyses of Helgoland 

samples that resulted in 0.5 to 2.6% of “no relatives” for seawater and up to 19% in 

particle fractions (Heins et al., 2021).  

On the genus level, most reads affiliated with Sulfitobacter, an 

alphaproteobacterial genus of the Rhodobacteraceae and a motile member of the 
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phycosphere and particle microbiomes (Seymour et al., 2017) (Figure 15). Other 

abundant alphaproteobacterial OTUs affiliated (with decreasing read numbers) to 

Sphingorhabdus, Pseudophaeobacter, members of the Yoonia/Loktanella twin genera 

clade (Whitman et al., 1998; Wirth and Whitman, 2018), Erythrobacter, “Oceanibulbus” 

(now Sulfitobacter, Liu et al. (2017)), Albirhodobacter, Celeribacter, and Hoeflea (Figure 

15). The Gammaproteobacteria were less diverse and only four genera were frequently 

present across samples. These were, in decreasing order of their relative read abundance, 

Psychrobacter, members of the Burkholderia-Caballeronia-Paraburkholderia clade, 

Halomonas, and Pseudomonas. Psychrobacter dominated the filtered and plankton net 

fractions > 10 µm and in the sedimentation cone fractions (Figure 15).  

Within the phylum Bacteroidetes, the genetically broad genus Flavobacterium 

was most abundant and selectively enriched from seawater and free-living fractions. All 

abundant flavobacterial genera, i.e. Polaribacter, Winogradskyella, Algibacter, 

Cellulophaga, Dokdonia and Zobellia, are known as at least partially particle-associated 

or particle-attached bacteria. Gramella was found in high abundance (> 3%) on plates 

inoculated from the > 80 µm plankton net fraction (Figure 15), as expected from the 

cultivation-independent characterization of the samples (Heins et al., accepted). 
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Figure 15. Stacked barchart of colony forming units that reached ≥ 3% relative read 

abundance in a sample. Samples were taken during a phytoplankton spring bloom off 

Helgoland in 2018. Color scales indicate higher order affiliation: Red: Actinobacteria, 

yellow: Flavobacteria, green: Firmicutes, blue: Alphaproteobacteria, purple: 

Gammaproteobacteria. C_FL/PA: centrifugation-derived free-living (= supernatant) and 

particle-attached (= pellet) fraction; F_10µm, F_3µm, F_Filt: sequentially filtered 

fractions of the respective size range >10 µm, 10-3 µm, and < 3 µm; PN_20µm/ 80µm: 

plankton net fractions with a pore size of 20 µm or 80 µm; SC_BF/TF: sedimentation 

cone bottom and top fraction after 3 h of sedimentation; SC_BF_PA/FL: sedimentation 

cone bottom fraction after 3 h of sedimentation, resuspended and secondarily separated 

by centrifugation into a free-living (FL) and particle-attached (PA) fraction; SW: 

seawater. 
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Overall, the community compositions of fractions were significantly different 

from each other (P < 0.001, Permanova, Supplementary Table 12), especially between 

the plankton net and sedimentation cone bottom fractions in comparison to the filtered 

free-living and small filtered particle fractions (P < 0.05, pairwise Manova, 

Supplementary Table 13). CFU seawater communities were similar to free-living 

community fractions (both the 0.2 to 3 µm fraction of sequential filtration and the top 

fraction of the sedimentation cones) (Supplementary Table 13). These differences 

coincide with the variations observed directly on the fractions of a cultivation-

independent approach (Heins et al., 2021). 

We expected a correlation for abundantly grown genera and an 

underrepresentation in the Illumina dataset, if the genus was stochastically present as 

colony on plates inoculated with the highest dilution. Genera with correlating abundances 

between the Sanger and the Illumina dataset were Rhodococcus (Actinobacteria), 

Sulfitobacter (Alphaproteobacteria), Halomonas and Psychrobacter 

(Gammaproteobacteria), and flavobacterial genera Algibacter, Dokdonia, 

Flavobacterium, Polaribacter, and Winogradskyella. Underrepresented in the Illumina 

dataset were Pseudoalteromonas, Olleya, uncultured Flavobacteriaceae, Shewanella, 

Lentibacter, Psychromonas, Alcanivorax, Vibrio, Colwellia, Planktomarina, and 

Arcobacter.  

The stochastic effect, as well as rRNA operon copy numbers of strains, the 

pooling of the three dilution steps, and the quite substantial biomass variations per colony, 

may have caused differences between both datasets, e.g. in case of Lentibacter and 

Planktomarina that formed small colonies. Technological problems based on taxon 

specific biases of the sequencing technology (Quail et al., 2008; Kozarewa et al., 2009; 

Aird et al., 2011; Oyola et al., 2012; Ross et al., 2013) may have caused uneven read 

representation during amplification and an underrepresentation of, for example, 

Firmicutes and some Gammaproteobacteria (Klappenbach et al., 2001; Acinas et al., 

2004; Větrovský and Baldrian, 2013).  
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4.4.4 Comparison with the database of cultivated bacteria 

The OTU classification used in this study referred to a database including 

sequences of as-yet uncultivated strains (Silva 138.1). In addition, we analyzed all OTUs 

of the whole dataset and identified 1336 OTUs (99% identical in V3V4 sequence) with 

read abundances at least twice of the one of the most abundant SAR11 OTU. These OTUs 

were compared with the bacterial and archaeal 16S Ribosomal RNA RefSeq Targeted 

Loci Project (PRJNA33175) of microorganisms in culture, available from NCBI. The 

highly variable V3V4 region is less conserved than the full 16S rRNA gene. Most of the 

1336 OTUs had an identity of 98% or more to a validly described species. Only 42 OTUs 

had according to a BlastN analysis an identity of below 95% (Figure 16). They all 

affiliated with either the Flavobacteriia, Gamma- or Alphaproteobacteria.  

The fact that almost all OTUs had a related described species or strain is an 

indication that the isolation of planktonic marine bacteria on plates in the last decades has 

covered nearly all abundant cultivable genera, based on the resolution of partial 16S 

rRNA genes. The diversity analyses of closely related species and of strains of a species 

requires marker genes with a higher taxonomic resolution (Žure et al., 2017; Delmont et 

al., 2019).       
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Figure 16. Phylogenetic position of OTUs that grew on plates and had an identity of           

< 95% (bold letters) to the sequences of microorganism present in the bacterial and 

archaeal 16S Ribosomal RNA RefSeq Targeted Loci Project (NCBI), based on maximum 

likelihood analyses. No. reads: total number of reads affiliating with an OTU in this study. 

The scale bar indicates 10% sequence divergence.  
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Our study showed that particle-associated bacteria have a larger cultivability on 

ZoBell plate medium than non-motile free-living bacteria. Particle-associated bacteria, 

especially members of the phycosphere that live on and around algae, encounter nutrient-

rich conditions more frequently compared to the free-living, non-motile fraction (Hünken 

et al., 2008; Morris et al., 2011; Seymour et al., 2017). This trait seems to enable particle-

associated bacteria to dominate the bacteria cultivable on plates from the coastal marine 

environment. Another conclusion is that ZoBell plates are not capable to retrieve 

important phyla such as Planctomycetes and Verrucomicrobia, which have also been 

demonstrated to occur on particles.  
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4.7 Supplementary material  

4.7.1 Supplementary Tables 

Supplementary Table 9. “Sampling groups across the bloom”. Number of harvested plates that 

were combined to form sample groups based on the separation method, fraction and sampling time 

point. Seawater was sampled and processed during a phytoplankton Spring bloom off Helgoland 

in 2018.  
SC SC_BF C F PN SW  

TF BF FL PA FL PA Filt 3 µm 10 µm 20 µm 80 µm 
 

Time point 1 
(04.04.2018- 

12.04.2018) 

nd 6 nd nd nd nd 12 12 15 3 3 nd  

Time point 2 
(13.04.2018- 

20.04.2018) 

18 18 9 8 8 6 8 6 3 3 3 19 

Time point 3 
(23.04.2018-

27.04.2018) 

14 17 10 8 8 15 16 18 15 6 6 15 

Time point 4 
(07.05.2018- 

09.05.2018) 

9 9 nd nd nd nd 9 9 9 3 3 9 

Time point 5 
(22.05.2018- 

23.05.2018) 

5 7 nd nd nd nd 4 3 3 3 3 11 

C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) 

fraction; F_10µm, F_3µm, F_Filt: sequentially filtered fractions of the respective size range >10 

µm, 10-3 µm, and < 3 µm; nd: no data; PN_20 µm/ 80 µm: plankton net fractions with a pore size 

of 20 µm or 80 µm; SC_BF/TF: sedimentation cone bottom and top fraction after 3 h of 

sedimentation; SC_BF_PA/FL: sedimentation cone bottom fraction after 3 h of sedimentation, 

resuspended and secondarily separated by centrifugation into a free-living (FL) and particle-

attached (PA) fraction; SW: seawater. 
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Supplementary Table 10. Calculated cultivability in percent, based on particle-attached 

cell counts of the respective time point. Samples were taken during a phytoplankton Spring 

bloom off Helgoland in 2018. Particle cell counts were derived from Heins et al. (2021). 

 12.4.18 18.4.18 25.4.18 08.5.18 22.5.18 

F_0.2µm 0.5 0.4 0.8 0.9 1.0 

F_3µm 3.4 2.6 10.0 5.1 8.2 

F_10µm 66.0 41.0 25.2 12.4 14.8 

C_FL nd 0.5 0.4 nd nd 

C_PA nd 1.5 0.7 nd nd 

SC_TF nd 0.5 0.8 0.9 1.2 

SC_BF 0.9 26.3 12.5 3.9 10.1 

SC_BF_FL nd n nd nd nd 

SC_BF_PA nd n 117.2 nd nd 

C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= 

pellet) fraction; nd: not determined; F_10µm, F_3µm, F_0.2µm, F_Filt: sequentially 

filtered fractions of the respective size range >10 µm, 10-3 µm, 3-0.2 µm, and < 3 µm; 

SC_BF/TF: sedimentation cone bottom and top fraction after 3 h of sedimentation; 

SC_BF_FL/PA: sedimentation cone bottom fraction after 3 h of sedimentation, 

resuspended and then split with centrifugation; SW: seawater. 

 

 



 

 

Supplementary Table 11. Total number of strains identified using Sanger sequencing and grown on plate medium inoculated with unprocessed and 

fractionated seawater off Helgoland (North Sea) during a phytoplankton spring bloom in 2018. 

Strains 

F_0.2µm 

(n = 5) 

SC_TF 

(n = 6) 

C_FL  

(n = 2) 

SW  

(n = 4) 

F_3µm  

(n = 5) 

F_10µm 

(n = 5) 

PN_20µm  

(n = 5) 

PN_80µm  

(n = 5) 

SC_BF  

(n = 10) 

C_PA  

(n = 2) 

Acidovorax 0 0 0 0 1 0 0 0 0 0 

Ahrensia 0 0 0 0 1 0 0 0 0 0 

Alcanivorax 1 0 2 0 1 5 0 0 0 0 

Algibacter 2 0 3 2 0 2 1 0 0 1 

Algoriphagus 0 0 0 0 0 1 0 0 0 0 

Aliivibrio 0 2 0 0 1 0 0 2 0 0 

Altererythrobacter 0 0 0 1 0 0 0 0 0 0 

Alteromonadaceae 0 1 0 0 0 0 0 0 4 0 

Amphritea 0 2 0 0 0 0 0 0 0 0 

Amylibacter 0 0 0 0 0 1 0 0 0 0 

Anderseniella 0 1 0 0 0 0 0 0 0 0 

Aquibacter 0 0 0 0 0 0 0 0 1 0 

Arcobacter 2 7 1 6 1 0 0 1 0 0 

Arenibacter 0 0 0 0 0 1 0 0 0 0 

Aurantimonas 0 0 0 0 0 0 2 4 0 0 

Bacillus 1 0 0 0 0 0 0 0 0 0 

Brevundimonas 0 0 0 1 0 0 0 0 1 0 

Celeribacter 0 1 0 0 0 0 0 0 0 0 

Cellulophaga 0 0 0 3 0 8 2 2 8 0 

Cerasicoccus 0 1 0 0 0 0 0 0 0 0 

Colwellia 0 1 1 0 5 1 0 2 0 0 

Colwelliaceae 0 0 0 0 0 0 2 0 0 0 

Cryomorphaceae u.c. 0 0 0 0 0 0 1 0 0 0 

Cyclobacterium 0 0 0 0 0 0 0 0 0 0 

Dokdonia 0 0 0 0 0 0 1 0 7 0 

Erythrobacter 0 1 0 0 0 0 0 0 1 0 



 

 

Flavobacteriaceae 10 6 2 3 16 7 7 1 2 3 

Flavobacterium 1 6 3 8 0 3 3 5 6 1 

Gaetbulibacter 0 0 0 1 0 1 0 0 0 0 

Glaciecola 0 1 0 0 0 0 0 0 0 0 

Gramella 0 0 0 0 0 0 2 2 0 0 

Granulosicoccus 0 0 0 1 0 0 1 0 0 0 

Halomonas 6 0 0 0 3 0 0 1 0 0 

Hoeflea 5 0 0 2 2 0 0 0 0 0 

Hyphomonadaceae 3 0 1 0 0 0 0 0 0 0 

Hyphomonas 0 1 0 0 0 1 0 0 0 0 

Ketogulonicigenium 0 0 0 0 0 0 1 3 0 0 

Kocuria 1 0 0 0 0 0 0 0 0 0 

Kordia 0 0 0 0 1 0 0 0 0 0 

Leeuwenhoekiella 1 0 0 0 0 0 0 0 0 0 

Lentibacter 4 2 2 4 0 1 1 0 1 2 

Lewinella 0 0 0 0 0 0 0 1 0 0 

Limnobacter 0 0 0 0 0 0 0 3 0 0 

Litoreibacter 0 0 0 0 0 0 1 0 0 1 

Loktanella 1 2 0 1 0 2 1 0 5 0 

Lutibacter 0 0 0 1 1 1 1 0 0 0 

Lutimonas 0 0 0 0 1 1 0 0 0 1 

Magnetospira 0 0 1 0 0 0 0 0 0 0 

Maribacter 0 0 1 1 0 0 1 0 3 1 

Maricaulis 0 0 1 0 0 1 0 0 0 0 

Marinobacter 0 0 0 0 0 0 1 0 0 0 

Marinomonas 0 2 1 0 0 0 0 0 0 0 

Maritimimonas 1 0 0 1 0 0 1 0 0 0 

Marixanthomonas 0 0 0 0 1 0 0 0 0 0 

Mesonia 0 0 0 0 0 0 1 0 0 0 

Micrococcus 0 0 0 0 0 0 0 0 0 1 



 

 

Muricauda 0 0 0 0 2 1 0 0 0 0 

NAC11-7 lineage 1 0 0 0 0 0 0 0 0 0 

Neptunomonas 2 0 0 1 0 0 1 0 0 0 

Nocardioides 1 0 0 0 0 0 1 1 0 0 

Nonlabens 0 0 0 0 0 0 3 0 0 0 

NS7 marine group 0 0 0 0 0 0 0 0 0 1 

Olleya 0 0 0 0 0 0 0 0 7 0 

Paracoccus 0 0 0 0 0 1 1 0 0 0 

Paraglaciecola 0 0 1 0 1 1 0 0 0 0 

Planktomarina 8 10 1 6 3 1 1 0 3 1 

Planktotalea 1 3 0 0 0 0 0 0 1 0 

Polaribacter 2 1 5 7 2 2 3 2 0 0 

Polaribacter 4 0 0 0 0 1 0 0 0 0 0 

Polaribacter 

huanghezhanensis 
0 0 0 0 0 0 1 0 0 0 

Profundimonas 0 0 0 0 0 1 0 0 0 0 

Pseudoalteromonadaceae 0 1 0 0 1 0 0 0 0 0 

Pseudoalteromonas 2 10 1 5 7 12 9 5 10 4 

Pseudofulvibacter 0 0 0 1 0 0 0 0 0 0 

Pseudomonas 0 0 0 1 0 0 4 1 0 0 

Pseudophaeobacter 0 0 2 2 2 0 0 0 0 0 

Psychrobacter 0 1 0 0 0 6 5 3 5 0 

Psychrobium 0 0 0 1 0 0 0 0 0 0 

Psychromonas 5 1 0 5 6 2 1 4 0 0 

Rhodobacteraceae 2 2 1 1 1 2 4 1 2 0 

Rhodobacteraceae u.c. 2 1 0 0 2 1 1 0 0 0 

Rhodococcus 1 2 1 4 4 0 1 0 0 0 

Roseovarius 0 0 1 2 1 0 0 0 0 0 

Ruegeria 0 0 0 0 0 0 1 0 0 0 

Salegentibacter 0 0 0 0 0 0 0 1 0 0 



 

 

Salinisphaera 0 0 0 0 1 0 2 1 0 0 

Sediminicola 0 0 1 1 0 0 0 0 0 0 

Shewanella 2 0 2 0 0 0 1 0 3 2 

Sneathiella 2 1 0 0 0 0 0 0 0 0 

Sphingomonadaceae 1 0 0 2 0 0 12 1 0 0 

Sphingopyxis 0 3 0 0 0 0 0 0 0 0 

Sphingorhabdus 2 0 1 0 0 0 0 0 0 0 

Spongiibacter 0 0 0 0 0 0 1 0 0 0 

Stappia 0 0 0 1 0 0 0 0 0 0 

Subsaxibacter 0 0 0 1 0 0 0 0 0 0 

Sulfitobacter 9 12 0 10 11 18 17 12 20 2 

Sunxiuqinia 1 0 0 0 0 0 0 0 0 0 

Tenacibaculum 1 0 2 1 0 1 0 4 0 0 

Terasakiella 0 0 0 0 0 1 0 0 0 0 

Terasakiellaceae u.c. 0 0 0 0 1 0 0 0 0 0 

Thalassolituus 0 1 0 0 0 0 0 0 0 0 

Ulvibacter 0 1 0 0 0 0 0 0 0 0 

Verticia 0 0 0 0 0 1 0 0 0 0 

Vibrio 0 0 0 1 2 1 0 0 3 0 

Winogradskyella 2 1 0 0 0 7 2 2 1 1 

Zhongshania 0 0 1 0 0 0 1 0 0 1 

C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) fraction; F_10µm, F_3µm, F_Filt: sequentially filtered 

fractions of the respective size range >10 µm, 10-3 µm, and < 3 µm; PN_20µm/ 80µm: plankton net fractions with a pore size of 20µm or 80µm; 

SC_BF/TF: sedimentation cone bottom and top fraction after 3 h of sedimentation; SC_BF_PA/FL: sedimentation cone bottom fraction after 3 h of 

sedimentation, resuspended and secondarily separated by centrifugation into a free-living (FL) and particle-attached (PA) fraction; SW: seawater. u.c. 

uncultured.  

