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Summary 

The remineralization of algal biomass by heterotrophic bacteria during spring 

phytoplankton blooms is a globally important process in carbon cycling. Yet, the 

ecophysiology of environmentally relevant bacteria occurring during these events is 

largely unknown. In this thesis, I investigated the niches of the gammaproteobacterial 

genus Reinekea and the flavobacterial genera Polaribacter and Formosa, which are 

recurrently abundant during the 2009-2012 North Sea spring algal blooms off 

Helgoland. Firstly, I studied ‘Reinekea forsetii’, the representative of North Sea 

Reinekea clade, using genomic and physiological analyses. The results suggested a 

versatile opportunistic lifestyle comprising (i) utilization of relevant algal 

polysaccharides, (ii) potential toxin production, and (iii) strategies to deal with 

phosphorus limitation. Secondly, temporal dynamics and large niche space of diverse 

North Sea Polaribacter spp. was investigated using fluorescence in situ hybridization 

with novel oligonucleotide probes, binning of time-series metagenomes and re-

analysis of in situ expression data. These analyses showed the succession of four 

major Polaribacter clades with varying degradation capacity for high molecular weight 

compounds and suggested a polysaccharide-driven niche partitioning between these 

closely-related bacteria. Finally, the polysaccharide niche of North Sea Formosa 

clade was examined using meta’omic approaches and complementary physiological 

and biochemical experiments. An efficient laminarin uptake and degradation 

mechanism, which is coupled to peptide utilization, was revealed. This thesis 

demonstrated how heterotrophic bacteria employ different ecological strategies to 

utilize diverse high molecular weight compounds released during spring algal blooms 

and increased our knowledge on microbially mediated carbon turnover in the surface 

ocean.  
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Zusammenfassung 

Die Remineralisierung von Algenbiomasse durch heterotrophe Bakterien während 

der Algenblüten im Frühjahr ist von zentraler Bedeutung für den globalen 

Kohlenstoffkreislauf. Die Ökophysiologie der für diese Prozesse relevanten Bakterien 

ist bisher jedoch weitgehend unbekannt. Zu dieser Gruppe von Bakterien gehören 

Gammaproteobakterien der Gattung Reinekea und Flavobakterien der Gattungen 

Polaribacter und Formosa, die wiederkehrend während der Frühlingsalgenblüten in 

der Nordsee vor Helgoland von 2009 bis 2012 auftraten. Ziel dieser Arbeit war die 

Charakterisierung der Nische dieser Gattungen. Im ersten Teil meiner Arbeit 

untersuchte ich mittels genomischer und physiologischer Analysen ‘Reinekea 

forsetii’, einen Repräsentanten der Nordsee vorkommenden Bakteriengruppe 

Reinekea. Meine Ergebnisse zeigten einen vielseitig opportunistischen Lebensstil, 

welcher (i) die Verwendung von Algen-Polysacchariden, (ii) potentielle 

Toxinproduktion, und (iii) Strategien zum Umgehen von Phosphorlimitierungen 

umfasst. Im zweiten Teil meiner Arbeit untersuchte ich die Dynamik und die 

Nischenbreite verschiedener Arten der Gattung Polaribacter. Dafür führte ich 

Fluoreszenz in situ Hybridisierungen mit neu entwickelten Oligonukleotidsonden 

durch, erstellte „Bins“ aus Metagenomzeitserien und re-analysierte bereits 

vorhandene Expressionsdaten. Die Ergebnisse zeigten eine Aufeinanderfolge von 

vier Polaribacter Hauptgruppen. Diese wiesen ein divergierendes Potential zum 

Abbau von Polymeren mit einem hohen Molekulargewicht auf und wiesen auf eine 

Nischenpartitionierung bezüglich des Polysaccharidabbaus hin. Zuletzt war ich an 

einer Studie zur Polysaccharid Nische von zwei Nordsee Formosa Stämmen 

beteiligt. Die Ergebnisse zeigten eine effiziente Aufnahme und Verwertung von 

Laminarin, wobei die Induktion den Peptidmetabolismus umfasste. Diese Arbeit 

zeigte wie heterotrophe Bakterien verschiedene ökologische Strategien anwenden, 

um Polymere mit hohem Molekulargewicht für sich zu nutzen, welche während der 

Algenblüte im Frühjahr freigesetzt werden. Dadurch ergänzt diese Arbeit unser 

bisheriges Wissen über den mikrobiellen Kohlenstoffumsatz innerhalb der 

Oberflächenschichten des Ozeans.  
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Introduction 

 
"If I have seen further, it is by standing upon the shoulders of giants" 

Isaac Newton 
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1) Introduction 
1.1)  Renaissance of microbiology 