 

 

 



 

 

Supplementary Table 12. PERMANOVA of unfractionated seawater and fractionated seawater using sequential filtration, centrifugation and natural 

gravitation in cones. Samples were obtained during a phytoplankton spring bloom off Helgoland (54°11’03”N, 7°54’00”E) in 2018. 

 

Df Sums of 

squares 

Mean 

squares 

F Model R2 Pr(>F) Significance 

Dataset 11 4.5598 0.41453 1.6814 0.28677 0.001 0.0001 

Residuals 46 11.3408 0.24654 0.71323    

Total 57 15.9006 1     

DF: degrees of freedom, n: number of samples. 

 

 

Supplementary Table 13. Pairwise comparisons using permutation MANOVAs on a distance matrix. Samples were obtained during a phytoplankton 

spring bloom off Helgoland (54°11’03”N, 7°54’00”E) in 2018. 

 C_FL C_PA F_10µm F_3µm F_Filt PN_20µm PN_80µm SC_BF SC_BF_FL SC_BF_PA SC_TF 

C_PA 0.894 - - - - - - - - - - 

F_10µm 0.597 0.512 - - - - - - - - - 

F_3µm 0.369 0.551 0.202 - - - - - - - - 

F_Filt 0.576 0.748 0.388 0.666 - - - - - - - 

PN_20µm 0.343 0.041 0.211 0.022 0.013 - - - - - - 

PN_80µm 0.21 0.059 0.211 0.013 0.013 0.607 - - - - - 

SC_BF 0.176 0.041 0.202 0.013 0.013 0.314 0.492 - - - - 

SC_BF_FL 0.748 0.796 0.612 0.566 0.556 0.551 0.343 0.512 - - - 

SC_BF_PA 0.512 0.388 0.478 0.264 0.241 0.551 0.326 0.551 1 - - 

SC_TF 0.6 0.411 0.838 0.511 0.796 0.343 0.202 0.202 0.551 0.343 - 

SW 0.838 0.388 0.471 0.213 0.607 0.211 0.084 0.044 0.326 0.211 0.977 

C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) fraction; F_10µm, F_3µm, F_Filt: 

sequentially filtered fractions of the respective size range >10 µm, 10-3 µm, and < 3 µm; PN_20µm/ 80µm: plankton net fractions with 

a pore size of 20µm or 80µm; SC_BF/TF: sedimentation cone bottom and top fraction after 3 h of sedimentation; SC_BF_PA/FL: 

sedimentation cone bottom fraction after 3 h of sedimentation, resuspended and secondarily separated by centrifugation into a free-living 

(FL) and particle-attached (PA) fraction; SW: seawater. 
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5.1 Abstract  

Seawater contains free-living and particle-attached bacteria. Only a small fraction 

is cultivable on plates. As free-living and particle-associated bacteria differ in their 

physiological traits, the cultivability on plates may coincide with particle association. 

Using filtration and Imhoff sedimentation cones, particles were collected during a 

phytoplankton spring bloom off Helgoland (North Sea) to obtain particle-associated 

bacteria as inocula. Direct dilution plating resulted in 526 strains from 3 µm filtration 

retentates and 597 strains from settled particles. Motile Gammaproteobacteria of the 

genera Pseudoalteromonas, Shewanella, Psychrobacter, Vibrio and Colwellia and 

particle-attached Flavobacteriia affiliating with the genera Tenacibaculum and Gramella 

were frequently isolated. We deposited a diverse collection comprised of 266 strains. Two 

strains were likely to represent novel genera and 78 strains novel species. Recently, a 

high-throughput cultivation study from the same site with seawater as inoculum had 

retrieved 271 operational phylogenetic units (OPUs) representing on the species level 

88% of the 4136 characterized strains. A comparison of 16S rRNA gene sequences 

revealed that our collection matched with 104 of the OPU representing strains on the 

species level and 113 on the genus level. This large overlap in the diversity indicated a 

significant contribution of particle-associated bacteria to the cultivatable microbiome 

from seawater. The presence of 49 genera not identified in the larger seawater study 

suggested that sample fractionation is an efficient strategy to cultivate rare members of 

the planktonic microbiome. The diverse collection of heterotrophic bacteria retrieved in 

this study will be a rich source for future studies on the biology of particle-associated 

bacteria. 

 

5.2 Introduction  

The ocean holds about 60 times more carbon than the atmosphere, making the 

marine environment a major reservoir for global carbon (reviewed by [9]). The exchange, 

burial and release of carbon between atmospheric and marine systems is modified by 

primary producers like phytoplankton and by biomass degraders like heterotrophic 

bacteria. Diatoms, a group of microalgae with silica shells, are responsible for roughly 
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40% of the oceanic primary production of biomass (reviewed by [80]). They occur in 

seasonal blooms over the annual cycle in temperate waters. Diatoms are a rich source of 

particulate organic carbon in an otherwise oligotrophic environment [80, 94]. About 50% 

of the net organic carbon production of phytoplankton enters the microbial loop [8, 25], 

where its mineralization provides energy for heterotrophic bacteria. These bacteria have 

developed different strategies to adapt to the heterogeneous nutrient richness of the ocean 

[91, 106]. Abundant free-living non-motile bacteria, like members of the SAR11 clade 

(Alphaproteobacteria), are adapted to oligotrophic conditions [46, 48, 59] by small cell 

sizes, streamlined genomes, and limited substrate ranges [5, 18, 42, 48, 76, 77, 85, 88]. 

Particle-associated bacteria are generally copiotrophic and are either motile and free-

living by means of polar or lateral flagella [48, 92] or particle-attached, in which case 

they possess attachment capability and often gliding motility [17, 49]. Close proximity to 

nutrient hot spots enables high metabolic activity and makes particle-associated bacteria 

significant contributors to the carbon cycle, in spite of their low cell number in the oceans 

[21, 33, 48, 69, 87, 109, 110]. The particle-associated microbiomes are intensively 

characterized in culture-independent studies (e.g. [31, 37, 82]), however, little effort went 

into the specific isolation of bacteria from particle-associated microbiomes. In contrast, 

seawater is widely used as inoculum without selective pretreatments [2, 34, 38]. Only a 

small portion of bacterioplankton cells are cultivable on plates which allows no 

conclusion on their natural habitat [41]. The larger metabolic versatility of particle-

associated bacteria has repeatedly been an argument for their selective enrichment on 

plates [21, 33, 87, 109, 110]. To test this, we isolated strains that were either released 

from the retentate of particle filters (> 3 µm) or had moved with settling particles into the 

bottom fraction of Imhoff sedimentation cones. The filtration fraction comprised large 

cells, multicellular aggregates and particle-attached bacteria, while the Imhoff 

sedimentation cone bottom fraction comprised motile free-living and particle-attached 

bacteria, including members of the phycosphere [37]. Inocula were obtained in 2017 from 

the diatom-dominated spring bloom off Helgoland (North Sea). The isolated strains were 

subsequently compared to those obtained by Alejandre-Colomo and colleagues [2], who 

had used seawater from the same location without an inoculum preselection one year 

prior. Cultivation-independent community studies on the spring bacterioplankton of 
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Helgoland are available for free-living bacteria for the years 2009-2012 and 2018 [19, 37, 

94, 95] and recently also for particle-associated bacteria for the year 2018 [37]. 

 

5.3 Material and Methods  

5.3.1 Sampling and microbiome fractionation 

Seawater was sampled 1 m below the surface at the long term ecological research 

site Helgoland Roads (54°11’03”N, 7°54’00”E) during a phytoplankton spring bloom in 

2017 at Julian Day 74, 100, and 135 (Supplementary Figure 7) and processed within two 

hours after sampling. For the isolation of strains from filters, 0.5 L was filtered through a 

3 µm pore-sized filter (TSTP, total diameter of 47 mm, effective filter diameter of 39 

mm, Millipore, Darmstadt, Germany) on day 74 and 135. Monitoring of water flow 

during the filtration excluded a clogging of the filter. The 3 µm filter was transferred into 

a 50 mL tube (Sarstedt, Nümbrecht, Germany) and collected particles and cells were 

detached in 40 mL sterile artificial seawater (ASW [102], see Supplementary Text) by 

gently inverting the tube with an overhead shaker for 24 h at 15°C (Supplementary Figure 

8). Detached cells were statistically diluted with ASW and served as inoculum.  

For the isolation of strains associated with settling particles, 1 L seawater was 

transferred into Imhoff sedimentation cones (Brand Scientific, Wertheim, Germany) and 

sedimentation of particles took place for 24 h at 15°C, corresponding to a sedimentation 

rate of more than 0.3 m d-1. Particles were collected in a 5 mL bottom fraction using a 

stopcock at the end of the cone  and homogenized by manual grinding using sterile 1.5 

mL pestles (Bel Art, Warminster, PA, USA) (Supplementary Figure 8). The homogenate 

was diluted and used as inoculum.  

In a third experiment targeting strains grown on collected particles, bottom 

fractions were diluted in 15 mL ASW and incubated in the dark and at 12°C for 10 days. 

After the prolonged incubation, the tubes were homogenized by inversions and the 

enrichment culture was used as inoculum.  
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5.3.2 Cultivation and strain conservation 

After serial dilution, 200 µL were streaked across a plate using a plate rotator, or 

1 µL per tip was applied with a 96-pin replicator [34, 102]. Plate media were marine agar 

2216 based on ZoBell (ZB) [64] (Difco Laboratories, Detroit, USA) and modified HaHa 

medium with 2 g L-1
 laminarin (Lam) as additional carbon source (see Supplementary 

Text). Inoculated plates were incubated in the dark at 12°C. Colony forming units (CFUs) 

were counted 37 days after inoculation. Strains were isolated on ZB medium by transfers 

in two week intervals and then conserved as glycerol stocks at -80°C. Plates were wetted 

with 3 mL ASW and suspended colonies were mixed with an equal volume of 30% v/v 

glycerol in ASW (final concentration 15% v/v) and immediately frozen in liquid nitrogen.  

 

5.3.3 16S rRNA gene sequencing and phylogenetic analyses 

A sterile 1 µL pipette tip was dipped into a colony and a small amount of biomass 

was transferred in 20 µL PCR-grade water. After five freeze/thaw cycles (-20°C/4°C), 1 

µL was used as template for the amplification of a part of the 16S rRNA gene with 0.167 

µM of the forward primer 27f-YM (5’-AGAGTTTGATYMTGGCTCAG-3’) [29] and 1 

µM of the reverse primer 907R (5’-CCGTCAATTCCTTTRAGTTT-3’). Amplicon 

sequences were produced with 907R in 99 cycles using the BigDye™ Terminator 

chemistry (Applied Biosystems, Foster City, USA) and analyzed on a 3130xl Genetic 

Analyzer (Applied Biosystems). Full length 16S rRNA gene sequences were obtained 

from amplicons using GM3F (5’-AGAGTTTGA TCMTGGC-3’) and GM4 (5’-

TACCTTGTTACGACTT-3’) [60] with an annealing temperature of 50°C and 27f-YM , 

907R, and GM1_F (5’-CCAGCAGCCGCGGTAAT-3’) as sequencing primers [29, 60].  

After quality control and assembly within Geneious (Biomatters, Auckland, New 

Zealand), sequences were import into ARB and aligned to SILVA 138. .1 [74]. After 

manual curation of the alignment, phylogenetic trees were calculated using the 

‘Randomized Axelerated Maximum Likelihood’ (RAxML) method with default 

parameters in ARB [90]. BlastN was used for comparison with type strains present in 

SILVA 138.1, as well as cultured seawater strains obtained 2016 at Helgoland Roads [2].  
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5.3.4 Strain and sequence submission 

266 strains were deposited as collection at the Spanish Type Culture Collection 

(CECT; Valencia, Spain) under the reference number CECT BD003. The corresponding 

16S rRNA gene sequences were deposited under the accession number SUB9013427 at 

the National Center for Biotechnology Information (NCBI).  

5.3.5 Statistic and visualization  

All statistical analyses and visualizations were conducted in R studio [75]. Heat 

trees were visualized using the package “metacoder” [28].  

 

5.4 Results and Discussion  

The annual recurring phytoplankton spring bloom at Helgoland station 

Kabeltonne (North Sea) started early in April 2017, with chlorophyll a concentrations 

surpassing 1.5 µg L-1. They increased up to 3.3 µg L-1 in May. Starting with seawater 

sampled at Julian Days 74, 100, and 135 (Supplementary Figure 7), particle-associated 

strains were isolated from the retentate on 3 µm filters, the particle-containing bottom 

fraction of sedimentation cones and bottom fractions incubated for ten days served as 

inoculum. 

 

5.4.1 Particle-attached bacteria from filtration retentate 

Particle-attached bacteria were retained together with particles on 3 µm pore-sized 

filters. Using a detachment by gentle washing in artificial seawater, the isolation yielded 

526 strains (Supplementary Figure 9). More colony forming units (CFUs) mL-1 seawater 

were obtained in March compared to May (Table 3, Supplementary Table 14).  
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Table 3. Average number of colony forming units mL-1 seawater obtained from particle 

fractions enriched during a phytoplankton Spring bloom off Helgoland in March, April 

and May (Julian Days 74, 100, and 135, respectively) by 3 µm pore size filtration or 

Imhoff sedimentation cones. ZB: ZoBell plate medium; Lam: Plate medium with 

laminarin as additional carbon source; in brackets: number of counted plates; nd: not 

determined. 

Julian 

Day 

Filtration  Sedimentation cone 

ZB Lam  ZB Lam 

74 535 ± 240 (19) 684 ± 112 (10)  961 ± 853 (12) 1077 ± 320 (4) 

100 nd nd  390 ± 172 (7) 429 ± 165 (8) 

135 150 ± 86 (14) 119 ± 53 (14)  805 ± 679 (11) 669 ± 621 (8) 

 

Partial 16S rRNA gene sequences revealed a dominance of strains affiliating with 

Pseudoalteromonas (44.5%, Table 4). This genus comprises motile bacteria with 

sheathed polar and/or unsheathed lateral flagella [13]. They possess a broad spectrum of 

enzymes for polysaccharide degradation and can produce antibiotics [13]. Other 

Gammaproteobacteria among the abundant genera (≥ 2% relative strain abundance) were 

also motile by polar flagella: Shewanella, Colwellia, and Vibrio [22, 26, 36]. Like 

Pseudoalteromonas, these taxa are known members of the phycosphere microbiome, 

bacteria in the interaction zone around living algae [82]. Shewanella species have a 

versatility to respire a broad array of compounds, including toxins [36]. This ability 

allows them to thrive in both oxic and anoxic environments, which may be the key to 

their success as a cosmopolitan genus and especially in and around particles, where local 

anoxic zones may occur [4, 12, 72]. Colwellia is facultative anaerobic and can generally 

reduce nitrate [22]. Strains are often psychrophilic and chitinolytic and have been 

originally isolated from coastal Antarctic sea-ice diatom assemblages [16, 22].  

The gammaproteobacterial genus Psychrobacter was also abundant in the 

filtration-derived samples (Table 4). As non-motile, but chain-forming bacterium [14], 

its chains may not sink fast. This may explain the larger abundance in the filtration-

approach compared to sedimentation cone bottom fractions (Table 4). The flavobacterial 

genus Gramella was exclusively isolated in the filtration experiment (Table 4). Species 

affiliating with this genus have gliding motility and adhere strongly to algae and 

zooplankton [11, 50, 61, 66], a trait that has been linked to first responders in the 
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degradation of particles [20]. Although Gramella cells were not abundant in situ [37], 

strains can readily be isolated from unprocessed North Sea water [2, 24].  

Strains with a lower relative abundance of 1-2% were Tenacibaculum, Lutimonas 

(both Flavobacteriaceae), Sulfitobacter, Litorimonas (both Alphaproteobacteria), and 

Marinomonas (Gammaproteobacteria) (Table 4).  

 

5.4.2 Particle-associated bacteria from the bottom fraction of sedimentation 

cones 

Imhoff sedimentation cones concentrate settled particles together with particle-

attached bacteria and chemotactic motile particle-associated bacteria in a bottom fraction. 

The isolation yielded 597 strains (Supplementary Figure 10, Supplementary Table 14). 

CFUs mL-1 seawater were highest at the beginning of the bloom and lowest in April 

(Table 3). The high standard deviation reflects a heterogeneity of the particle fraction. 

Most strains were affiliated with the motile gammaproteobacterial genera 

Pseudoalteromonas, Vibrio, Shewanella, Colwellia and Pseudomonas (Table 4). Vibrio 

strains were more frequently isolated from the gravity-derived particle fraction than from 

the filter retentate (Table 4). The latter may provide less substrate. Vibrio are benefiters 

of incubation experiments, known as the bottle-effect [24, 71]. Members of this genus are 

fast-acting responders i.e. to algal blooms [51, 93, 95] as soon as their nutrient 

requirements, for example iron, become available [98, 100]. Pseudomonas strains were 

only isolated from bottom fractions, accounting for 4.7% of all gravitation-derived strains 

(Table 4). Both genera, Vibrio and Pseudomonas, are chemotactically active taxa that 

appear often free-swimming instead of attached to particles [26, 32, 65, 79, 86]. A free-

swimming lifestyle could be an explanation for their higher isolation frequency in the 

sedimentation cone bottom fractions, compared to a size-dependent filtration approach.  