Sighting microscopic, single-celled organisms for the first time, Robert Hooke 

and Antonie van Leeuwenhoek pioneered the field of microbiology in the 17th 

century (1). Two centuries elapsed between these observations and the 

isolation of microorganisms in pure culture (Fig. 1.1) (2). Since then, traditional 

culture-based techniques have been used for the discovery and 

characterization of microbial strains and made significant contributions 

towards understanding the physiology of important microorganisms such as 

Escherichia coli (3) and Vibrio cholerae (4). However, many microorganisms 

are not able to grow in artificial media as used in contemporary cultivation 

studies. This phenomenon is demonstrated by the “great plate count 

anomaly”, which refers to the discrepancy between the total counts of 

microorganisms detected under the microscope and the fraction that can be 

grown on cultivation plates under laboratory conditions (5). Thus, only a small 

proportion of microorganisms are accessible via cultivation-dependent 

methods, and the “uncultivated majority” remains to be characterized. The 

development of molecular approaches in the 20th century eliminated the need 

for cultivation to explore the diversity and functioning of individual microbes 

and paved the way towards the study of entire microbial communities.  

Microbial ecology has led the application of cultivation-independent 

approaches in the field of microbiology (Fig.1.1). The comparative sequence 

analysis of the 16S rRNA as a molecular clock, first introduced by Carl Woese 

(6), was developed into a cultivation-independent method for the investigation 

of the diversity and composition of microbial communities (7) (8). 

Fluorescence in situ hybridization of 16S rRNA has been implemented as a 

phylogenetic stain for the identification of single microbial cells in 

environmental samples through microscopy (9) (10). Subsequently, shot-gun 

metagenomics (11) in conjunction with high throughput sequencing has 

enabled access to the genetic material of most or potentially even all 

organisms present in a given complex community (12). This approach was a 

groundbreaking achievement for the comprehensive investigation of 

taxonomic composition and functional potential of microbial communities (13).  
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Fig. 1.1. Timeline of microbiological techniques enabling some major advances in the 
study of microbial diversity.  

A multidisciplinary approach with a theoretical background is essential to 

answer the central questions of microbial ecology (Fig. 1.2). High-throughput 

sequencing methods have yielded tremendous amounts of data (14). Holistic 

data integration approaches are necessary to transform this data deluge into 

biological knowledge. For example, shotgun metagenome data are coupled to 

metatranscriptomics and metaproteomics to investigate in situ gene 

expression, as well as to metabolomics to elucidate the chemical fingerprints 

of specific cellular processes (15). Such multi-omics approaches have the 

potential to generate novel hypotheses, which can then be tested in 

physiological experiments (Fig. 1.2). Therefore, traditional pure culture studies 

are particularly important in the “omics age” (16). Furthermore, a strong 

theoretical background builds a significant link between the environment and 

microbial species composition (17). Besides being a method-driven discipline, 

microbial ecology also tackles the long-standing ecological questions with 

respect to community structure and function at the microscale. However, 
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interpretation of experimental data in the light of ecological theories is claimed 

to be not yet well established (18). This connection would allow a holistic 

understanding of the ecological and evolutionary processes structuring 

microbial communities with an ultimate aim of creating a common language to 

bridge ecology of microscopic and macroscopic organisms (Fig. 1.2).  

 

Fig. 1.2. Hierarchy of multiomics, pure culture studies, and ecological theories for a 
holistic understanding of microbial community structure and function.  

1.2) The niche: history, concept, and applications 

“What are the principles underlying the assembly and structure of complex 

microbial communities” is a fundamental question in microbial ecology. To 

address this question, neutral and niche theories have emerged. The 

population geneticist Motoo Kimura originally proposed the neutral theory in 

the context of molecular evolution. He hypothesized that most observed 

genetic variation enters the next generation independent of its allelic type. 

Therefore such variation is adaptively neutral, and the majority of evolutionary 

changes at the molecular level are caused by random fixation (19). Stephen P. 

Hubbell applied this theory to forest ecology without invoking Darwinian 

adaptive divergence and assumed that each tree is equally likely to reproduce 

(20). In his model, the tree’s species does not affect its prospects of death or 

reproduction (21). The neutral theory, therefore, claims that each species is 

ecologically equivalent and stochastic processes regulate the species 
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composition. However, this theory cannot explain adaptive divergence and 

ecosystem function, which ecologists must understand (21) 

In contrast, the niche theory states that environmental conditions shape the 

community structure through habitat filtering and resource partitioning (Fig. 

1.3). The kernel of the niche concept is found in the writings of early 

naturalists such as Charles Robert Darwin (22). Demonstrating the effect of 

environment on species morphology for the first time, Darwin observed 

phenotypic adaptation of finch species with different morphological traits to 

utilize the variety of resources available in Galapagos Island (23). Sixty-five 

years later, ecologist Joseph Grinnell used the term “niche” first time to explain 

the ecological position of an animal (24), while Charles Sutherland Elton 

further explained this term as an animal’s place in the abiotic environment and 

its relations to food and enemies (25). Subsequently, George Evelyn 

Hutchinson developed a conceptual framework for the niche theory with the 

terms of “fundamental” and “realized” niches (26). According to Hutchinson, 

abiotic conditions dictate a fundamental niche for an organism and select a 

group of organisms sharing similar traits and competing for the same 

resources in a given environment (Fig. 1.3). However, if two species have 

overlapping niches, one could competitively exclude the other (27). This 

tension in biotic conditions is eliminated by resource (or niche) partitioning in a 

habitat and creates the realized niche of an organism (Fig. 1.3). Therefore, 

similar organisms occupy different ecological niches and co-occur in the same 

environment.  

In light of the niche theory, considerable efforts have been made to explain 

microbial community assembly and structure. Lourens G.M. Baas Becking and 

G. Evelyn Hutchinson did noteworthy observations to highlight the importance 

of habitat filtering. In 1934, Baas Becking published the article with the well-

known quotation “Everything is everywhere, but, the environment selects” (28). 

Implementing the niche-based theories into microbial ecology for the first time, 

this study emphasized the biogeographical pattern of microbial diversity (29). 

Afterwards, Hutchinson described a problem termed “The Paradox of the 

Plankton”, asking how it is possible for different phytoplankton species to 

coexist in a relatively homogeneous environment while competing for the 
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same sorts of resources (30). This question has challenged microbial 

ecologists for decades and shifted their focus towards niche partitioning, which 

could address this problem.  

 

Fig. 1.3. Simplified scheme of habitat filtering and niche partitioning processes 
shaping community composition.  

Cultivation-independent techniques have paved the way for studies 

investigating the effect of niche partitioning on microbial community structure. 

For example, Schramm and colleagues demonstrated the activity and spatial 

distribution of Nitrosospira and Nitrospira spp. in bacterial aggregates from a 

nitrifying fluidized- bed reactor using micro-sensor measurements and rRNA-

based techniques (31).  This study explored the spatial heterogeneity of these 

bacteria in a varying chemical gradient throughout the aggregates and 

suggested that different ecological niches could form in a microbial community 

from an artificial environment with low diversity. Furthermore, within a complex 

microbial community in a natural environment, Hunt and colleagues showed 

sympatric differentiation among closely related members of bacterioplankton 

(32). This study revealed niche partitioning between Vibrio spp. by combining 

traditional cultivation techniques and phylogenetic analyses. These 

investigations overall could not define the ecological niches of environmental 

microorganisms in great detail since methodological limitations did not allow 
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in-depth functional analyses. Advancements of high-throughput sequencing 

technologies have enabled collective analysis of the genetic repertoire, and 

allow us to explore which metabolic strategies drive ecological processes in 

complex microbial communities in the wild (33).  

1.3) An ocean of microbes 

Microorganisms are ubiquitous in the marine environment. Accounting for ~ 

20% of the global biomass in the planet Earth (34), microbes are abundant 

and diverse inhabitants of the ocean ecosystem. The total number of bacteria 

in the open ocean exceeds 1029 cells, with an average of 106 cells per milliliter 

of surface water (35). A global microbiome survey suggested > 35,000 

prokaryotic species in the epipelagic (down to 200 m depth) and mesopelagic 

(200 m - 1,000 m depth) ocean waters (36). These observations indicate the 

complex community structure in the world oceans and generate a plethora of 

questions to investigate the ecological processes shaping the enormous 

diversity of marine microbes.   

The surface waters of coastal marine zones represent a dynamic environment 

with high microbial diversity. Complex hydrodynamic and meteorological 

factors drive the water movement and lead to oscillations in nutrient 

concentrations, which support the growth of diverse microbes (37). 

Oceanographic time series in the coastal ocean provide valuable information 

on the microbial community dynamics in temporal and spatial scales. An 

example of such variation is the seasonal change in community composition. 