Abundant flavobacterial strains (≥ 2% relative strain abundance) affiliated to 

Olleya and Tenacibaculum (Table 4). Both genera are known for their particle-attached 

lifestyle and gliding motility [7, 15, 62, 63]. They were previously often related to fish 

aquaculture: Olleya was among the highest abundant operational taxonomic units in the 

bacterial community of a recirculating aquaculture system [55] and strains affiliating with 
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Olleya marilimosa were shown to secrete exopolysaccharides that can support 

multicellular structural networks [63]. Tenacibaculum is responsible for tenacibaculosis, 

an ulcerative fish disease that causes the infected fish to die and is of large commercial 

cost to aquaculture producers [7].  

Strains with 1 to 2% relative strain abundance and affiliating with the 

Alphaproteobacteria were Sulfitobacter and Loktanella and within the 

Gammaproteobacteria Psychrobacter, Marinobacter, and Paraglaciecola (Table 4).  

Diversity differences in the strain collections from Julian Days 74 and 135 

obtained by the filtration or the sedimentation were not statistically significant between 

the two sample populations of the sedimentation and the filtration approach (t-test, p-

value=1). Both groups had the same diversity index (Shannon Weaver: 2.7, Simpson: 0.8) 

and the same evenness value (0.6).  

 

5.4.3 Strain isolation after prolonged incubation of bottom fractions 

The settled particles in the bottom fraction served for ten days as nutrient source 

for autochthonous bacteria, before samples were homogenized and streaked on Lam and 

ZB plates. This isolation experiment yielded 90 strains (Supplementary Figure 11, 

Supplementary Table 14). Assignment to genera disclosed a high abundance (≥ 2% 

relative strain abundance) of the Flavobacteriaceae Tenacibaculum, Lutimonas, and 

Maribacter, the Alphaproteobacteria Litorimonas and Sulfitobacter, and the 

Gammaproteobacteria Colwellia, and Paraglaciecola (Table 4). All these genera were 

more frequently isolated after the prolonged incubation than from directly sampled 

bottom fractions. Most are considered to be particle-attached or particle-associated [37] 

and include members of the phycosphere [82].  

Vibrio strains were not isolated and the portion of Pseudoalteromonas, 

Pseudomonas and Shewanella strains was largely reduced (Table 4), which may have 

resulted from extensive phage lysis [10, 30, 35, 48, 101], outcompetition by more 

specialized degraders, for example those with the ability to metabolize chitin [20], or 

from the activity of bacteria able to inhibit others [1, 57].  
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Table 4. Relative taxon abundance of colony forming units (CFU) obtained by particle-

enriching methods during a phytoplankton Spring bloom off Helgoland (North Sea) in 

2017. Only taxa with an abundance >1% (additive) are shown, other taxa are documented 

in Supplementary Table 16. Filt: CFU obtained from filter retentates (> 3 µm) washed 

from the filter within 24 h (n= 526); SC: CFU obtained from sedimentation cone bottom 

fractions after 24 h settlement (n= 597), SC_I: CFU obtained from incubations of 

sedimentation cone bottom fractions (24 h) after 10 days of incubation (n= 90). Grey 

color indicates total absence of a strain for a given approach. 

 
Strain affiliation Filt SC SC_I 

Pseudoalteromonas 44.5 37 2.2 

Tenacibaculum 1.7 2 30 

Colwellia 3.2 5.2 16.7 

Vibrio 2.5 15.1 0 

Shewanella 8.4 6.2 1.1 

Psychrobacter 7.6 1.7 1.1 

Flavobacteriaceae 2.3 0.8 6.7 

Sulfitobacter 1.3 1.8 5.6 

Litorimonas 1.3 0.2 6.7 

Lutimonas 1.5 0.2 5.6 

Paraglaciecola 0 1.3 5.6 

Maribacter 0.2 0.5 5.6 

Pseudomonas 0 4.7 1.1 

Olleya 0.6 2.7 2.2 

Gramella 4 0 0 

Rhodobacteraceae  1.5 1.5 0 

Marinobacter 0.4 1.5 1.1 

Marinomonas 1 0.3 1.1 

Winogradskyella 0.8 0.3 1.1 

Hydrotalea 0.4 0.7 1.1 

Hyphomonadaceae 0.4 0.2 1.1 

Planococcaceae  0 1.7 0 

Alteromonas 0.2 0.3 1.1 

Psychromonas 0 0.5 1.1 

Loktanella 0.2 1.2 0 

Oceanibulbus 0.4 0.7 0 

Cyclobacterium 0 0 1.1 

Microbacteriaceae 0 0 1.1 

Polaribacter 0.8 0.2 0 
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Other strains reaching a relative strain abundance above 1% affiliated with 

Marinomonas, and Psychromonas (both Gammaproteobacteria), as well as 

Winogradskyella, and Cyclobacterium (both Bacteroidetes) (Table 4).  

Two of the Tenacibaculum strains (DSM111039 and DSM111040) and one 

Polaribacter-affiliated strain (DSM111061) were used as hosts for phage isolation [10]. 

 

5.4.4 Creation of a strain collection  

Partial 16S rRNA gene sequences guided the dereplication of the strain collection. 

Selection criteria were (i) the partial 16S rRNA gene sequence should present novelty, 

preferably with a sequence identity < 98.7% to other strains in the collection, (ii) different 

next related type strains of two closely related strains, (iii) strains originated from 

different sample days and different isolation experiments, and (iv) strains could be 

reactivated from glycerol stocks. For example, strains affiliating with the clades OM43 

and SAR116 could not be reactivated from glycerol stocks. Application of the criteria 

resulted in a collection of 266 strains (Supplementary Table 15). They covered 87 validly 

described genera of particle-associated bacteria. Two strains (AHE_PA_133 and 274) 

represented novel genera (sequence identity < 94.5%, [105]) and 78 strains comprised 

novel species based on their identities to the next related type strain of < 98.7% [89]. The 

majority of deposited strains affiliated with Bacteroidetes (~17%), Aphaproteobacteria 

(~13%), and Gammaproteobacteria (~63%). Related type strains were often associated 

with cold habitats, like Nonlabens antarcticus, Priscia antarctica, Cellulophaga baltica, 

Glaciecola arctica, and Colwellia arctica (Figure 17, 18, 19). This coincided with the 

low in situ temperature during sampling (5-10°C) and the presence of North Atlantic 

waters which are the source of two-third of the water masses flowing through the North 

Sea. All strains growing on HaHa laminarin plates did also grow on marine agar 2216. 

Colony appearances are documented in the supplement (Supplementary Text and 

Supplementary Figure 13-35).  
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5.4.5 Bacteroidetes 

Fourty-four strains affiliated with the family Flavobacteriaceae and two strains 

with the family Saprospiraceae (Figure 17). Strain AHE_PA_ 133 represented a potential 

novel genus, affiliating closest with Pricia antarctica of the Flavobacteriaceae. Of 19 

candidate strains for novel species, 8 strains affiliated with Olleya, Winogradskyella, and 

Tenacibaculum. Type strains of Winogradskyella ludwigii and W. schleiferi were isolated 

2016 from the same sampling site, Helgoland station Kabeltonne [3]. Among the 

Bizionia-related strains, strain AHE_PA_270 showed a green iridescence 

(Supplementary Figure 17) [81]. This trait correlates strongly with gliding motility [45]. 

 

Members of a larger flavobacterial branch known to be easily isolated from 

particles, phytoplankton, and macroalgae were Cellulophaga, Arenibacter and 

Maribacter. They have medium-sized genomes (average 4.5 Mbp) with a large number 

of polysaccharide utilization loci (PUL) and are often iridescent [34, 42, 44]. The 

iridescence of strain AHE_PA_052 colonies is the first report for Arenibacter 

(Supplementary Figure 17) [15, 34]. Strains affiliating to Gramella, Mesonia, Nonlabens 

and Marixanthomonas included candidates for novel species. Saprospiraceae were 

represented by strains AHE_PA_099 and AHE_PA_116, two potentially new species of 

Lewinella. Members of the family Saprospiraceae are based on their isolation source 

associated with macro algae, can glide and can utilize complex carbon sources [56].  
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Figure 17. Phylogenetic reconstruction of particle-derived North Sea Bacteroidetes 

strains based on full-length 16S rRNA gene sequences and maximum likelihood analyses. 

The scale bar indicates 10% sequence divergence. Numbers 1-3 indicate the sampling 

time points at Julian Days 74, 100, and 135 in 2017, respectively. Growth media: Lam: 

Plate medium with laminarin as carbon source; ZB: ZoBell plate medium. Inoculum: Filt: 

Strain obtained from particles enriched by 3 µm pore size filtration; SC: Strain obtained 

from particles enriched in Imhoff sedimentation cones; SC_I: Strain obtained from 

sedimentation cone bottom fraction after additional incubation period in artificial 

seawater for 10 days. */ **: Potential novel species (16S rRNA gene similarity with type 

strain <98.7%) or genus (16S rRNA gene similarity with type strain <94.5%). +/ ++: 

Sequence identity to OPU-representative strains in a seawater collection [2]: lack of sign 

indicates a match on the species level (>98.7% sequence identity), + a match on the genus 

level (94.5-98.7%) and ++ no match on the genus level.  
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5.4.6 Alpha- and Epsilonproteobacteria 

Distributed across seven families, 34 strains affiliated with Alphaproteobacteria 

(Figure 18), with 18 strains representing potentially new species. The family 

Rhodobacteraceae was represented by 20 strains. The diverse family comprised many 

particle-associated bacteria that strongly respond to phytoplankton blooms [37, 73, 94, 

95]. Two of our strains affiliated with Loktanella, with strain AHE_PA_277 as candidate 

for a new type strain (Figure 18). The strains AHE_PA_207, 253, 269, and 279 shared 

sequence similarities of more than 98.7% with Sulfitobacter indolifex Hel45T. Among all 

Sulfitobacter-affiliated strains, only AHE_PA_147 may be a potentially new species. 

Kiloniellaceae was represented by strain AHE_PA_183, a potentially new species with 

the closest type strain isolated from a marine sponge [104]. Within Hyphomonadaceae, 

two novel species may be presented by strain AHE_PA_127 and by a group of seven 

strains, all related to Litorimonas taeanensis. Strain AHE_PA_139 affiliated distantly 

with Poseidonibacter lekithochrous LFT1.7T within the Arcobacteraceae in the 

Epsilonproteobacteria [99]. P. lekithochrous, formerly described as Arcobacter 

lekithochrous [70], is a motile species isolated from a molluscan hatchery [23].  
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Figure 18. Phylogenetic reconstruction of particle-derived North Sea 

Alphaproteobacteria strains based on full-length 16S rRNA gene sequences and 

maximum likelihood analyses. The scale bar indicates 10% sequence divergence. See 

legend Figure 17 for further legend specifications.  

5.4.7 Gammaproteobacteria 

More than half of the deposited strains (n= 167) affiliated with the 

Gammaproteobacteria. One strain depicted a potentially new genus (AHE_PA_274) and 

30 potentially new species (Figure 19). Colwellia hosted several candidate species, in 

example, AHE_PA_002 and 082 that were only distantly related to the other 26 

Colwellia-related strains (Figure 19). Three strains affiliated with the motile strain 
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Thalassotalea piscium T202T. Vibrionaceae are well known for a high cultivability [93]. 

This collection included 17 strains closely related to type strains of Vibrio, Aliivibrio and 

Photobacterium (Figure 19).  

 

 
Figure 19. Phylogenetic reconstruction of particle-derived North Sea 

Gammaproteobacteria strains based on full-length 16S rRNA gene sequences and 

maximum likelihood analyses. The scale bar indicates 10% sequence divergence. See 

legend Figure 17 for further legend specifications. 
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Within Alteromonadaceae, AHE_PA_144 is a candidate type strain within 

Agarivorans and three potentially new species were within the Glaciecola/ 

Paraglaciecola clade (Figure 19). Glaciecola was reported to be adapted to low 

temperatures and to prefer particle-association, including particulate organic material 

(POM), marine snow, and marine animals [48]. In 2014, the genus Glaciecola was split 

into Paraglaciecola and Glaciecola [83]. Our strains represented four groups within the 

genera. Group 1 (AHE_PA_029, 155, 166, 181, 218, 232, 280) related closest to 

Paraglaciecola polaris ARK 150T. Group 2 (AHE_PA_ 151, 219, 234, 242_B, 273_B) 

affiliated with Paraglaciecola mesophila DSM 15026T. Group 3 was comprised of 

AHE_PA_083, 284, and 290. The first and the last are potentially new species and 

affiliated with Paraglaciecola psychrophila and Paraglaciecola arctica, formerly 

Glaciecola arctica, respectively. AHE_PA_220 represented a candidate type strain in 

Glaciecola, affiliating closest with Glaciecola nitratireducens. 

Pseudoalteromonadaceae were frequently isolated and 56 strains were deposited. 

Pseudoalteromonas comprises motile bacteria with 4-6 Mb genomes and a rich repertoire 

of secondary metabolites, including algicidal and bactericidal compounds [39]. They 

respond rapidly to nutrient pulses in nature [94, 95] and follow settling algae [37]. Some 

of the rod-shaped strains have cell sizes up to 4 µm [39] which may explain their 

occurrence in the 3 µm filter retentates. Only two of the 56 selected strains, AHE_PA_167 

and 272, represented potentially new species based on 16S rRNA gene identity <98.7%, 

with Pseudoalteromonas citrea and Pseudoalteromonas prydzensis as related species, 

respectively.  

Moritella sp. AHE_PA_018 depicted a potentially new species related to the 

psychropiezophile Moritella abyssi 2693T [103]. Shewanella strains were clustering in 

two groups (Figure 19). AHE_PA_117 and 245 formed one group, with AHE_PA_245 

potentially representing a new species. Of the 10 strains in the second group, 

AHE_PA_096 may represent a novel species.  

A novel genus was presented by strain AHE_PA_274 affiliating with the 

Spongiibacteraceae clade BD1-7, which has been frequently found on particles [37]. 

Psychrobacter strains depicted many potentially new species in this cold-adapted genus 

[96], most closely related to Psychrobacter aquimaris SW-210T [107] and Psychrobacter 
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adeliensis SJ 14T [84]. Three potentially new species affiliated with Marinobacter 

(AHE_PA_161) and Pseudomonas (AHE_PA_132 and 164). Pseudomonas in particular 

is a diverse genus and currently comprised of 256 species [68]. Strains within our 

collection affiliated closest to the motile type strains P. sabulinigri J64T , P. salina XCD-

X85T, P. pelagia CL-AP6T, and P. peli LMG 23201T [54, 65].  

Strain AHE_PA_074 was the only representative of the Comamonadaceae family 

(Burkholderiales). It affiliated with the genus Hydrogenophaga and represented a 

potentially new species. Another potential novel species, AHE_PA_184, was affiliated 

with Marinicella. This validly described genus comprises non-motile 

chemoorganoheterotrophic bacteria and its assignment to the family Marinicellaceae and 

the order Xanthomonadales [78] is uncertain due to the illegitimate description of 

Xanthomonadales [97] (Gammaproteobacteria Incertae Sedis).   

 

5.4.8 Gram-positive bacteria 

Potentially new species were presented by strains affiliating with Agrococcus 

(AHE_PA_042 and 072), Arthrobacter (AHE_PA_123), Ornithinimicrobium 

(AHE_PA_208) and Planococcus (AHE_PA_106) (Supplementary Figure 12).  

 

5.4.9 Comparison of two strain collections  

Seawater from the long term ecological research site Kabeltonne near Helgoland 

was used an inoculum for a large cultivation study in spring 2016 [2] and in our study in 

spring 2017 to obtained particle fractions. From nine days over the spring season of 2016, 

5000 strains were isolated, of which 4136 yielded MALDI-ToF MS profiles as 

fingerprints for dereplication. The final strain collection encompassed 271 strains 

representing operational phylogenetic units (OPUs). 16S rRNA gene sequences among 

the strains were < 98.7% identical, representing 88% of all colonies based on MALDI-

ToF MS profiles. At least 7 MALDI-ToF spectra of colonies comprised one OPU.  
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Between our 266 particle-associated strains and the 271 OPU representatives, 104 

matched on species (>98.7% identity) and 113 on the genus level (94.5-98.7% identity) 

(Figure 17, 18, 19, Supplementary Figure 12). Forty-nine of our strains differed from the 

seawater OPUs on the genus level (<94.5%) and 88 seawater OPUs had genus affiliations 

not present in the particle-associated collection. This is unlikely to be caused by different  

sampling years, as studies have documented a high recurrence of bacterial taxa in the 

Helgoland spring blooms from 2009 to 2017 [19, 37, 94, 95]. The seawater collection did 

not characterize the phylogeny of the “rare” MALDI-ToF-based OPUs. These 296 MS-

OPUs represented by 484 strains and 11.7% of all MALDI-ToF spectra may have 

included strains related to the 49 non-coinciding particle-associated strains of our work.  