Surface microbial communities in the western English Channel were sampled 

monthly for six years and investigated using high-resolution 16S rRNA gene 

tag pyrosequencing. This study revealed a diverse microbial community, which 

varied according to seasons (38) (39). Moreover, examination of Group II 

Euryarchaeota and Group I Thaumarchaeota abundances at the Blanes Bay 

Microbial Observatory in the northwestern Mediterranean Sea also showed a 

seasonal pattern of variation (40). Overall, these seasonal community 

dynamics suggested distinct ecological niches of coastal bacterioplankton. To 

have a holistic understanding of microbial community structure, these niches 

should be investigated in conjunction with metabolic repertoires and linked to 

biogeochemical cycles in the ocean.  
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1.4) Organic carbon hot-spots in the coastal ocean: algal blooms 

Marine microorganisms drive the cycling of biogenic elements (e.g. carbon, 

nitrogen, sulfur, and phosphorus) in the ocean. These biogeochemical cycles 

are tightly associated with primary productivity, which largely refers to the 

production of organic matter by photosynthesis. Primary production in the 

euphotic zone of the surface ocean is dominated by phytoplankton (henceforth 

termed algae), most of which are single-celled photoautotrophic organisms. 

Algae harvest light to convert inorganic carbon into organic carbon, which 

subsequently enters a complex food web (Fig. 1.4). This trophic network 

includes diverse heterotrophic organisms such as bacteria, zooplankton and 

nekton (e.g. fish) that obtain their energy solely from the respiration of organic 

matter (Fig. 1.4). In the traditional food web, the algal biomass is consumed by 

zooplankton, which is grazed by multicellular eukaryotic nekton (41). Algal-

derived organic matter is therefore transferred to higher trophic levels (Fig. 

1.4). Furthermore, organic matter is continuously released back to the 

environment by viral lysis, excretion of waste products, and exudation of 

exopolymers (42). This released organic matter is composed of both dissolved 

organic matter (DOM, particle size < 0.45 µm) and particulate organic matter 

(POM, particle size > 0.45 µm). A small portion of POM (e.g. fecal pellets or 

debris) aggregates and sinks to the aphotic layer providing a nutrient source to 

the inhabitants of the deep ocean (Fig. 1.4) (42). A large fraction of POM 

(about 90-95%) is remineralized by heterotrophic bacteria or solubilized 

enzymatically and thus is recycled as DOM to the food web (Fig. 1.4) (42). 

DOM is the largest carbon reservoir in the oceans but is only available to 

bacterioplankton (41). Diverse heterotrophic bacteria utilize algal-derived DOM 

within their catabolic metabolisms and release CO2. A fraction of these 

bacteria is also consumed by zooplankton, and the organic matter is thereby 

reintroduced to higher levels of the food web (Fig. 1.4). These interactions are 

called the “microbial loop” and play an important role in balancing carbon 

remineralization and sequestration (43). Therefore, the trophic connection 

between algae and heterotrophic bacteria forms the foundation of carbon 

turnover in the world oceans.  
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Fig. 1.4. Bacterial transformation of algal-derived organic matter. The conversion of 
CO2 to organic carbon by photosynthetic phytoplankton (step 1); the release of both 
dissolved organic matter (DOM) and particulate organic matter (POM) from 
phytoplankton (step 2); the consumption of phytoplankton biomass by zooplankton 
grazers (step 3) and the mineralization and recycling of organic matter by diverse 
heterotrophic bacteria, which is known as the microbial loop (step 4). A fraction of the 
heterotrophic bacteria is consumed by zooplankton, and the carbon is further 
transferred up the food web. Transformation of organic carbon into recalcitrant DOC 
(step 5). The export of phytoplankton-derived POM from the surface oceans to 
deeper depths via sinking (step 6). The contributions of viral-mediated cell lysis to the 
release of dissolved and particulate matter from both the phytoplankton and bacterial 
pools (step 7). The figure was taken from (43).  

Algal blooms are important hotspots for carbon recycling in the surface waters 

of the coastal marine zones. In the higher latitudes, primary production in the 

coastal ocean peaks during annually recurring spring algal blooms. As 

temporal and highly dynamic events, these blooms develop in the spring 

months in response to the longer duration of light exposure, higher seawater 

temperature, reduced grazing pressure, and elevated nutrient concentrations 

(43). These conditions promote the growth of different phytoplankton species 

depending on the physiochemical parameters (44). This diverse community 

declines in response to grazing pressure, viral lysis (“top-down” control), or 

nutrient limitation (“bottom-up” control) (43). Termination of such blooms 
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results in the massive release of high molecular weight compounds such as 

polysaccharides, proteins, and lipids.  