Particle-associated microbiomes of the spring bacterial communities at Helgoland 

were characterized in 2018 by 16S rRNA amplicon sequencing, with a focus on 

community separations by filtration and gravitation [37]. The study identified groups of 

genera that comprised (i) small free-living cells (< 3 µm) and (ii) large free-living cells 

together with multicellular aggregates and particle-attached bacteria, as well as (iii) 

particle-associated and (iv) particle-attached cells of sinking particles. In both culture 

collections, genera of small, free-living cells are rare, with 5% of the 271 seawater-

derived OPUs and 1% of the 266 particle-derived strains. Larger cells, cell aggregates 

and cells on non-sinking particles were collected as 10 µm and 3 µm filter retentate, but 

not together with settled particles [37]. Genera of this group were frequently present in 

the seawater collection (24.6%) and less frequent in the particle collection (13.8%). Both 

collections comprised mainly strains with a particle-association (seawater collection: 

34%, particle collection: 63%) or particle-attachment (seawater collection: 20%, particle 

collection: 19%). This difference in the collection composition may have a technical 

reason, i.e., a low recovery of cells from 3 µm filters. We conclude that both collections 

were dominated by particle-associated bacteria [37]. This observation is consistent with 

the frequently suggested coincidence of particle association and higher cultivability on 

plates [21, 33, 87, 109, 110]. Still, alternatives to this explanation are a generally lower 

diversity of free-living bacteria in the ocean or, in the case of an equal diversity, a low 

diversity of free-living bacteria that are cultivable on plates.  
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All particle-attached bacteria spend a certain lifespan free-living in the ocean, 

either as offspring cells or detached from a decayed particle [40]. Thus, isolation of 

particle-associated bacteria from seawater or the free-living fraction (as defined by < 3 

µm) is within the expectation. This suggested that the outcome of an isolation experiment 

targeting planktonic bacteria is rather under selection of the media and incubation 

conditions than the source of the inoculum.  

Overall, our study demonstrated a large overlap in the diversity of cultivable 

microbiomes from seawater and seawater-derived particle fractions. Our collection of 

strains from particle-associated subpopulations of the seawater microbiome was 

performed with a quarter of the cultivation effort of the high throughput cultivation. 

Despite the aforementioned overlap in the diversity, 49 strains represented genera that 

were not identified in the seawater collection. This observation indicated that rare species 

of the natural community become more easily accessible by sample fractionation towards 

their specific niches. Such sample specific strain collections are a requisite for the full 

exploitation of the global relevance of the heterotrophic particle-associated bacteria.  
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5.6 Supplementary material  

5.6.1 Supplementary Text 

Protocol for artificial seawater  

One liter artificial seawater contained: NaCl, 26.37 g; MgCl2 ×6 H2O, 5.67 g; MgSO4 ×7 

H2O, 6.8 g; NaHCO3, 0.19 g; CaCl2 ×2 H2O, 1.47 g; KCl, 0.72 g. The artificial seawater 

was produced as described in [102]. 

 

Protocol for ZoBell plate medium 

The commercially available 2216 medium (Difco Laboratories, Detroit, USA), based on 

ZoBell’s original protocol [64], was prepared with ultra pure water, following the the 

manufacturer’s protocol. It contained per L: 5 g peptone, 1 g yeast extract, 0.1 g ferric 

citrate, 19.45 g NaCl, 8.8 g MgCl2, 3.24 g Na2SO4, 1.8 g CaCl2, 0.55 g KCl, 0.16 g 

NaHCO3, 0.08 g KBr, 34 mg SrCl2, 22 mg H3BO3, 4 mg sodium silicate, 2.4 mg NaF, 1.6 

mg (NH4)NO3, 8 mg Na2HPO4, and 15 g agar. 

 

Protocol for the laminarin plate medium 

The laminarin plate medium contained per L: 1 L ASW (see above), 18 g agar; 2 mL trace 

element solution (per L: FeSO4 × 7H2O, 2.1 g; Na2-EDTA, 5.2 g; H3BO3, 30 mg; MnCl2 

× 4H2O, 100 mg; CoCl2 × 6H2O, 190 mg; NiCl2 × 6H2O, 24 mg; CuCl2 × 2H2O, 10 mg; 

ZnSO4 × 7H2O, 144 mg; Na2MoO4 × 2H2O, 36 mg; pH adjusted to 6.0 with 5 M NaOH; 

autoclaved), 1 mL Se-W-solution (per L: NaOH, 200 mg; Na2SeO3 x 5 H2O, 18 mg and 

Na2WoO4 x 2 H2O, 18 mg; autoclaved), 10 mL KH2PO4-solution (50 g L-1, autoclaved), 

5 mL NH4Cl-solution (50 g L-1, autoclaved); 20 mL laminarin (100 g L-1, pasteurized), 3 

mL yeast extract (100 g L-1, sterile filtered), 3 mL casaminoacids (100 g L-1, sterile 

filtered), and 3 mL peptone (100 g L-1, sterile filtered). The final pH of both media was 

adjusted to 7.5 with autoclaved 1M HCl or 1M NaOH.  

 

Overview of the PCR assay  

The 30 µL PCR assay contained 1 µL of template, 15 µL of 2x High-Performance 

GoTaq® G2 DNA Polymerase Master Mix (Promega, Madison, USA), 1 µM of the 
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reverse primer 907R (5’-CCGTCAATTCCTTTRAGTTT-3’) and 0.167 µM of the 

forward primer 27f-YM (5’-AGAGTTTGATYMTGGCTCAG-3’) (Escherichia coli 

positions 8–27) [29, 60]. The PCR was done with 35 cycles. Amplification comprised a 

4 min denaturation at 94°C, and 35 cycles of 1 min denaturation at 94°C, 1 min annealing 

at 55°C and 3 min elongation at 72°C. A final elongation took place at 72°C for 10 min.  

The amplicon was purified by molecular sieve chromatography on Sephadex G-50 

superfine and the size of the amplicon was determined by gel electrophoresis. 

Subsequently, the amplicon was sequenced with 99 cycles. The reverse primer 907R (see 

above) and the BigDye™ Terminator chemistry (Applied Biosystems, Foster City, USA) 

were used. The reaction assay contained 0.8 µl of ABI PRISM®BigDye™ Terminators 

(Applied Biosystems, Foster City, USA), 1.2 µl of 2.5x reaction buffer, 0.5 µl of a 5 pmol 

µl-1 working solution of the reverse primer 907R (5’-CCGTCAATTCCTTTRAGTTT-

3’) and 1.5 µl of PCR-grade water. The cycler setup began with a 20 seconds denaturation 

at 96°C, followed by 99 cycles of 10 sec denaturation at 96°C, 5 sec annealing at 55°C, 

and 4 minutes elongation at 60°C. Sequence reactions were analyzed on a 3130xl Genetic 

Analyzer (Applied Biosystems, Foster City, USA).  

 

After molecular sieve chromatography and size determination of the amplicon length by 

gel electrophoresis, the cleaned PCR product was used as template for a subsequent 

sequencing reaction. This reaction contained 0.8 µl of ABI PRISM®BigDye™ 

Terminators (Applied Biosystems, Foster City, USA), 1.2 µl of 2.5x reaction buffer, 0.5 

µl of a 5 pmol µl-1 working solution of the reverse primer 907R (5’-

CCGTCAATTCCTTTRAGTTT-3’) and 1.5 µl of PCR-grade water. The cycler setup 

began with a 20 seconds denaturation at 96°C, followed by 99 cycles of 10 sec 

denaturation at 96°C, 5 sec annealing at 55°C, and 4 minutes elongation at 60°C. 

 

Calculation of the phylogenetic tree 

Related type strains of an isolated strain collection were selected to calculate a 

phylogenetic tree.  The alignment was curated manually. The calculation was based on 

the ‘Randomized Axelerated Maximum Likelihood’ (RAxML) method within ARB [90] 

using a phylum specific 50% base frequency conservation filter, compression of vertical 
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gaps, the ‘thorough tree search’ protocol, a GAMMA model of rate heterogeneity (alpha 

parameter estimated), and 100 bootstraps for the tree calculation. 

 

Strains isolated during this campaign but not included in the collection 

Three flavobacterial strains were isolated during this sampling campaign but excluded 

from the strain collection. Two of the strains affiliated with Tenacibaculum (DSM 111039 

and DSM 111040) and one with Polaribacter (DSM 111061). Both Tenacibaculum 

strains were isolated from the sedimentation cone bottom fraction after prolonged 

incubation and depicted potentially new species. The Polaribacter-affiliated strain was 

derived from the filtered fraction and affiliated with P. undariae (W-BA7T), a strain 

previously isolated from the leachate of a brown algae reservoir [67]. The three strains 

were used as hosts for phage isolations and deposited at the German Collection of 

Microorganisms and Cell Cultures (DSMZ) in 2020 already [10]. Hence, following 

criterion (v) for the establishment of this culture collection, they were excluded.  

 

 

Description of colony morphologies  

The colony morphologies of all deposited strains were imaged and documented in 

supplementary figures (Supplementary Figure 13-35). Here we described for some genera 

noticeable differences between colonies with regard to their color, size and/ or colony 

border.  

Bacteroidetes: Olleya-affiliated strains showed two colors: bright yellow colonies in 

group 1 (strains AHE_PA_051, 054, 55, 057) and orange colonies in group 2 (strains 

AHE_PA_053, 103, 275) (Supplementary Figure 19). The diversity of 16 S rRNA genes 

within Winogradskyella (Figure 17) coincided with colony variations in size, color, 

border sharpness and with light reflectiveness (Supplementary Figure 20). Also, these 

strains were closely related to new species that were isolated one year prior at the same 

sampling site [3], like W. schleiferi (AHE_PA_101) and W. ludwigii (AHE_PA_041) 

(Figure 17). Polaribacter strain AHE_PA_271 was with pale, white coloration an 

exception among the yellow Polaribacter strains (Supplementary Figure 19) that had 

sharp borders and a glossy shine, suggesting a strong surface tension and cell cohesion 
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among these cells (Supplementary Figure 19). Members of the genus Polaribacter 

respond to phytoplankton blooms and can reach abundances of up to 40% [95]. Several 

clades with different polysaccharide utilization loci (PUL) were observed in Helgoland 

spring seasons [6]. All Tenacibaculum strains showed iridescence at the fringes of their 

colonies, which has been described previously already for some Tenacibaculum species 

[43, 58]. 

Within the group of Cellulophaga-, Arenibacter- and Maribacter-related strains, 

iridescence was widespread (Supplementary Figure 17, Supplementary Figure 18), 

coinciding with earlier observations, including strains obtained from Helgoland Roads 

[34, 44].Marinirhabdus sp. strain AHE_PA_063 formed smaller colonies than other 

Flavobacteriaceae (Supplementary Figure 17). Within Marixanthomonas, strain 

AHE_PA_036 had a bright yellow colony color, whereas two other strains were dark 

orange (Supplementary Figure 18). 

 

Alphaproteobacteria: Colony colors of Rhodobacteraceae-affiliated strains ranged from 

white (e.g. AHE_PA_152, 193, 269) to a light brown (e.g. AHE_PA_227, 253, 279) 

(Supplementary Figure 15, Supplementary Figure 16), with two Jannaschia-related 

strains with a pink and a red colony coloration, AHE_PA_122 and 288, respectively. 

They share the color with the red-pigmented type strain Jannaschia rubra 4SM3T [53]. 

Erythrobacteraceae strain AHE_PA_310 had a rich yellow colony color with a glossy 

shine (Supplementary Figure 14). Two strains (AHE_PA_104, 121) affiliating with the 

family Sphingomonadaceae had an orange colony color (Supplementary Figure 16) and 

were highly similar to Novosphingopyxis baekryungensis SW-150T, formerly 

Sphingopyxis baekryungensis [27, 108]. 

 

Gammaproteobacteria: Colony appearances did not contribute to classification of groups 

within the genus Colwellia (Supplementary Figure 28-30). The diversity ranged from 

white (e.g. AHE_PA_169) to orange (e.g. AHE_PA_082) colors, and sharp (e.g. 

AHE_PA_031) to haloed (e.g. AHE_PA_135) edges (Supplementary Figure 28, 

Supplementary Figure 29). Three strains affiliating with the motile strain Thalassotalea 

piscium T202T showed a crust-like colony appearance with a pale yellow color (Figure 
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19, Supplementary Figure 30). The Psychromonadaceae strain AHE_PA_150 was a fast 

growing bacterium with white colonies and thin colony edges that spread across the plate 

(Supplementary Figure 35). Agarivorans albus MKT 106T is a motile, agarolytic strain 

isolated from the internal organs of mollusks [47], however, the related strain 

AHE_PA_144 showed no agar hydrolysis (Supplementary Figure 33). Moritella 

exhibited growth proliferation across the colony surface, leading to a rough, uneven 

appearance (Supplementary Figure 30). Marinobacter colonies were diverse 

(Supplementary Figure 33). AHE_PA_161 had a flattened colony with a thinning edge, 

whereas colonies of AHE_PA_251 were elevated with a distinctly sharp border. 

AHE_PA_013_B, 136, 186, 192, and 194 were Pseudomonas peli-related strains and 

formed a distinct group in the phylogenetic tree (Figure 19). They had thin, creeping 

colony edges, in contrast to the sharp borders observed for the other three strains 

(Supplementary Figure 35). 

 

Gram-positive bacteria: Planococcus-related strains formed orange colonies 

(Supplementary Figure 21), while the Actinobacteria had yellow colonies, with the 

exception of pink colonies of Arthrobacter sp. (AHE_PA_123) (Supplementary Figure 

13). 
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5.6.2 Supplementary Figures 

 
Supplementary Figure 7. Total cell counts (TCC, microscopically determined after 

DAPI staining) and chlorophyll a concentrations along the spring phytoplankton bloom 

off Helgoland (North Sea) in 2017. Sample time points are shown as triangles. 
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Supplementary Figure 8. Analysis workflow. (I) Seawater was sampled at the long term 

ecological research site “Helgoland Roads” during an algal bloom in 2017. Particles were 

enriched either by (IIa) filtration and detached in artificial seawater using an overhead 

shaker, or (IIb) in Imhoff sedimentation cones. Some settled particles (IIc) were incubated 

for additional 10 days. (III) All samples were diluted and spread with an inoculation loop 

and a plate rotator or with a 96-pin replicator. (IV) Plates were inoculated and after two 

months single colonies were transferred up to three times for purification. About 1200 

strains were (Va) stored in glycerol, (Vb) identified by partial16S rRNA gene sequencing 

and (VI) compared for similarity. (VII) About 300 diverse strain representatives were 

selected and re-activated from the glycerol stock. (VIII) They were plated and transferred 

up to three times, before being (IXa) fotographed, (IXb) full length 16S gene sequenced, 

and (IXc) stored in glycerol. (X) Finally, 266 representative strains were selected and 

(XI) deposited at the Spanish Type Culture Collection (CECT). 
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Supplementary Figure 9. Taxon abundance distribution of strains isolated from the 3 

µm filtration retentate shown as heat tree with taxonomic lineages.  
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Supplementary Figure 10. Taxon abundance distribution of strains isolated from the 

bottom fraction of Imhoff sedimentation cones shown as heat tree with taxonomic 

lineages. 
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Supplementary Figure 11. The heat tree with taxonomic lineages shows the taxon 

abundance distribution of strains isolated from the bottom fraction of sedimentation cones 

after an incubation for 10 days. 
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Supplementary Figure 12. Phylogenetic reconstruction of particle-derived North Sea 

Bacilli strains based on full-length 16S rRNA gene sequences and maximum likelihood 

analyses. The scale bar indicates 10% sequence divergence. Numbers 1-3 indicate the 

sampling time points at Julian Days 74, 100, and 135 in 2017, respectively. Growth 

media: Lam: Plate medium with laminarin as carbon source; ZB: ZoBell plate medium. 

Inoculum: Filt: Strain obtained from particles enriched by 3 µm pore size filtration. SC: 

Strain obtained from particles enriched in Imhoff sedimentation cones. SC_I: Strain 

obtained from sedimentation cone bottom fraction after additional incubation period in 

artificial seawater for 10 days. */ **: Potential novel species (16S rRNA gene similarity 

with type strain <98.7%) or genus (16S rRNA gene similarity with type strain <94.5%). 

+/ ++: Sequence identity to OPU-representative strains in a seawater collection [2]: lack 

of sign indicates a match on the species level (>98.7% sequence identity), + a match on 

the genus level (94.5-98.7%) and ++ no match on the genus level. 
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Supplementary Figure 13. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 14. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 15. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 16. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 17. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 18. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 19. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 20. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 21. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 22. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 23. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 24. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 25. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 26. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 27. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 28. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 29. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 30. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 31. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 32. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 33. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 34. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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Supplementary Figure 35. Pictures of strains after one week of growth on 2216 plates 

at 12°C.  
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5.6.3 Supplementary Tables  

Supplementary Table 14. List of all strains isolated from a phytoplankton bloom off 

Helgoland (North Sea), March-May 2017. Data will be accessible via SAM as electronic 

supplementary material, once the article is released (journals.elsevier.com/systematic-

and-applied-microbiology). 
  

 

Supplementary Table 15. List of all strains deposited in a strain collection and sampled 

during a phytoplankton bloom off Helgoland (North Sea), March-May 2017. Data will 

be accessible via SAM as electronic supplementary material, once the article is released 

(journals.elsevier.com/systematic-and-applied-microbiology). 

 

 

Supplementary Table 16. Relative taxon abundance of rarely isolated colony forming 

units (< 1%), obtained by particle-enriching methods during a phytoplankton Spring 

bloom off Helgoland (North Sea) in 2017. Filt: Strains obtained from 3 µm filtration 

retentate (n= 526), SC: Strains obtained from sedimentation cone bottom fractions (n= 

597), SC_I: Strains obtained from sedimentation cone bottom fractions incubated in 

artificial seawater for 10 days (n= 90), u.c.: uncultured. Grey color indicates total ab-

sence of a strain for a given approach. For abundant taxa see Table 4. 