Polysaccharides constitute the major component of organic matter released 

during algal blooms. These polymeric carbohydrate molecules are composed 

of long chains of monosaccharide units, which are linked together by 

glycosidic bonds, and can form highly branched structures. Algae use these 

structurally diverse macromolecules as storage compounds as well as cell wall 

and matrix components. Depending on the growth stage, the polysaccharide 

content of algae can reach up to ~90% of the cell’s dry weight in extreme 

cases (45), but more often accounts for 30-65% (46). Thus, large amounts of 

algal polysaccharides are released during algal blooms. However, it is 

challenging to measure relevant algal polysaccharides in situ with structural 

elucidation. The identification of the monomer units and a compositional 

analysis of the polysaccharides is possible using acid hydrolysis in 

combination with chromatographic assays (47). These analyses revealed 

glucose, mannose, fucose, arabinose, xylose, rhamnose and galactose as the 

major monosaccharide units of algal glycans (48). Yet these methods cannot 

yield insights into the structural information since polysaccharides occur in 

marine samples as complex mixtures with various types of linkages (49). To 

overcome this problem, Becker and colleagues proposed a new approach 

employing microbial enzymes as a tool to quantify polysaccharides in POM 

(50). They used three enzymes purified from marine bacteria to selectively 

digest laminarin, the major storage polysaccharide of diatoms (51). 

Demonstrating polysaccharide release during an algal bloom, the laminarin 

concentration was 0.48±0.09 mg/L and 0.13±0.02 mg/L in 10 µm and 3 µm 

POM fractions, respectively. Therefore, microbial enzymes specifically 

targeting various linkage types in algal polysaccharides are particularly 

important as a biochemical proxy for the presence and utilization of a given 

polysaccharide.  

1.5) Polysaccharide utilization: genes, enzymes, and mechanisms 

The biochemical and genomic characterization of polysaccharide utilization 

during algal blooms sheds light on the trophic connection between algal-

derived organic matter and heterotrophic bacteria. Large amounts of algal 
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polysaccharides released upon bloom termination are consumed by 

heterotrophic bacteria using carbohydrate-active enzymes (CAZymes). These 

enzymes include catalysts for polysaccharide binding, degradation, and 

modification, and are classified as carbohydrate-binding modules (CBMs), 

glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate 

esterases (CEs), and glycosyltransferases (GTs) (52). These classified 

enzymes are further subdivided into families based on sequence and 

structural similarity (53). CAZymes are multimodular and enzymes targeting a 

particular polysaccharide could be assigned to separate families. For example, 

GH families 16, 17 and 30 are required to decompose laminarin, which 

consists of a β-1,3-D-glucose polysaccharide with β-1,6 linked monomer side 

chains (Fig. 1.5) (50). The GH30 β-1,6-glucosidase removes the β-1,6-linked 

side chains (54), while endo-active GH16 cleaves the β-1,3-D-linked main 

glucan chain of laminarin into smaller oligosaccharides (55). Finally, exo-

acting GH17 β-1,3-glucosidase hydrolyzes these oligosaccharides to glucose 

units (Fig. 1.5) (56). Thus, different degradative CAZyme families are required 

to cleave diverse linkages found in a single complex polysaccharide.  

                   

 

Fig. 1.5. Laminarin structure and enzyme activities. Laminarin consists of β-1,3-D-
glucose polysaccharide with β-1,6 linked monomer side chains. GH30 cleaves the β-
1,6 linkages, while GH16 hydrolyzes β-1,3-D-linked main chain. GH17 is an exo-
acting enzyme (not shown in the figure). Figure adapted from (50). 

Diverse CAZyme genes encoding the binding and degradation of a particular 

polysaccharide are often co-localized in polysaccharide utilization loci (PULs). 

PULs are distinct genomic islands, which enable sensing, binding, importing 

and degrading a polysaccharide (Fig. 1.6) (57) (58). The archetypal PUL 

encoding the starch utilization system (Sus) was first demonstrated in 
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Bacteroides thetaiotaomicron (59). Here, the polysaccharide is recruited to the 

cell surface by three Sus proteins (SusD, E, and F), some of which form 

immobile complexes (60) and facilitate the selection of particular glycans from 

the environment (61). The recruited polysaccharide is cleaved into 

oligosaccharides by the outer membrane localized glycoside hydrolases (Fig. 

1.6). These oligosaccharides are subsequently transported across the outer 

membrane into the periplasm via SusC, an integral membrane protein of 

TonB-dependent transporters (TBDT) (Fig. 1.6). The beta-barrel transport 

channel is capped by the N-terminally lapidated SusD-like cell surface glycan-

binding protein (SGBP), forming a “pedal-bin” like protein complex (62). Upon 

substrate binding, the SusD lid closes and leads the substrate transport into 

the periplasm (63). Oligosaccharides transported into the periplasm are further 

degraded into monosaccharides by linkage-specific exo-glucosidases before 

they are imported into the cytoplasm for primary metabolism (Fig. 1.6). 

Therefore, from binding to the cell surface to the degradation into monomers, 

PULs orchestrate the catabolism of a particular polysaccharide.  

 

Fig. 1.6. Sensing, binding, importing and degrading a polysaccharide via the starch 
utilization (Sus) system. The recognition, binding, and initial hydrolysis of a given 
polysaccharide occur at the outer membrane via SusD, SusE, and SusF. The 
oligosaccharides are subsequently transported into the periplasm via SusC/D; further 
hydrolysis occurs in the periplasm via glycosyl hydrolases (GH). Figure modified after 
(64). SusR is used for substrate sensing (not shown in the figure).  
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Diverse canonical PULs targeting specific polysaccharides have been 

identified in marine heterotrophic bacteria using the SusC/SusD tandem as a 

signature. For example, polysaccharide utilization in the marine Bacteroidetes 

Gramella forsetii KT0803T was characterized using a combined application of 

genomics, proteomics and isotope labeling (Fig. 1.7) (65). This study identified 

two PULs specifically induced, one by alginate and the other one by laminarin. 

In addition to encoding GH3 and two GH16 (β-1,3-glucanases) genes, the 

laminarin PUL also contained a SusCD pair together with a Polycystic Kidney 

Disease (PKD) domain containing protein. Upregulation of these genes in the 

presence of laminarin was also demonstrated by proteomic analysis (Fig. 1.7). 

PUL analysis thus represents an important genomic proxy to detect the 

carbohydrate degradation potential of a bacterium and to define the 

polysaccharide niches of heterotrophic bacteria. This approach would shed 

light on ecological processes shaping the microbial communities during algal 

blooms, in which the large amounts of diverse polysaccharides are released.  

 

Fig. 1.7. Expression profile (a) and gene organization (b) of laminarin utilization 
operon in Gramella forsetii KT0803T. (a) Protein ratios of the intracellular soluble and 
membrane protein fractions of cultures grown on laminarin compared with alginate 
are shown. Error bars refer to the biological replicates (n=3). (b) The gene 
organization of laminarin-specific PUL in G. forsetii together with others in some 
marine Flavobacteriaceae. htcs, hybrid two-component system; susC, SusC-like 
TBDR; susD, SusD-family protein; pkd, PKD-domain-containing protein; gh, glycoside 
hydrolase. The figure was taken from (65).  
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1.6) Key heterotrophic bacteria abundant during algal blooms 

The organic matter released during algal blooms triggers a significant shift in 

the microbial community composition. Diverse heterotrophic bacteria become 

abundant and degrade algal-derived organic compounds. This bacterial 

response was initially investigated in microcosm or mesocosm experiments. 

For example, Riemann and colleagues studied the bacterial community 

composition, enzymatic activities, and carbon dynamics during diatom blooms 

in seawater mesocosms (66). This study demonstrated extensive colonization 

of heterotrophic bacteria of the phyla Alphaproteobacteria and Bacteroidetes 

with high aminopeptidase, β-glucosidase, and lipase activities. Another study 

by Pinhassi and colleagues revealed links between phytoplankton and 

bacterioplankton in microcosm experiments using denaturing gradient gel 

electrophoresis (DGGE) of 16S rRNA gene fragments (67). Members of the 

alphaproteobacterial Roseobacter clade, Gammaproteobacteria and the class 

Flavobacteriia (phylum Bacteroidetes) were detected in response to the algal-

derived organic matter.  

Recent advances in high-throughput sequencing have allowed in situ 

investigations of microbial species composition during algal blooms. 

Pyrosequencing-based analysis of 16S rRNA gene amplicons from 

environmental RNA revealed a Roseobacter clade-affiliated cluster, and the 

gammaproteobacterial SAR92 clade as the most abundant and active 

bacterial clades during an algal bloom in the southern North Sea (68). 

Furthermore, Delmont and his colleagues investigated bacterial communities 

following a phytoplankton bloom in the Amundsen Sea, Antarctica (69).  This 

study demonstrated the power of state-of-the-art omics technologies to dissect 

the identity and function of diverse microorganisms with genome 

reconstructions and indicated the ecological roles of the SAR92 and 

flavobacterial Cryomorphaceae clades with a coarse niche description. Overall 

these studies repeatedly highlighted that the members of the Roseobacter, 

Flavobacteriia and Gammaproteobacteria clades are key responders to algal 

blooms.  