Strain affiliation Filt SC SC_I 

Nonlabens 0.6 0.3 0 

Jannaschia 0.8 0 0 

Bradyrhizobium 0.6 0.2 0 

Dokdonia 0.6 0.2 0 

Lewinella 0.8 0 0 

Aliivibrio 0 0.8 0 

Mesonia 0.4 0.3 0 

Agrococcus 0 0.7 0 

Planococcus 0 0.7 0 

Bizionia 0.4 0.2 0 

Lacinutrix 0.4 0.2 0 

Ralstonia 0.4 0.2 0 

Marixanthomonas 0.6 0 0 

Oceaniovalibus 0.6 0 0 

Polaribacter 4 0.6 0 0 

Flavobacterium 0.2 0.3 0 

Kiloniella 0 0.5 0 

Moritella 0 0.5 0 

Oceanospirillum 0 0.5 0 

Sedimentitalea 0 0.5 0 
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Thalassotalea 0 0.5 0 

Arcobacter 0.4 0 0 

Arthrobacter 0.4 0 0 

Gillisia 0.4 0 0 

Sphingomonadales 0.4 0 0 

Sphingorhabdus 0.4 0 0 

Arenibacter 0.2 0.2 0 

Erythrobacter 0.2 0.2 0 

Paracoccus 0.2 0.2 0 

Photobacterium 0.2 0.2 0 

Roseovarius 0.2 0.2 0 

Sphingomonadaceae 0.2 0.2 0 

Comamonadaceae 0 0.3 0 

Hoeflea 0 0.3 0 

Micrococcus 0 0.3 0 

Psychrosphaera 0 0.3 0 

Rhodococcus 0 0.3 0 

Aestuariivita 0.2 0 0 

Agarivorans 0.2 0 0 

Bacillus 0.2 0 0 

Burkholderiales 0.2 0 0 

Cellulophaga 0.2 0 0 

Cobetia 0.2 0 0 

Colwelliaceae 0.2 0 0 

Delftia 0.2 0 0 

Erythrobacteraceae 0.2 0 0 

Flexibacter 0.2 0 0 

Hydrogenophaga 0.2 0 0 

Intrasporangiaceae 0.2 0 0 

Jejudonia 0.2 0 0 

Maritimimonas 0.2 0 0 

Marivirga 0.2 0 0 

Methyloceanibacter 0.2 0 0 

Moraxellaceae 0.2 0 0 

Novosphingobium 0.2 0 0 

OM43 clade 0.2 0 0 

Parahaliea 0.2 0 0 

Polaribacter 1 0.2 0 0 

Profundimonas 0.2 0 0 

Pseudoalteromonadaceae 0.2 0 0 

Psychroserpens 0.2 0 0 
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SAR116 clade 0.2 0 0 

Sphingopyxis 0.2 0 0 

Bradyrhizobiaceae 0 0.2 0 

Burkholderia-Paraburkholderia 0 0.2 0 

Cryomorphaceae 0 0.2 0 

Glaciecola 0 0.2 0 

Knoellia 0 0.2 0 

Lentibacter 0 0.2 0 

Lutibacter 0 0.2 0 

Marinicella 0 0.2 0 

Nesterenkonia 0 0.2 0 

Pseudarthrobacter 0 0.2 0 

Salegentibacter 0 0.2 0 

Spongiibacteraceae 0 0.2 0 

Vibrionaceae 0 0.2 0 

Cryomorphaceae u.c. 0.2 0 0 

Rhodobacteraceae u.c. 0.2 0 0 
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6.1 Abstract  

It is generally recognized that phages are a mortality factor for their bacterial 

hosts. This could be particularly true in spring phytoplankton blooms, which are known 

to be closely followed by a highly specialized bacterial community. We hypothesized that 

phages modulate these dense heterotrophic bacteria successions following phytoplankton 

blooms. In this study, we focused on Flavobacteriia, because they are main responders 

during these blooms and have an important role in the degradation of polysaccharides. A 

cultivation-based approach was used, obtaining 44 lytic flavobacterial phages 

(flavophages), representing twelve new species from two viral realms. Taxonomic 

analysis allowed us to delineate ten new phage genera and ten new families, from which 

nine and four, respectively, had no previously cultivated representatives. Genomic 

analysis predicted various life styles and genomic replication strategies. A likely 

eukaryote-associated host habitat was reflected in the gene content of some of the 

flavophages. Detection in cellular metagenomes and by direct-plating showed that part of 

these phages were actively replicating in the environment during the 2018 spring bloom. 

Furthermore, CRISPR/Cas spacers and re-isolation during two consecutive years 

suggested that, at least part of the new flavophages are stable components of the microbial 

community in the North Sea. Together, our results indicate that these diverse flavophages 

have the potential to modulate their respective host populations. 

  



Part II – Research Articles 

 

 

203 
 

6.2 Introduction  

Marine bacteriophages outnumber their hosts by one order of magnitude in 

surface seawater and infect 10-45% of the bacterial cells at any given time (1-3). They 

have a major impact on bacterioplankton dynamics. This impact can be density dependent 

(4) and take many forms. By lysing infected cells, viruses decrease the abundance of their 

host population, shifting the dominant bacterial population, and recycling the intracellular 

nutrients inside the same trophic level (5). By expressing auxiliary metabolic genes, 

phages likely enhance the metabolic capabilities of the virocells (6, 7). By transferring 

pieces of host DNA, they can drive bacterial evolution (8). By blocking superinfections 

with other phages (9), they can protect from immediate lysis. Potentially phages even 

influence carbon export to the deep ocean due to aggregation of cell debris resulted from 

cell lysis, called the viral shuttle (10, 11). Marine phages modulate not only their hosts, 

but also the diversity and function of whole ecosystems. This global impact is reflected 

in a high phage abundance (12) and diversity (13, 14).  

Phages are also well known for modulating bacterial communities in temperate 

coastal oceans. Here, the increase in temperature and solar radiation in spring induces the 

formation of phytoplankton blooms, which are often dominated by diatoms (15), and are 

globally important components of the marine carbon cycle. These ephemeral events 

release high amounts of organic matter, which fuels subsequent blooms of heterotrophic 

bacteria. Flavobacteriia belong to the main responders (16, 17) and their increase is 

linked to the release of phytoplankton derived polysaccharides (18, 19). These 

polysaccharides are produced by microalgae as storage compounds, cell wall building 

blocks, and exudates (20-22). This highly complex organic matter is likely converted by 

the Flavobacteriia to low molecular weight compounds and thus they are important for 

the carbon turnover during phytoplankton blooms (18, 23-25). Recurrent genera like 

Polaribacter, Maribacter, and Tenacibaculum succeed each other in a highly dynamic 

fashion (19). This bacterial succession is likely triggered by the availability and quality 

of substrates such as polysaccharides (18, 19), yet it cannot be fully understood without 

considering mortality factors such as grazing by protists, and viral lysis. Grazing by 

protists is mostly size dependent (26), whereas viral lysis is highly host-specific (27).  
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Based on the availability of suitable host bacteria, marine phages can be obtained 

with standard techniques. Over the years notable numbers of phages infecting marine 

Alphaproteobacteria (e.g. (28, 29)), Gammproteobacteria (e.g. (30)), and Cyanobacteria 

(e.g. (31-36)) have been isolated. Despite the importance of Flavobacteriia as primary 

degraders of high molecular weight algal derived matter only few marine flavobacterial 

phages, to which we refer in the following as flavophages, have been characterized. This 

includes several Cellulophaga phage isolates from the Baltic Sea, covering all phage 

morphotypes in the realm Duplodnaviria and also two different phage groups in the realm 

Monodnaviria (27, 37). Phages were also isolated for members of the genera Polaribacter 

(38), Flavobacterium (39, 40), Croceibacter (41) or Nonlabens (42) and included eight 

tailed phages, one having a myoviral and the rest having a siphoviral morphology. 

However, the coverage of the class Flavobacteriia and the diversity of marine 

flavophages remains low. With the exception of the Cellulophaga phages, most of the 

other flavophages have only been briefly characterized in genome announcements. 

In the context of a large project investigating bacterioplankton successions during 

North Sea spring bloom season, we isolated and characterized new flavophages, with the 

purpose of assessing their ecological impact and diversity. In total, more than 100 phage 

isolates were obtained, sequenced, annotated, and classified. This diverse collection is 

here presented in the context of virus and bacterioplankton abundances. Metagenomes 

obtained for Helgoland waters of different size fractions were mapped to all newly 

isolated flavophage genomes, testing the environmental relevance of the flavophage 

isolates. This study indicates that flavophages are indeed a mortality factor during spring 

blooms in temperate coastal seas. Furthermore it provides twelve novel phage-host 

systems of six genera of Flavobacteriia, doubling the number of known hosts. 
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6.3 Material and Methods  

Surface water samples were taken off the island Helgoland at the long term 

ecological research station Kabeltonne (54° 11.3’ N, 7° 54.0’ E). The water depth was 

fluctuating from 7 to 10 m over the tidal cycle. In 2017, a weekly sampling was conducted 

over five weeks starting on March 14 (Julian days 73-106) and covered the beginning of 

a spring phytoplankton bloom. In 2018, a weekly sampling was conducted over eight 

weeks starting on March 29 and ending on May 24 (Julian days 88-145). It covered the 

full phytoplankton bloom. Additional measurements were performed to determine the 

chlorophyll concentration, total bacterial cell counts, absolute Bacteroidetes cell numbers 

and total virus abundances (SI file 1 text). Viruses were counted both by epifluorescence 

microscopy of SYBR Gold stained samples and by transmission electron microscopy 

(TEM) of uranyl acetate stained samples (SI file 1 text). The Bacteroidetes cell numbers 

were determined by 16S rRNA targeted fluorescence in situ hybridization (FISH) with 

specific probes (SI file 1 text). 

6.3.1 Phage isolation  

Phage isolates were obtained either after an intermediate liquid enrichment step 

or by direct plating on host lawns (SI file 1 Table1). In both cases, seawater serially 

filtered through 10 µm, 3 µm, 0.2 µm polycarbonate pore size filters served as phage 

source. To ensure purity, three subsequent isolation rounds were performed by picking 

single phage plaques and using them as inoculum for new plaque assays. Then, a phage 

stock was prepared. For more details, see SI file 1 text. These phage stocks were then 

used for assessing phage morphology, host range and genome size, and for DNA 

extraction (SI file 1 text).  

6.3.2 Determination of phage genomes 

Phage DNA was extracted using the Wizard resin kit (Promega, Madison, USA) 

and eluted in TE buffer (after (43)). The DNA was sequenced on an Illumina HiSeq3000 

applying the paired-end 2 x 150 bp read mode. For most Cellulophaga phages (except 

Ingeline) and Maribacter phages a ChIP-seq (chromatin immunoprecipitation DNA-
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sequencing) library was prepared. This was done to generate a NGS library for ssDNA 

phages and due to library preparation issues with the Maribacter phages for Illumina and 

PacBio. For the other phages a DNA FS library was prepared. The raw reads were quality 

trimmed and checked, then assembled using SPAdes (v3.13.0, (44)) and Tadpole (v35.14, 

sourceforge.net/projects/bbmap/). Assembly quality was checked with Bandage (32). The 

genome ends were predicted using PhageTerm (33), but not experimentally verified. For 

more details about all these procedures, see SI file 1 text. 

6.3.3 Retrieval of related phage genomes and taxonomic assignment 

Several publicly available datasets of cultivated and environmental phage 

genomes were queried for sequences related with the flavophages isolated in this study, 

in a multistep procedure (SI file 1 text). The datatsets included GenBank Viral 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/viral/, downloaded on 17.03.2021), the 

GOV2 dataset, IMG/VR2, as well as further environmental datasets (13, 45-50). To 

determine the relationship of the new flavophages and their relatives with taxa recognized 

by the the International Committee of Taxonomy of Viruses (ICTV), we have added these 

phages to larger datasets, including ICTV recognized phages (for details, see SI file 1 

text).  

To determine the family level classification of the flavophages, we used VirClust 

((51), www.virclust.icbm.de), ViPTree (52) and VICTOR (53) to calculate protein based 

hierarchical clustering trees. For dsDNA flavophages, a VirClust hierarchical tree was 

first calculated for the isolates, their relatives and the ICTV dataset. Based on this, a 

reduced dataset was compiled, from family level clades containing our flavophages. The 

reduced dsDNA flavophages dataset and the complete ssDNA flavophage dataset were 

further analysed with VirClust, VipTree and VICTOR. The parameters for VirClust were: 

i) protein clustering based on  “evalue”, after reciprocal BLASTP hits were removed if e-

value > 0.0001 and bitscore < 50; ii) hierarchical clustering based on protein clusters, 

agglomeration method “complete”, 1000 bootstraps, tree cut at a distance of 0.9. The 

parameters for VICTOR were “amino acid” data type and the “d6” intergenomic distance 

formula. In addition to phylogenetic trees, VICTOR used the following predetermined 

distance thresholds to suggest taxon boundaries at subfamily (0.888940) and family 

ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/viral/
http://www.virclust.icbm.de/
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(0.985225) level (53). Furthermore, the web service of GRAViTy 

(http://gravity.cvr.gla.ac.uk, (54)) was used to determine the similarity of ssDNA phages 

and their relatives with other ssDNA viruses in the Baltimore Group II, Papillomaviridae 

and Polyomaviridae (VMRv34). 

To determine the intra-familial relationships, smaller phage genome datasets 

corresponding to each family were analysed using i) nucleic acid based intergenomic 

similarities calculated with VIRIDIC (55) and ii) core protein phylogeny. The thresholds 

used for species and genus definition were 95% and 70% intergenomic similarity, 

respectively. The core protein analysis was conducted as follows: i) core genes were 

calculated with the VirClust web tool (51), based on protein clusters calculated with the 

above parameters; ii) duplicated proteins were removed; iii) a multiple alignment of all 

concatenated core proteins was constructed with MUSCLE (v3.8.425, (56)) and iv) used 

for the calculation of IQ-Trees with SH-aLRT (57) and ultrafast bootstrap values (58) 

using ModelFinder (59). All phylogenetic trees were visualized using FigTree v1.4.4. 

(60), available at http://tree.bio.ed.ac.uk/software/figtree/). 

6.3.4 Phage genome annotation  

All phage genomes analysed in this study were annotated using a custom 

bioinformatics pipeline described elsewhere (28), with modifications (SI file 1 text). The 

final protein annotations were evaluated manually.  

6.3.5 Host assignment for environmental phage genomes 

To determine potential hosts for the environmental phage genomes, several 

methods were used. First we did, a BLASTN (61) search (standard parameters) against 

the nucleotide collection (nr/nt, taxid: 2, bacteria), for all phages and environmental 

contigs belonging to the newly defined viral families. The hit with the highest bitscore 

and annotated genes was chosen to indicate the host. Second, with the same genomes a 

BLASTN against the CRISPR/cas bacterial spacers from the metagenomic and isolate 

spacer database was run with standard settings using the IMG/VR website 

http://gravity.cvr.gla.ac.uk/
http://tree.bio.ed.ac.uk/software/figtree/
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(https://img.jgi.doe.gov/cgi-bin/vr/main.cgi). Third, WIsH (62) was used to predict hosts 

(standard parameters) with the GEM metagenomic contig database (63) as host database.  

6.3.6 Detection of flavophages and their hosts in Helgoland metagenomes by 

read mapping  

The presence of flavophages, flavobacterial hosts and environmental phages in 

unassembled metagenomes from the North Sea and their relative abundances were 

determined by read mapping, using a custom bioinformatics pipeline (28). Two datasets 

were analysed: i) cellular metagenomes (0.2 – 3 µm fraction) from the spring 2016 algal 

bloom (SI file 1 Table 2) and ii) cellular metagenomes (0.2 – 3 µm, 3 – 10 µm and >10 

µm fractions) from the spring 2018 algal bloom (SI file 1 Table 2).  

A bacterium was considered present when > 60% of the genome was covered by 

reads with at least 95% identity. A phage was present when > 75% of its genome was 

covered by reads with at least 90% identity. Relatives of a phage were present when             

> 60% of its genome was covered by reads with at least 70% identity. The relative 

abundance of a phage/host genome in a sample was calculated by the following formula: 

“number of bases at ≥ x% identity aligning to the genome / genome size in bases / library 

size in gigabases (Gb)”. 

6.3.7 Host 16S rRNA analysis  

The genomes of bacteria from which phages were isolated were sequenced with 

Sequel I technology (Pacific Biosciences, Menlo Park, USA) (SI file 1 text). After 

genome assembly the quality was checked and 16S rRNA operons were retrieved using 

the MiGA online platform (64). Additionally, the 16S rRNA gene from all the other 

bacterial strains was amplified and sequenced using the Sanger technology (see SI file 1 

text).  

For phylogenetic analysis, a neighbour joining tree with Jukes-Cantor correction 

and a RaxML tree (version 8, (65)) were calculated using ARB (66). The reference data 

set Ref132 was used, with the termini filter and Capnocytophaga as outgroup (67). 

Afterwards, a consensus tree was calculated. 

https://img.jgi.doe.gov/cgi-bin/vr/main.cgi
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6.3.8 CRISPR spacer search 

CRISPR spacers and cas systems were identified in the host genomes by 

CRISPRCasFinder (68). Extracted spacers were mapped with the Geneious Assembler to 

the flavophage genomes in highest sensitivity mode without trimming. Gaps were 

allowed up to 20% of the spacer and with a maximum size of 5, word length was 10, and 

a maximum of 50% mismatches per spacer were allowed. Gaps were counted as 

mismatches and only results up to 1 mismatch were considered for the phage assignment 

to the hosts used in this study. 

The IMG/VR (48) web service was used to search for spacers targeting the 

flavophage isolates and the related environmental genomes. A BLASTN against the viral 

spacer database and the metagenome spacer database were run with standard parameters 

(e-value of 1e-5). Only hits with less than two mismatches were taken into account. 

6.3.9 Data availability 

Sequencing data and phage genomes are available at the National Center for 

Biotechnology Information (NCBI) with the accession number PRJNA639310 (for 

details see SI file Table 1 and Table 3). Phages (DSM111231-111236, DSM111238-

111241, DSM111252, and DSM111256-111257) and bacterial hosts (DSM111037-

111041, DSM111044, DSM111047-111048, DSM111061, and DSM111152) were 

deposited at the German Collection of Microorganisms and Cell Cultures GmbH, 

Braunschweig, Germany. 
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Figure 20. Flavophage detection during the 2018 spring phytoplankton bloom, as inferred 

from phage isolation and metagenome read mapping.  

Upper panel: Results are presented in the context of chlorophyll a concentration (green), 

total bacterial cell numbers (black line), Bacteroidetes numbers (orange line), phage 

numbers by transmission electron microscopy (TEM, black bar), and phage numbers by 

epifluorescence light microscopy (LM, grey bar).  