The alphaproteobacterial Roseobacter clade is widespread in world oceans, 

comprising up to 20% of coastal bacterioplankton communities (70). For 
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example, Planktomarina temperata RCA23, the first described species of 

Roseobacter clade affiliated cluster, is abundant in world oceans and has a 

streamlined genome with genes for aerobic anoxygenic photosynthesis and 

carbon monoxide oxidation (71). Roseobacter clade is also associated with 

marine phytoplankton (72). Hahnke and colleagues explored the physiological 

diversity of the Roseobacter clade co-occurring during an algal bloom in the 

North Sea (73).  A great metabolic diversity with respect to the decomposition 

of an algal osmolyte dimethylsulfoniopropionate (DMSP) was demonstrated 

using seven strains. These observations reflected different ecological niches 

within this clade during algal blooms. Furthermore, Bacteroidetes, in general, 

and marine Flavobacteriia, in particular, are associated with algal-derived 

organic matter. For example, the genomic content of uncultured Bacteroidetes 

from contrasting oceanic provinces in the North Atlantic Ocean was 

investigated using a targeted metagenomic approach with fosmid libraries 

(74). The results showed a large genomic potential of flavobacterial fosmids 

for polysaccharide degradation and cell surface attachment in the 

phytoplankton-rich polar biome.  A follow-up study at the same sampling site 

with the further analysis of 174 fosmids demonstrated polysaccharide 

utilization loci (PULs) from diverse Flavobacteriia putatively targeting 

polysaccharides such as laminarin, xylan, and mannan (75). 

Gammaproteobacteria also degrade algal-derived polysaccharides. Utilization 

of alginate and other algal polysaccharides was shown in the 

gammaproteobacterial Alteromonas macleodii strain 83-1 (76). An alginate-

induced PUL harboring five alginate lyases and TonB-dependent receptors 

was shown together with putative PULs hydrolyzing laminarin, pullulan, and 

xylan. These studies overall demonstrated the broad algal-derived organic 

matter degradation potential of Roseobacter, Flavobacteriia, and 

Gammaproteobacteria. The metabolic potential of these key players should be 

investigated in situ during algal blooms with a high taxonomic and functional 

resolution.  

1.7) Bacterial response to spring algal blooms in the North Sea 

The bacterial response to spring algal blooms off Helgoland Island in the 

Southern North Sea has been studied in great detail. The Helgoland Roads 
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represents one of the richest time series dataset for a coastal marine 

environment (Fig. 1.8) (77). Phytoplankton, salinity, Secchi disc depths, and 

macronutrients have been documented since 1962 and are further augmented 

by zooplankton, intertidal macroalgae, macrozoobenthos, and 

bacterioplankton data. Together with these metadata, we investigated the 

microbial community structure and function during the 2009-2012 spring algal 

blooms at Helgoland using a comprehensive suite of state-of-the-art 

techniques (78) (79). Microbial community composition was determined using 

16S rRNA gene tag sequencing and catalyzed reporter deposition 

fluorescence in situ hybridization (CARD-FISH) with dense sampling in 

multiple years. Metagenome sequencing enabled us to access the genetic 

repertoire of microorganisms, while metaproteomics was used to monitor in 

situ gene expression. Furthermore, follow-up studies aimed to isolate 

heterotrophic bacteria that were abundant during bloom events (80) and to 

analyze the micro-diversity of recurrent bacteria at a fine scale (81). The 

synergy between these studies has yielded an immense dataset to holistically 

understand bacterial dynamics and niches during spring algal blooms.  

 

Fig. 1.8. Location of Helgoland Island and the long-term ecological research site 
‘Kabeltonne’ (red circle: 54° 11.3' N, 7° 54.0' E) in the German Bight of the North Sea. 
The figure was taken from (79).  
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Succession and recurrence of Flavobacteriia and Gammaproteobacteria were 

detected during the 2009-2012 spring algal blooms off Helgoland (Fig. 1.9) 

(78) (79).  In the 2009 spring bloom, the flavobacterial genera Ulvibacter 

(recently reclassified as Cd. ‘Prosiliicoccus’), Formosa, and Polaribacter 

successively reached high relative abundances in the bacterioplankton (0.2–3 

µm fraction)  together with the gammaproteobacterial Reinekea and SAR92 

clades (Fig. 1.9) (78). Metagenomic analyses demonstrated the differentiated 

transporter and CAZyme contents of these bacterial clades (78). With a 

pronounced expression of TonB-dependent transporter (TBDT) components, 

Flavobacteriia possessed various CAZyme genes to utilize diverse algal 

polysaccharides such as laminarin, fucose, and α-mannose containing 

polysaccharides. For example, Polaribacter spp. encoded glycoside hydrolase 

(GH) family 92, which targets α-mannose-rich polysaccharides, yet genus-

specific CAZyme assignment for Formosa spp. was not possible. In contrast, 

Reinekea spp. exhibited high expression of ABC and TRAP transporters, 

indicating a nutritional strategy based on the uptake of low molecular weight 

compounds. In a follow-up study, we revealed the recurrence of these 

bacterial clades during 2010-2012 spring blooms at the same sampling site 

(79). Deeply sequenced metagenomes also allowed us to detect the genomic 

contents of relevant bacterioplankton down to genus level, and to further 

investigate the CAZyme repertoires of the Reinekea, Polaribacter, and 

Formosa clades. 