Lower panel: Phage isolation is shown for different time points (x axis, Julian 

days), with the phage identity verified by sequencing (black dots) or not determined (gray 

dots). Most of the isolations were done by enrichment, and some by direct plating 

(asterisks). Phage detection in metagenomes was performed by read mapping, with a 90% 

read identity threshold for phages in the same species (full red circles) and 70% read 

identity threshold for related phages (dashed red circles). Alternating gray shading of 

isolates indicates phages belonging to the same family. 
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6.4 Results  

Spring phytoplankton blooms were monitored by chlorophyll a measurements 

(Figure 20, SI file 1 Figure 1). In 2018, the bloom had two chlorophyll a peaks, and it 

was more prominent than in 2017. Diatoms and green algae dominated the 2018 blooms 

(SI file 1 Figure 2). During both blooms, bacterial cell numbers almost tripled, from            

~ 6.5x105 cells ml-1 to ~ 2x106 cells ml-1. The Bacteroidetes population showed a similar 

trend, as revealed by 16S rRNA FISH data (Figure 20). 

6.4.1 Viral counts 

Viral particles were counted at three time points during the 2018 bloom, both by 

SYBR Gold staining and TEM. Numbers determined by TEM were almost two orders of 

magnitude lower than those determined by SYBR Gold (Figure 20), a typical 

phenomenon when comparing these two methods (69). However, both methods showed 

a strong increase of viral particle numbers over the course of the bloom. All viruses 

counted by TEM were tailed, a strong indication that they were infecting bacteria or 

archaea, but not algae (70) (SI file 1 Figure 3). The capsid size ranged between 54 and 61 

nm, without any significant differences between the three time points (SI file 1 Figure 4). 

The virus to bacteria ratio increased throughout the bloom, almost doubling (Figure 20, 

SI file 1 Table 4). 

6.4.2 Flavophage isolation and classification 

For phage enrichment, 23 bacterial strains previously isolated from algal blooms 

in the North Sea were used as potential hosts (SI file 1 Table 1). In 2017, we implemented 

a method for enriching flavophages on six host bacteria. A much larger and more diverse 

collection of 21 mostly recently isolated Flavobacteriia was used in 2018. A total of 108 

phage isolates were obtained for 10 of the bacterial strains, either by direct plating or by 

enrichment (see Table 5) These were affiliated with the bacterial genera Polaribacter, 

Cellulophaga, Olleya, Tenacibaculum, Winogradskyella, and Maribacter (Figure 21, SI 

file 1 Table 5).  
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Figure 21. Phylogenetic tree (consensus between RaxML and neighbor-joining) of the 

16S rRNA gene from all bacterial strains used to enrich for phages in 2017 and 2018 

(red), plus reference genomes. Red squares indicate successful phage isolation.  

 



 

 

Table 5: Phylogenetic characterization and isolation details of each phage group. The names have a Frisian origin, to reflect the 

flavophage place of isolation. 
Phage species 

(abbreviation) Phage species Phage genus Family 

Year of 

isolation Isolation sources Number of strains 

Molly "Mollyvirus Molly" "Mollyvirus" "Molycolviridae" 2017 Enrichment 6 

Colly "Mollyvirus Colly" "Mollyvirus" "Molycolviridae" 2017 Enrichment 1 

Gundel "Gundelvirus Gundel" "Gundelvirus" "Pachyviridae" 2018 Enrichment 1 

Calle "Callevirus Calle" "Callevirus" "Pervagoviridae" 2018 

Enrichment,  

direct plating 3 

Nekkels "Nekkelsvirus Nekkels" "Nekkelsvirus" "Assiduviridae" 2018 

Enrichment,  

direct plating 2 

Omtje "Omtjevirus Omtje" "Omtjevirus" "Obscuriviridae" 2017 & 2018 Enrichment 5 

Ingeline "Ingelinevirus Ingeline" "Ingelinevirus" "Duneviridae" 2017 & 2018 Enrichment 8 

Leef "Leefvirus Leef" "Leefvirus" "Helgolandviridae" 2018 Enrichment 1 

Danklef "Freyavirus Danklef" "Freyavirus" "Forsetiviridae" 2018 Enrichment 5 

Freya "Freyavirus Freya" "Freyavirus" "Forsetiviridae" 2018 Enrichment 10 

Peternella 

"Peternellavirus 

Peternella" 

"Peternellavirus

" "Winoviridae" 2018 Enrichment 1 

Harreka "Harrekavirus Harreka" "Harrekavirus" "Aggregaviridae" 2018 Enrichment 1 
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Figure 22. VirClust hierarchical clustering of the new dsDNA flavophages and their 

relatives (reduced dataset), based on intergenomic distances calculated using the protein 

cluster content. For an extended tree, including the larger ICTV dataset, see SI file 4. 1. 

Hierarchical clustering tree. Two support values, selective inference (si, (99)) and 

approximately unbiased (au, (100)), are indicated at branching points (si/au) only for the 

major clades (see SI file 1 Figure 6 and Figure 7 for all support values). The tree was cut 

into smaller viral genome clusters (VGCs) using a 0.9 distance threshold. Each VGC 

containing our flavophages was proposed here as a new family. Exceptions were made 

for the “Aggregaviridae” and “Forsetiviridae”, for which only part of the VGC were 

included in the families, to exclude some genomes with lower support values. Each VGC 

is framed in a rectangle in 2 and 3. 2. Silhouette width, measures how related is a virus 

with other viruses in the same VGCs. Similarity to other VGCs is indicated by values 

closer to -1 (red). Similarity to viruses in the same VGC is indicated by values closer to 

1 (green). 3. Distribution of the protein clusters (PCs) in the viral genomes. 4. Genome 

length (bps). 5. Fraction of proteins shared with other viruses (dark grey), based on 

protein assignment to PCs. 6. Virus names, with flavophages isolated in this study marked 

in red. 7. Genus assignment. Gray bars indicate already defined genera by the ICTV with 

the following names from top to bottom: Silviavirus, Labanvirus, Unahavirus, Pippivirus, 

Lillamyvirus, Muminvirus, Lillamyvirus, Helsingorvirus, and Incheonvirus. 8. Habitat. 9. 

Host association, as determined by: 9a) BlastN; 9b) CRISPR spacers; 9c) WIsH with host 

database GEM. 10. Life style genes. 11. TEM images of the new flavophages, uranyl 

acetate negative staining. Scale bar in each TEM image has 50 nm 12. Newly proposed 

families. Full name of environmental phages in “Winoviridae” and unclassified: 

AP013511.1_Uncultured_Mediterranean_phage_uvMED,_group_G21,_isolate__uvME

D-CGR-C117A-MedDCM-OCT-S32-C49, and, 

AP013358.1_Uncultured_Mediterranean_phage_uvMED,_group_G1,_isolate__uvMED

-CGR-U-MedDCM-OCT-S27-C45, respectively. 
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Figure 23. VirClust hierarchical clustering of the new ssDNA flavophages and their 

relatives (reduced dataset), based on intergenomic distances calculated using the protein 

cluster content. 1. Hierarchical clustering tree. Two support values, selective inference 

(si (99)) and approximately unbiased (au (100)) are indicated at branching points (si/au) 

only for the major clades (see SI file 1 Figure 16 and Figure 17 for all support values). 

The tree was cut into smaller viral genome clusters (VGCs) using a 0.9 distance threshold. 

Each VGC is framed in a rectangle in 2 and 3. 2. Silhouette width, measures how related 

is a virus with other viruses in the same VGCs. Similarity to other VGCs is indicated by 

values closer to -1 (red). Similarity to viruses in the same VGC is indicated by values 

closer to 1 (green). 3. Distribution of the protein clusters (PCs) in the viral genomes. 4. 

Genome length (bps). 5. Fraction of proteins shared with other viruses (dark grey), based 

on protein assignment to PCs. 6. Virus names, with flavophages isolated in this study 

marked in red. 7. TEM images of the new flavophages, uranyl acetate negative staining. 

Scale bar in each TEM image has 50 nm. 8. Family (ICTV). 9. Kingdom (ICTV). 10. 

Realm (ICTV). Lighter colours in column 8- 10 represent phages not recognized by the 

ICTV, but by publications. 

 

Intergenomic similarities at the nucleic acid level allowed the grouping of the 108 

flavophages into 44 strains (100% similarity threshold) and 12 species (95% similarity 

threshold) (SI file 3). A summary of the new phage species and their exemplar isolate 

phage, including their binomial name and isolation data, is found in Table 5. For brevity, 

we are mentioning here only the short exemplar isolate phage names of each new species: 

Harreka, Gundel, Molly, Colly, Peternella, Danklef, Freya, Leef, Nekkels, Ingeline, Calle 

and Omtje.  

Virion morphology as determined by TEM showed that 11 of the exemplar phages 

were tailed (Figure 22). According to the new megataxonomy of viruses, tailed phages 

belong to the realm Duplodnaviria, kingdom Heunggongvirae, phylum Uroviricota, class 

Caudoviricetes, order Caudovirales (71). The only non-tailed, icosahedral phage was 

Omtje (Figure 23). Further digestion experiments with different nucleases showed that 

Omtje has a ssDNA genome (SI file 1 Figure 5). 

Hierarchical clustering with VirClust placed the new dsDNA, tailed flavophages 

into 9 clades of similar rank with the current eleven Caudovirales families (Figure 22, SI 

file 4). Similar clades were obtained with VICTOR and ViPTree (SI file 1 Figure 8 and 

Figure 9). These clades formed individual clusters when the VirClust tree was cut at a 0.9 

distance threshold (Figure 22), which was shown to delineate the majority of 

Caudovirales families (51). In agreement, these clades were assigned to different 
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subfamilies by the VICTOR analysis (SI file 1 Figure 8), which, in the light of the current 

changes in the ICTV phage classification, represent different families (72). Therefore, we 

are proposing that the 9 clades correspond to 9 new families, which we tentatively named 

“Helgolandviridae”, “Duneviridae”, “Winoviridae”, “Molycolviridae”, “Pachyviridae”, 

“Pervagoviridae” “Assiduviridae”, “Forsetiviridae” and “Aggregaviridae” (Figure 22). 

The core proteins for each family consisted mainly of structural proteins (Table 6). With 

the exception of few proteins from “Pachyviridae” and “Pervagoviridae”, the core 

proteins were not shared between the families (they belonged to separate protein clusters, 

see Figure 22 and Table 6). Four of the new families (“Aggregaviridae”, “Forsetiviridae”, 

“Molycolviridae” and “Helgolandviridae”) were formed only from new flavophages and 

from environmental phage genomes (Figure 22, SI file 1 Figure 8). The remaining five 

families also contained previously cultivated phages, infecting bacteria from the genus 

Cellulophaga (“Pervagoviridae”, “Pachyviridae” and “Assiduviridae”) and 

Flavobacterium (“Duneviridae”, “Winoviridae”). Part of the cultivated flavobacterial 

phages in the “Duneviridae” and “Winoviridae” are currently classified by ICTV in three 

genera in the families Siphoviridae and Myoviridae. However, because the Siphoviridae 

and Myoviridae families are based on phage morphologies, they are being slowly 

dissolved and split into new families, based on sequence data (73). 

Using a 70% threshold for the intergenomic similarities at nucleotide level 

indicated, that Harreka, Nekkels, Gundel, Peternella, Leef and Ingeline phages form 

genera on their own, tentatively named here “Harrekavirus”, “Nekkelsvirus”, 

“Gundelvirus”, “Peternellavirus”, “Leefvirus” and “Ingelinevirus”. The other new 

flavophages formed genera together with isolates from this study or with previously 

isolated flavophages, as follows: the genus “Freyavirus” formed by Danklef and Freya, 

the genus “Callevirus” formed by Calle, Cellulophaga phage phi38:1, Cellulophaga 

phage phi40:1, and the genus “Mollyvirus” formed by Molly and Colly (SI file 5). The 

assignment to new genera was supported by the core proteins phylogenetic analysis (SI 

file 1 Figure 10 – 15).  

 



 

 

Table 6. Core genes of the newly defined families. 

Family 

Total 
core 

genes Core gene annotation 

Number of core 
genes used for 

phylogeny Core genes used for phylogeny 

"Forsetiviridae" 8 
tape measure protein, major capsid protein, portal 
protein, structural proteins (5) 7 

tape measure protein, major capsid protein, portal 
protein, structural proteins (4) 

"Winoviridae" 10 

Clp protease, neck protein, major capsid protein, sheath, 
phage protein D, head morphogenesis protein/portal 
protein, hp (4) 9 

Clp protease, neck protein, major capsid protein, 
sheath, phage protein D, hp (4) 

"Pachyviridae" 11 
portal protein*, sheath, structural protein** (5), hp*** 
(4) 9 portal protein, structural protein (4), hp (4) 

"Pervagoviridae" 8 
portal protein*, chaperonin cpn10, structural protein** 
(4), hp*** (2) 3 chaperonin cpn10, structural protein (2) 

"Duneviridae" 9 
major capsid protein, portal protein, adaptor protein, hp 
(5) 7 major capsid protein, adaptor protein, hp (4) 

"Helgolandviridae" 6 hp (6) 5 hp (5) 

“Assiduviridae” 33 

phage tail tape measure protein, DNA primase/helicase, 
NinG recombination protein, pectate lyase (2), structural 
protein, hp (27) n.d.  

"Obscuriviridae" 11 

 replication initiation factor, mannosyl-glycoprotein 
endo-beta-N-acetylglucosaminidase, structural protein 
(8),  hp 10 

 replication initiation factor, mannosyl-glycoprotein 
endo-beta-N-acetylglucosaminidase, structural protein 
(8) 

*the portal proteins are shared (belongs to the same protein cluster) between Pachyviridae and Pevagoviridae  
**2 structural proteins each are shared (belong to the same protein cluster) between Pachyviridae and Pevagoviridae 
*** one hypothetical protein is shared (belongs to the same protein cluster) between Pachyviridae and Pevagoviridae 

 

  



 

 

Table 7. Phage characteristics of each phage group. As Colly has the same characteristics as Molly, it is not especially mentionied in 

the table. Lysis genes are stated as N-acetylmuramidase (M), N-aceylmuramoyl-L-alanine-amidase (A), Glycosid Hydrolase 19(GH), 

L-Alanine-D-glutamine-peptidase (P), spanin (S), holin(H). 
phage 
genus 

host genus genome 
size [kbp] 

%GC ORFs # 
tRN
As 

# 
tmRNAs 

# 
integrases 

lysis 
genes 

genome 
ends 

circularly 
closed 

capsid 
diameter 

[nm] 

tail length 
[nm] 

tail width 
[nm] 

morphology 

Molly Maribacter 124.2 36.2 193-
201 

0 0 0 A nd yes 74.9±3.6 101.5±6.3 18.1±1.6 myoviridal 

Gundel Tenacibaculum 78.5 30.4 118 10 0 0 P short 
DTRs 

yes 60.5±5.2 22.7±3.2 - podoviridal 

Calle Cellulophaga 73.0 38.1 85-
86 

20 1 0 A nd yes 60.3±3.0 23.0±5.5 13.5±2.4 podoviridal 

Nekkels Cellulophaga 53.3-54.3 31.5 93-
94 

0 0 0 GH, S nd yes 57.8±5.0 141.0±7.9 13.0±1.5 siphoviridal 

Omtje Cellulophaga 6.6 31.2 13 0 0 0 A nd yes 52.3±4.6 - - non tailed 

Ingeline Cellulophaga 42.6 32.2 49-
50 

0 0 2 S nd yes 59.0± 5.3 132.9±19.
3 

11.2±1.7 siphoviridal 

Leef Polaribacter 37.5 29.7 48 0 0 2 M Cos 3' yes 49.2±3.6 138.7±9.6 11.1±2.0 siphoviridal 

Danklef Polaribacter 47.2-48.2 28.9 76-
78 

1 0 1 M nd yes 46.1±2.2 157.4±4.6 12.1±1.8 siphoviridal 

Freya Polaribacter 44.0-48.9 28.9 66-
78 

0 0 1 0 nd yes 53.9±4.7 151.0±8.2 13.1±2.0 siphoviridal 

Peternella Winogradskyella 39.6 35.3 62 0 0 1 A, H x Mu-like no 52.3±4.2 105.8±7.4 16.4±2.4 myoviridal 

Harreka Olleya 43.2 32.0 80 0 0 0 GH nd yes 44.3±3.6 123.8±8.0 14.3±2.0 myoviridal 
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Hierarchical clustering using VirClust (Figure 23), ViPTree (SI file 1 Figure 18) 

and VICTOR (SI file 1 Figure 19) of a dataset including Omtje and all related and 

reference ssDNA phages showed that Omtje is clustering with previously isolated ssDNA 

phages infecting Cellulophaga, separately from other ssDNA phage families, the 

Microviridae, Inoviridae and Plectroviridae. This was supported also by GRAViTy (SI 

file 6). Only one protein cluster was shared outside this cluster, with Flavobacterium 

phage FliP (Figure 23), even when forming protein-superclusters based on HMM 

similarities (SI file 1 Figure 20). We propose here that this cluster represents a new 

family, tentatively called here “Obscuriviridae”. The placement of this family into higher 

taxonomic ranks, including the realm, remains to be determined in the future. 

Intergenomic similarity calculations (SI file 7), supported by core gene phylogenetic 

analysis (SI file 1 Figure 21), indicate that Omtje forms a genus by itself, tentatively 

named here “Omtjevirus”.  

6.4.3 Features of the new flavophage isolates 

6.4.3.1 Phages of Polaribacter 

Three Polaribacter phages were obtained: i) Danklef and Freya, part of the family 

“Forsetiviridae”, infected Polaribacter sp. R2A056_3_33 and HaHaR_3_91, 

respectively; and ii) Leef, part of the family “Helgolandviridae”, infected Polaribacter 

sp. AHE13PA (SI file Figure 1). These phages infected only their isolation host (SI file 1 

Figure 22). They all had a siphoviral morphology (Figure 22 and Table 7).  

The genome size ranged between ~ 38 and ~ 49 kbp. The GC content was very 

low (28.9-29.7%). For Leef, PhageTerm predicted genome ends of type Cos 3’ (Table 7). 

Three types of structural proteins were identified in all phages, a major capsid protein, a 

tail tape measure protein and a portal protein. Several genes for DNA replication, 

modification and nucleotide metabolism genes were found (Figure 24 and SI file 2). An 

N-acetylmuramidase, potentially functioning as an endolysin, was detected in Danklef 

and Leef, surrounded by transmembrane domain (TMD) containing proteins. All three 

phages encoded an integrase, and thus have the potential to undergo a temperate lifestyle. 
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Leef had also a LuxR protein, which is a quorum sensing dependent transcriptional 

activator, and a pectin lyase.  

6.4.3.2 Phages of Cellulophaga 

Four Cellulophaga phages were obtained: i) Calle, part of the family 

“Pervagoviridae”, infected Cellulophaga sp. HaHa_2_95; ii) Nekkels, part of the family 

“Assiduviridae”, infected Cellulophaga sp. HaHa_2_1; iii) Ingeline, part of the family 

“Duneviridae”, and Omtje, part of the family “Obscuriviridae”, infected Cellulophaga sp. 

HaHaR_3_176 (SI file 1 Figure 1). Nekkels and Calle also infected other bacterial strains 

than their isolation host, although at a low efficiency: Polaribacter sp. AHE13PA 

(Nekkels) and Cellulophaga sp. HaHa_2_1 (Calle) (SI file 1 Figure 22). The virion 

morphology varied from icosahedral, non-tailed, microvirus-like for Omtje, to tailed, 

podovirus-like for Calle and siphovirus-like for Nekkels and Ingeline (Figure 22 and 

Table 7).  

The genome size ranged from ~ 6.5 kb (Omtje) to ~ 73 kbp (Calle). The G+C 

content varied between 31.2 and 38.1% (Table 7). The few structural genes recognized 

were in agreement with the virion morphology (Figure 24). For example, Ingeline and 

Nekkels had a tape measure protein, and a portal protein was found in all three tailed 

phages. From the replication genes, we detected in Omtje a replication initiation protein 

specific for ssDNA phages, and in Calle a DNA polymerase A (Figure 24). 

 Potential endolysins found were the mannosyl-glycoprotein endo-beta-N-

acetylglucosaminidase in Omtje and the N-acetylmuramoyl-L-alanine-amidase in Calle. 

The latter had in its vicinity two proteins with a TMD. In Ingeline we annotated a 

unimolecular spanin. Nekkels encoded a glucoside-hydrolase of the GH19 family, with a 

peptidoglycan-binding domain. In its vicinity there were three proteins with three to six 

TMDs and one potential unimolecular spanin (Table 7, SI file 2). 

 Pectin and chondroitin/alginate lyase domains were found in Ingeline and 

Nekkels, as part of bigger proteins, also carrying signaling peptides. Nekkels also 

encoded a Yersinia outer protein X (YopX), a potential virulence factor against 

eukaryotes. Ingeline encoded an integrase and a LuxR gene, pointing toward a potential 

temperate life style. Calle had 20 tRNAs and one tmRNA gene (Figure 24, SI file 2). 
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Figure 24. Genome maps of phage isolates with color-coded gene annotations.  

6.4.3.3 Phages infecting other Flavobacteriaceae 

Five phages were obtained from four other flavobacterial hosts: i) Harreka, part 

of “Aggregaviridae”, infected Olleya sp. HaHaR_3_96; ii) Peternella, part of 

“Winoviridae”, infected Winogradskyella sp. HaHa_3_26; iii) Gundel, part of 

“Pachyviridae”, infected Tenacibaculum sp. AHE14PA and AHE15PA; and iv) Molly 

and Colly, part of “Molycolviridae”, infected Maribacter forsetii DSM18668 (Figure 22). 

Harreka infected also Tenacibaculum sp. AHE14PA and AHE15PA with a significantly 

lower infection efficiency (SI file 1 Figure 22). All virions were tailed, with a podoviral 

morphology for Gundel, and a myoviral morphology for Molly, Peternella and Harreka 

(Table 7). The genome size ranged from ~ 40 kbp to ~ 125 kbp and the G+C content 

between 30.4 and 36.2%. For Gundel short direct terminal repeats (DTRs) were predicted 

as genome ends (Table 7).  

In these phages we recognized several structural, DNA replication and 

modification, and nucleotide metabolism genes (Figure 24). With respect to replication, 
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Molly and Colly had a DNA polymerase I gene, plus a helicase and a primase. In Gundel 

and Harreka we only found a DNA replication protein. In Peternella we found a MuA 

transposase, several structural genes similar to the Mu phage (74) and hybrid phage/host 

genome reads, indicating that Peternella is likely a transducing phage. 

Potential endolysins were a N-acetylmuramoyl-L-alanine-amidase in Molly and 

Peternella and a L-Alanine-D-glutamine-peptidase in Gundel. Harreka had a glycoside-

hydrolase of the GH19 family. In the genomic vicinity of the potential lysins, several 

proteins having 1-4 TMDs were found, including a holin in Peternella (Table 7, SI file 

2). 

Additional features of these phages were: i) ten tRNA genes in Gundel; ii) a 

relatively short (199 aa) zinc-dependent metallopeptidase, formed from a lipoprotein 

domain and the peptidase domain in Molly, and iii) a YopX protein in Harreka (Figure 

24).  

6.4.4  Environmental phage genomes 

Six of the nine proposed new families (“Forsetiviridae”, “Pachyviridae”, 

“Pervagoviridae”, “Winoviridae”, “Helgolandviridae” and “Duneviridae”) include 

members for whose genomes were assembled from environmental metagenomes (Figure 

22). We have briefly investigated which bacterial groups are potential hosts for these 

phages. Most of them gave BLASTN hits with a length between 74 and 5844 bases with 

bacterial genomes from the Bacteroidetes phylum (Figure 22, SI file 1 Table 6 and Table 

7), likely due to the presence of prophages and horizontal gene transfer events. Some of 

the environmental viral genomes gave Bacteroidetes associated hits against the 

metagenome CRISPR spacer database (SI file 1 Table 8). The host prediction using WIsH 

supported the results by BLASTN and CRISPR spacer matching, and predicted members 

of Bacteroidetes as hosts for most of the environmental viral genomes. Some hosts were 

identified down to the family level, as Flavobacteriaceae (SI file 1 Table 9). Only phages 

in “Winoviridae”, “Pervagoviridae” and “Helgolandviridae” had other families than 

Flavobacteriaceae as hosts, but all in the Bacteroidetes phylum (Figure 22). Additionally, 

several marine contigs from the “Helgolandviridae” contained Bacteroidetes Associated 

Carbohydrate-binding Often N-terminal (BACON) domains (SI file 1 Table 11). 
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Together, these results suggest that most of the environmental viral genomes in the new 

families are infecting members of the phylum Bacteroidetes. 

Integrase encoding genes were found on all environmental phages from the 

“Forsetiviridae”, and some of the genomes from “Winoviridae”, “Pachyviridae”, 

“Helgolandviridae” and “Duneviridae”. LuxR encoding genes were found in many 

genomes from “Helgolandviridae”, “Duneviridae” and “Forsetiviridae”, and one had also 

a transporter for the auto-inducer 2 (Figure 22, SI file 1 Table 11). In the “Winoviridae”, 

all phages encoded Mu-like structural proteins, including the MuD terminase, and two 

environmental viral genomes also encoded a MuA transposase. 

 

6.4.5 Flavophages in the environment 

6.4.5.1 CRISPR/Cas spacers indicate flavophage presence in the environment 

CRISPR/Cas systems were identified in Polaribacter sp. HaHaR_3_91 and 

Polaribacter sp. R2A056_3_33 genomes. Spacers from the first strain matched Freya 

genomes. From the second strain, several spacers matched Danklef genomes, one 

matched Freya and another Leef (SI file 1 Table 10). This shows that Freya, Danklef and 

Leef, or their relatives, have infected Polaribacter strains in the Helgoland sampling site 

before 2016, when the host Polaribacter strains were isolated. Spacers matching Nekkels 

were found in a metagenome of a Rhodophyta associated bacterial community (SI file 1 

Table 7), showing the presence of Nekkels or its relatives in this habitat. 
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Table 8. Read mapping results from 2018 metagenomes for isolated flavophages and 

their hosts. An * indicates those phages covered by reads with 100% identity over the 

whole genome length. 
Julian day 

/Gregorian 

date 

Frac-

tion 

Phage Host Phage/Host 

ratio Name Norm. 

genome 

cover-

age 

Name Norm. 

genome 

coverage 

102 / 

12.04.2018 

10 µm Freya* 53.8 Polaribacter 

sp. (Ha-

HaR_3_91 and 

R2A056_3_33

) 

-  

0.14 384 

Freya relatives 63.3 454 

Danklef 10.4 74 

Danklef relatives 45.8 327 

Ingeline* 0.7    

Ingeline relatives 0.8  

  Olleya sp. Ha-

HaR_3_96 

0.05  

116 / 

26.04.2018 

10 µm   Polaribacter 

sp. Ha-

HaR_3_91 and 

R2A056_3_33 

0.06  

  Olleya sp. Ha-

HaR_3_96 

0.03  

122 / 

02.05.2018 

0.2 µm   Polaribacter 

sp. Ha-

HaR_3_91 and  

0.07  

   Olleya sp. Ha-

HaR_3_96 

0.05  

128 / 

08.05.2018 

3 µm Harreka* 1.8    

 Harreka relatives 5.7  

142 / 

22.05.2018 

10 µm Freya relatives 0.04 Polaribacter 

sp. (Ha-

HaR_3_91, 

R2A056_3_33 

and 

AHE53.11) 

0.46 0.09 

 Danklef relatives 0.03 0.07 

 Leef relatives 0.02 0.04 

 

6.4.5.2 Read mapping for phages and hosts show presence in North Sea waters 

 To assess the presence and dynamics of flavophages in the North Sea, we 

mined by read mapping cellular metagenomes (> 10 µm, 3 – 10 µm, 0.2 – 3 µm) from 

the 2016 and 2018 spring blooms. We found five of the new flavophages in the cellular 
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metagenomes from the 2018 spring phytoplankton bloom, at three different time points 

(Table 8). The complete genomes of Freya, Harreka and Ingeline were covered by reads 

with 100% identity, signifying that these exact phage isolates were present in the 

environment. About 85% from Danklef’s genome was covered with reads having 100% 

identity, indicating that close relatives of this phage (e.g. same species) were present. The 

genome of Leef was covered only 62% with reads of >70% identity, suggesting that more 

distant relatives (e.g. genus level) were detected. All phages and their relatives were 

exclusively found in the >3 µm and >10 µm metagenomes. The most abundant 

flavophages were Freya and Danklef, reaching 53.8 and 10.4 normalized genome 

coverage, respectively.  

 Further, we searched for the presence of the five flavophage hosts in the 

2018 spring bloom (Table 8). Polaribacter sp. was found in the >10 µm and 0.2 – 3 µm 

fractions, at different time points during the bloom, including the same two samples in 

which its phages (Freya, Danklef and Leef) and their relatives were detected. At the 

beginning of the bloom, in April, significantly more phages than hosts were present in 

the > 10 µm fraction. The phage/host genome ratio was 384 for Freya, and 74 for Danklef. 

One and a half months later, only relatives of Freya, Danklef, and Leef were found, the 

phage/host ratio being lower than 0.1. Discrimination between the different Polaribacter 

strains was not possible, due to their high similarity (>98% ANI). Olleya sp. was found 

in the 0.2 – 3 µm and > 10 µm fractions, at low abundances and dates preceding the 

detection of its phage, Harreka. Cellulophaga sp., the host for Ingeline, was not found (SI 

file 1 Table 12-16). 

6.5 Discussion 

We have performed a cultivation-based assessment of the diversity of flavophages 

potentially modulating Flavobacteriia, a key group of heterotrophic bacteria, in the 

ecological context of spring bloom events in two consecutive years. In contrast to high-

throughput viromics-based studies, our approach enabled us to link phages to their host 

species and even to strains.  

Highly diverse flavophages, belonging to two distinct viral realms were isolated. 

As a point of reference, a viral realm is the equivalent of a domain in the cellular world 
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(71). Furthermore, four of the ten new families, and nine of the ten new genera had no 

previously cultivated representatives. This study not only uncovers a novel flavophage 

diversity, but also, structures a substantial part of the known marine flavophage diversity 

into families. These novel flavophage families are relevant not only for the marine 

environment. Besides cultivated flavophages, six of the families also include 

environmental phages from marine, freshwater, wastewater and soil samples, which most 

likely infect Bacteroidetes. 

During the phylogenetic analysis we have worked closely with ICTV members, 

to ensure a good quality of the phage taxonomic affiliations. Two taxonomic proposals 

for the new defined taxa are being submitted, one for flavophages in Duplodnaviria and 

one for “Obscuriviridae”. 

Genomic analysis indicates that the new flavophages have various life styles and 

diverse replication strategy characteristics. Some families are dominated by potentially 

temperate phages, and others by potentially strictly lytic phages, as indicated by the 

presence/absence of integrases. Genome replication can take place (i) through long 

concatemers (75) (Gundel and Leef), (ii) replicative transposition (76) (Peternella), and 

(iii) the rolling circle mechanism (77) (Omtje).  

The lysis mechanism in the new dsDNA flavophages likely follows the canonical 

holin/endolysins model, as suggested by the lack of membrane binding domains in the 

potential endolysins. Harreka and Nekkels do not encode easily recognizable lysis 

enzymes. Instead, they encode each a GH19. Usually, this hydrolase family is known for 

chitin degradation yet peptidoglycan may also be degraded (78). A phage GH19 

expressed in Escherichia coli caused cellular lysis (79). Furthermore, in Harreka and 

Nekkels, the vicinity with potential holins, antiholins and spanin, and the peptidoglycan-

binding domain in Nekkels, suggest that the GH19 proteins of these two phages likely 

function as endolysins and degrade bacterial peptidoglycan. It cannot be excluded though 

that these enzymes have a dual function. Once released extracellularly due to lysis, the 

endolysins could degrade chitin, an abundant polysaccharide in the marine environment, 

produced for example by green-algae or copepods (80).  

The presence of lyases in the genomes of Leef (pectin lyase), Ingeline (pectin 

lyase) and Nekkels (pectin and alginate lyases) suggests that their bacterial hosts, 
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Polaribacter sp. and Cellulophaga sp., are surrounded by polysaccharides. In the marine 

environment, both alginate and pectin, which are produced in large quantities by micro- 

and macro-algae (81-83), serve as substrate for marine Flavobacteriia, especially 

Polaribacter (84-86). Bacteria are not only able to degrade these polysaccharides, but 

also to produce them and form capsules or an extracellular matrix of biofilms (87-89). In 

phages, such polysaccharide degrading enzymes are usually located on the tails, as part 

of proteins with multiple domains to reach the bacterial cell membrane. Another enzyme 

potentially degrading proteins in the extracellular matrix was the zinc-dependent 

metallopeptidase of Molly, a “Mollyvirus”, which infected a Maribacter strain. By 

depolymerizing the extracellular matrix surrounding the cells, lyases and peptidases help 

the phage to reach the bacterial membranes for infection or allow the new progeny to 

escape the cell debris and the extracellular matrix (90, 91). It remains to be proven if 

phages carrying these enzymes contribute significantly to the degradation of algal 

excreted polysaccharides, as a byproduct of their quest to infect new bacterial cells. 

Previous studies indicate that flavobacteriia can exhibit a surface-associated life 

style (92). Our results paint a similar picture. For example, we detected phages for 

Polaribacter, Cellulophaga and Olleya, as well as the Polaribacter and Olleya genomes 

themselves in the particulate fraction of the cellular metagenomes. Therefore, it is likely 

that these bacteria are associated with particles, protists phytoplankton or zooplankton. 

Spacers in metagenomes matching Nekkels, a Cellulophaga phage, suggest an 

association with red macro-algae (SI file 1 Table 7). An association with eukaryotes is 

also supported by the presence of YopX proteins in Harreka, infecting Olleya, and in all 

three “Assiduviridae” phages infecting Cellulophaga. The ability for an attached life style 

is indicated by scanning electron microscopy images of Cellulophaga sp. HaHaR_3_176 

cells showing high amounts of extracellular material (SI file 1 Figure 23). 

The presence of integrases and LuxR genes in phages from the 

“Helgolandviridae” and “Duneviridae” (Figure 22 and SI file 1 Table 11) suggests that 

they likely respond to changes in the host cell densities, for example by switching from 

the temperate to the lytic cycle, as recently observed in Vibrio cholerae (pro)-phages (93, 

94). This type of quorum-sensing response would make sense in a habitat in which the 
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host cells can achieve high densities, as for example in association with planktonic 

organisms or particles. 

All of our flavophages, except Molly and Colly, replicated successfully at 

different times throughout the 2018 phytoplankton bloom. The isolation by enrichment 

or direct-plating indicated their presence in the viral fraction, and the retrieval by read-

mapping indicated a likely presence inside the host or association with surfaces. Calle 

and Nekkels, infecting Cellulophaga, although not detected in the cellular metagenomes, 

were present in high abundance (at least 100 plaque forming units ml-1
) in the viral 

fraction of our samples, as revealed by successful isolation by direct-plating without 

previous enrichment. This apparent gap between the presences in either the viral or 

cellular fraction, could be either explained by phage lysis prior the metagenome 

collection, or by the fact that their host habitat was not sampled for metagenomics. A 

potential explanation is that members of the genus Cellulophaga are known to grow 

predominantly on macro-algae (95). The detection of Omtje, Peternella and Gundel in 

enrichment cultures, but not by direct-plating or in the cellular metagenomes, indicate 

that their presence in the environment is low. Further investigations of the specific habitat 

of both phage and host are necessary to confirm these findings. 

For flavophages with temperate potential, the ratio between phage and host 

normalized read abundance can be used to predict their lytic or temperate state in the 

environmental samples. Cellulophaga, the host of Ingeline, was not detected throughout 

the spring bloom. However, because Ingeline was detected presumably in the particle 

fraction and thus might be inside its host, we can hypothesize that either its host was in a 

low abundance, or its genome was degraded under the phage influence. Either way, it 

points toward Ingeline being in a lytic cycle at the time of detection. For Freya, Danklef 

and their relatives, the high phage to host genome ratios (as high as 454 x) from April 

suggest that these phages were actively replicating and lysing their cells. In contrast, when 

they reappeared in May, these phages were not only three orders of magnitude less 

abundant than in April, but also ~ 10 times less abundant than their host. This indicates 

that in May, only a small proportion of the Polaribacter cells were infected with relatives 

of Freya and Danklef, either in a lytic or a temperate state. 
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A temporal dynamics in phage populations is also reflected in the appearance of 

Freya and Gundel. Moreover, it is reminiscent of the boom and bust behavior previously 

observed with T4-like marine phages (96). In addition, the read mapping results indicated 

a change in dominant phage genotypes, from the same species and even strain with 

Danklef and Freya in April, towards more distant relatives at the genus or even family 

level in May. This suggests a selection of resistant Polaribacter strains after the April 

infection and differs from the genotypic changes previously observed for marine phages, 

which were at the species level (97). Persistence over longer times in the environment 

was shown for Polaribacter phages by the CRISPR/Cas spacers, and for Omtje and 

Ingeline, by their isolation in two consecutive years.  

The North Sea flavophages isolated in this study display a very high taxonomic, 

genomic and life style diversity. They are a stable and active part of the microbial 

community in Helgoland waters. With their influence on the dynamics of their host 

populations by either lysis or with regard to specific bacterial population by substrate 

facilitation, they are modulating the carbon cycling in coastal shelf seas. The increase in 

bacterial numbers, reflected in the phage numbers and the ratio of phage to bacterial cells, 

indicate that phages actively replicate through the 2018 phytoplankton bloom, matching 

previous observations of the North Sea microbial community (98). Our read mapping data 

indicate complex dynamics, which can now be further investigated with a large number 

of valuable novel phage-host systems obtained in this study.  
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7. FURTHER RESEARCH 

 

7.1 Isolation of roseophages 

Large scale isolation of bacteriophages infecting marine 

Rhodobacteraceae 

 

Vera Bischoff, Benedikt Heyerhoff, Anja Poehlein, Falk Zucker, Carlota Alejandre, 

Anneke Heins, Silke Pradella, Rolf Daniel, Meinhard Simon and Cristina Moraru 

 

Manuscript in preparation  

 

Rhodobacteraceae are strong responders to phytoplankton blooms, constituting up to 

30% of the bacterial community in nutrient rich shelf and polar regions. They are diverse, 

with high metabolic versatility (Buchan et al., 2005; Teeling et al., 2012; Teeling et al., 

2016; Simon et al., 2017). Currently, more than 180 genera affiliate with the family 

Rhodobacteraceae (Parte et al., 2020), however, only a small fraction of their 

bacteriophages, called roseophages, have been isolated so far (Bischoff et al., 2019). 

As hosts for the isolation of roseobacter phages, I could contribute 135 Rhodobacter-

aceae-affiliated strains to a study of the Moraru group at Oldenburg. The strains were 

obtained through particle enrichment in Imhoff sedimentation cones and either sampled 

during a phytoplankton spring bloom off Helgoland (54°11’03”N, 7°54’00”E) or from 

coastal seawater off Harlesiel (53°42'39"N 7°48'28"E) in 2017. Based on partial 16S 

rRNA gene sequences, the majority of the strains affiliated with the genus Sulfitobacter 

(n= 31), uncultured strains within the family Rhodobacteraceae (n= 24), Loktanella (n= 

13), Planktomarina (n= 12), Paracoccus (n= 10), and Oceanibulbus (n= 6). Genera rep-

resented by less than five strains in the collection were affiliated with Aestuariivita, Al-

birhodobacter, Amylibacter, Boseongicola, Celeribacter, Jannaschia, Lentibacter, Mari-
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bius, Nioella, Oceaniovalibus, Octadecabacter, Rhodobaculum, Roseobacter, Roseobac-

ter clade NAC11-7 lineage, Roseovarius, Sagittula, Sedimentitalea, Tateyamaria, and 

Thioclava.  

 

So far, 420 phage isolates could be retrieved in this study, of which 87 were genome 

sequenced. One of the new isolates belongs to the recently described group of Cobavirus 

(Bischoff et al., 2019), whereas the remaining 86 phage isolates represent previously 

unknown groups.  
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7.2 Genomes of particle-associated model organisms    

Genomes of particle-associated model organisms sampled 

during a phytoplankton spring bloom off Helgoland 

 

Anneke Heins, Saskia Kalenborn, Rudolf Amann, Jens Harder 

 

In preparation  

 

Model organisms for the particle-associated fraction have not been selected so far. We 

sequenced the genomes of ten strains obtained from particle fractions as first step towards 

the identification of interesting model strains (Table 9).  

Strains were grown on ZB plates. Biomass was harvested with sterile inoculation loops 

and the DNA was extracted based on the protocol by Zhou et al. (1996). Pac Bio Sequel 

I and Illumina reads were generated. SPAdes assemblies provided a first genome size 

estimate.  

 

Table 9. Sequenced genomes of potential particle-associated strains, isolated during a 

phytoplankton spring bloom off Helgoland in 2017. Source of the inocula were either 3 

µm pore size filters (Filt) or bottom fractions of Imhoff sedimentation cones incubated in 

artificial seawater for 10 days (SC_I). Once genome assembly is still in process (ip). 

Strain Method Affiliation of partial 16S rRNA gene Genome 

size (Mb) 

GC content 

(%) Genus ID bases 

AHE03FL Filt Polaribacter 1 100 840 3.2 30.0 

AHE04FL Filt Polaribacter 2 98 778 ip ip 

AHE05PA SC_I Tenacibaculum 99 638 3.2 34.0 

AHE06PA SC_I Lacinutrix / Maribacter 100 838 8.6 33.7 

AHE07PA Filt Nonlabens  92 852 2.9 40.2 

AHE08PA Filt Jejudonia  95 800 3.6 38.9 

AHE09PA Filt Marixanthomonas 90 831 3.0 35.1 

AHE10PA Filt Maritimonas 91 835 3.4 37.2 

AHE11PA Filt Lewinella 88 848 4.2 60.3 

AHE12PA SC_I Bizionia 94 851 3.2 34.0 
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7.3 Additional observations for particle-associated strains 

Additional observations attributed to particle-associated 

strains  

 

Anneke Heins 

 

In preparation  

 

In this part, I describe additional observation made on particle-associated strains. I report 

(i) the formation of particle-like structures in the ZB medium induced by the bacteria, (ii) 

particle-like inclusions within a colony, leading to a rough, uneven appearance of the 

colony, and (iii) the strains’ inability to grow on solid medium after the first successful 

transfers between plates.  

Some strains within the genera Colwellia, Aliivibrio, Paraglaciecola, Shewanella and 

Pseudoalteromonas caused the formation of pseudocrystal structures in the plate medium 

(Figure 25). Within the genus Colwellia the structures were formed in the strains 

AHE_PA_019, 033, 160, and 203, which affiliated respectively with the type strains C. 

sediminilitoris YSM-23T, C. polaris 537T, C. aestuarii SMK-10T, and C. polaris. The 

Aliivibrio-affiliated strain AHE_PA_209 that formed these structures shared highest 

similarity with A. wodanis ATCC BAA-104T. The genus Pseudoalteromonas comprised 

seven strains that induced these structures, which were spread across five related type 

strains: P. tetraodonis IAM 14160T (AHE_PA_020, 258), P. carrageenovora ATCC 

43555T (AHE_PA_021), P. neustonica PAMC 28425T (AHE_PA_185), P. elyakovii 

KMM 162T (AHE_PA_246, 248), and P. aliena SW19T (AHE_PA_249). Finally, 

induction of this particle formation was observed for AHE_PA_096, a potential new 

Shewanella species (identity similarity: 97.7%), affiliating closest with Shewanella 

kaireitica c931T and for one strain in the Glaciecola/ Paraglaciecola clade, 

AHE_PA_155_B, affiliating closest with the type strain Paraglaciecola polaris LMG 

21857T.  
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Figure 25. Abundant pseudocrystal structures (selectively shown with arrows) formed in 

ZoBell agar by gammaproteobacterial strains after 7 to 14 days of growth. Scale bars 0.5 

mm.  

 

The spread of these structures varied between strains, even within the same genus. The 

structures were either (i) concentrated around the colony as a halo that faded out distally 

(Figure 26A), (ii) spread evenly across the plate with no visible density gradient (Figure 

26B), or (iii) be visible only at a distinct part of the colony, without signs of development 

at any other site (Figure 26C).  
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Figure 26. Pseudoalteromonas strains formed different pattern of pseudocrystal 

structures. A Strain AHE_PA_021 showed a higher density in close proximity to the 

colony. B Strain AHE_PA_248 had an even distribution of particle-like structures. C 

Strain AHE_PA_258 had a polar concentration of particle-like structures.  

 

 

Overall, the structures varied in size, but were usually smaller than 35 µm in diameter. 

Microscopic analysis revealed a crystal-like structure, formed around an apparent nucleus 

from which they grew (Figure 27). Forces applied during sample preparation caused 

damage to the particles. 
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Figure 27. Particle-like crystalized structures formed in ZB solid medium by 

gammaproteobacterial strains. A, C and E Different layers in the z-dimension of the same 

slide section. B, D, and F Intact, cracked, and pieces of these crystals, respectively. Scale 

bars 10 µm.  
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A rough uneven surface by formation of inclusions and protrusions (Figure 28) was 

observed for strains affiliated with gammaproteobacterial genera, namely Pseudomonas 

(AHE_PA_013_B), Moritella (AHE_PA_018), Shewanella (AHE_PA_089, _095), and 

Glaciecola (AHE_PA_273_B).  

 

 

Figure 28. Structures formed inside the colonies of the Moritella-affiliated strain 

AHE_PA_018 (A) and the Pseudomonas-affiliated strain AHE_PA_13_B (B), leading to 

a rough, uneven appearance.  
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Some strains failed to reproducibly grow on ZB plates (Table 10). These strains were 

transferred to liquid medium (HaHa100V and 3V, respectively) and maintained in liquid 

medium by transfer every four month (10% v/v).  

 

Table 10. Particle-associated strains that grew only once on solid medium (ZB= no), and 

related strains (sharing 100% similarity of the partial 16S rRNA gene) that continued to 

grow on transfer plates (ZB= yes). The strains were isolated during a phytoplankton 

spring bloom off Helgoland in 2018.  

Sample 

code  

AHE_ 

Method Affiliation  ID 

(%) 

Bp ZB 

2510 F_0.2µm Algibacter agarivorans strain KYW560   96 805 no 

2514 F_0.2µm Algibacter agarivorans strain KYW560   96 754 no 

2524 F_10µm Algibacter agarivorans strain KYW560   96 805 no 

2530 F_3µm Algibacter agarivorans strain KYW560   96 792 no 

2531 F_3µm Algibacter agarivorans strain KYW560   96 793 no 

2569 F_0.2µm Algibacter agarivorans strain KYW560   96 801 no 

2583 F_0.2µm Algibacter agarivorans strain KYW560   96 805 yes 

2607 SW Algibacter agarivorans strain KYW560   96 799 yes 

2621 SC_BF Algibacter agarivorans strain KYW560   96 792 yes 

2667 SC_TF Algibacter agarivorans strain KYW560   96 791 no 

2471 F_3µm Arcticiflavibacter luteus strain SM1212   95 796 no 

2077 SC_TF Arenitalea lutea strain P7-3-5   96 784 no 

2211 C_PA Flaviramulus aestuariivivens strain OITF-51   95 794 no 

2562 PN_20µm Olleya namhaensis strain WT-MY15   96 740 no 

2244 PN_20µm Polaribacter atrinae strain WP25   97 810 no 

2474 F_3µm Polaribacter litorisediminis strain OITF-11   99 788 no 

2477 F_3µm Polaribacter vadi strain LPB0003   97 804 no 

2685 F_0.2µm Tenacibaculum soleae strain LL04 12.1.7   95 796 no 

2505 SC_TF Ulvibacter antarcticus strain NBRC 102682   94 673 yes 

C_PA: Centrifugation-derived bottom fraction. F_10µm, F_3µm, F_0.2µm: Respectively 

retentate of a 10 and 3 µm filter and 3 µm filtrate. SC_BF/ TF: Sedimentation cone bottom 

and top fraction. SW: Seawater. ZB: Continuous growth on ZoBell plate medium.   
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7.4 Analysis of the NS5 clade   

Phylogenetic and niche delineation of the ubiquitous and 

ecologically relevant NS5 clade 

 

Taylor Priest, Anneke Heins, Jens Harder, Rudolf Amann, Bernhard M. Fuchs 

 

Manuscript in preparation 

 

NS5 is a cosmopolitan clade of free-living Flavobacteriia present in the North Sea. The 

NS5 strain AHE01FL was isolated from seawater during a phytoplankton spring bloom 

off Helgoland in 2016. Unprocessed seawater was diluted, aiming for three cells per tube. 

The enrichment was grown for several weeks in oligotrophic liquid medium HaHa3V 

(Hahnke et al., 2015) in the dark at constant 12°C. The enrichment was used in a twofold 

dilution-to-extinction series to obtain a pure strain. Successful growth of the highest 

dilution was determine by flow cytometry. The strain also grew in liquid medium 

HaHa100V (Hahnke et al., 2015), which was chosen for bacterial biomass production 

(Figure 29). DNA was extracted (Zhou et al., 1996) and sequenced at the Max Planck-

Genome-centre Cologne using PacBio Sequel I reads to assemble a genome using Canu 

v2.1. Additionally, an Illumina HiSeq 2500 dataset was obtained.  
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Figure 29. NS5 culture in liquid medium (A) and after first (B) and second (C) 

centrifugation.  

 

Four new genera of the NS5 clade were phylogenetically analyzed and ecologically 

characterize using MAGs and the isolated strain. The isolated strain was determined to 

be a pure culture, based on microscopic pictures, cell staining with a group-specific probe, 

and the assembly of the genome. It had a genome size of 2.034 Mbp, which was similar 

to the MAG sizes of two of the four novel genera (1.82 and 2.034 Mbp) and twice as high 

as the MAG size of the fourth novel genus. The genomic pathways of all four novel 

genera predict an aerobic heterotrophic life style supported by a proteorhodopsin for 

energy acquisition from light.  
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7.5 Sampling across an Atlantic Ocean transect (PS120) 

Seawater sampling across the Atlantic Ocean and bacterial 

hitchhikers on a gelatinous raft - Velella velella as potential 

reservoir and vector for attached-living pathogens 

 

Anneke Heins 

 

Samples obtained during PS120 cruise 

 

I joined the Polarstern cruise PS120 (SoNoAT, Atlantic transect) as teaching staff. At the 

same time, I had the chance to take samples. The transect started June 2019 at Port Stanley 

(Falkland Islands) and ended one month later in Bremerhaven harbor (Figure 30). 

Seawater samples were taken with a CTD rosette at nine stations from different depths. 

Samples were processed within an hour using a bottle top filtration unit and filtering up 

to two liters. The chosen filter pore sizes were 0.2 µm, 3 µm, and 10 µm (filter code 

respectively: GTTP, TSTP, and TCTP, Millipore, Darmstadt, Germany) with an average 

filtration pressure of -200 mbar. Filters were stored at -80°C. Unprocessed seawater 

samples from each station were stored in glycerol (final concentration: 15% v/v) and 

frozen immediately at -80°C. In addition, 25 ml of seawater was fixed (1% formaldehyde, 

1h, RT) and filtered (0.2 µm + 0.45 µm support filter) for cell staining. They were stored 

at -20°C.  
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Figure 30. Atlantic transect of the Polarstern expedition P120. The expedition started 

beginning of June 2019 at the Falkland Islands and ended in Bremerhaven harbor one 

month later. Red dots indicate sample stations (St.).  
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In addition to the seawater samples, five specimen of the by-the-wind sailor, Velella 

velella (Cnidaria), were sampled at station 8 (43° 29.892' N, 011° 35.890' W, Figure 30). 

These hydroid colonies (an amalgamation of specialized polyps) form large blooms, 

which can be found alongside beaches in quantities of up to 100 million (Delap, 1921; 

Flux, 2008; Purcell et al., 2015) (Figure 31A+B).  

 

 

Figure 31. Vellella velella hydroid colonies stranded at the rocky shores of Cargèse, 

France (42°08'03.8"N 8°36'35.7"E) between May and June 2018 (A+B) and sampled in 

the Atlantic Ocean, about 220 km off the Spanish coast (43° 29.892' N, 011° 35.890' W) 

(C). A Single hydroid colony. B Hundreds of washed up and bleached hydroid colonies. 

C Measurement of colony no. 5 (scale bar 1 cm). 

 

Based on these blooming events and their cosmopolitan distribution, Vellela velella has 

the potential to act as reservoir and vector for attached-living pathogens (e.g. Vibrio and 

Tenacibaculum), as was shown for gelatinous zooplankton before (Ferguson et al., 2010; 

Delannoy et al., 2011). To assess this possibility, the sampled specimens were 

photographed, measured (Figure 31C) and rinsed three times in 0.2 µm filtered seawater, 

before being transferred into pure EtOH, 4% formaldehyde solution, or being dissected 

and put into glycerol (final concentration 15%). The fixed specimen were kept at 4°C, the 

glycerol stocks were frozen at -80°C immediately. Unlike most cnidarians, the by-the-

wind-sailor is only partly submerged. Its sail is constantly above water. Hence, the 

attached bacterial communities of the sun- and air-exposed body parts will be analyzed 

separately from the continuously submerged polyps.  
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