Reinekea spp. occupied a limited glycan niche with a clonal proliferation 

during the North Sea spring algal blooms. During 2009-2012 North Sea spring 

algal blooms, Reinekea spp. were recurrently present albeit with decreasing 

abundances (~16%, ~5%, ~2%, and ~1%) based on CARD-FISH counts (Fig. 

1.9) (79). Minimum entropy decomposition (MED) analysis of 16S rRNA tag 

sequences, which can detect microdiversity, demonstrated only one dominant 

oligotype and suggested a quasi-clonal Reinekea population during the bloom 

events (81). Metagenomic analyses also showed the carbohydrate 

degradation potential of the North Sea Reinekea clade. The genus-specific 

CAZyme repertoire of this clade contained high proportions of GH23 (e.g. 

peptidoglycan lyases) and GH13 (e.g. α-amylase) with various carbohydrate 
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binding modules (CBMs) to bind α-1,4-glucans and peptidoglycans (79). This 

was a relatively limited and homogeneous glycan niche compared to other 

Flavobacteriia abundant during spring blooms. Furthermore, Hahnke and 

colleagues isolated a Reinekea strain (Hel1_31_D35) during the 2010 spring 

bloom at the same sampling site (80) and suggested that this strain could be 

the representative of Reinekea clade, which is abundant during the bloom 

events. This paved the way for exploring the niche of North Sea Reinekea 

clade in detail and testing the hypotheses deduced from (meta)genomic 

analyses in pure culture studies.  

The genus Polaribacter was the most abundant and diverse recurring bacterial 

clade with a broad glycan niche during North Sea spring algal blooms from 

2009 to 2012. CARD-FISH analysis with a Polaribacter-specific 

oligonucleotide probe (POL740) detected ~27%, ~26%, ~14%, and ~25% 

maximum relative abundances in the 0.2-3 µm planktonic fraction during 2009 

to 2012 spring algal blooms in Helgoland (Fig. 1.9) (79). MED analysis also 

demonstrated four different Polaribacter oligotypes, which exceeded 1% 

relative abundance (81). These results indicated a highly diverse and 

abundant clade, which was recurrently associated with North Sea spring algal 

blooms. Furthermore, the metagenomic analysis showed the enrichment of 

GH families 16, 17, and 30 (all targeting laminarin), GH13 (α-amylases), GH92 

(α-mannosidases) and suggested a broad glycan niche for the bloom-

associated Polaribacter clade (79). Isolation and characterization of North Sea 

Polaribacter strains (Hel1_33_49 and Hel1_85), which were obtained from the 

same sampling site (80), showcased two distinct niches in this large niche 

space (82). Strain Hel1_33_49 was a planktonic isolate feeding on proteins 

and a small subset of algal polysaccharides, whereas strain Hel1_85 could 

decompose a larger spectrum of high molecular weight compounds, and was 

likely associated with algae. Yet, these isolates were not members of the most 

abundant Polaribacter clades from North Sea spring algal blooms. Therefore, 

the broad niche space of environmentally relevant Polaribacter spp. should be 

investigated in detail by separating their taxonomic and functional diversity into 

ecologically meaningful niches.  
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Fig. 1.9. The recurrent abundance of major Flavobacteriia (a-d) and 
Gammaproteobacteria (e-h) during 2009-2012 North Sea spring algal blooms off 
Helgoland as assessed by CARD-FISH analyses. POL740: genus Polaribacter; 
FORM181A: genus Formosa; ULV995: genus Ulvibacter; VIS6-814: genus-level 
clade VIS6 within the family Cryomorphaceae-Owenweeksia. REI731: genus 
Reinekea; BAL731: genus Balneatrix; ALT1413: families Alteromonadaceae and 
Colwelliaceae; SAR92-627: genus-level clade SAR92. Figure modified after (79).  
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Formosa was another abundant and recurrent flavobacterial genus during 

North Sea spring algal blooms. Mainly belonging to three dominant 16S rRNA 

oligotypes (81), Formosa spp. reached relative abundances of up to ~23%, 

~5%, ~17%, ~7% during 2009-2012 North Sea spring algal blooms off 

Helgoland (Fig. 1.9) (79). Similar to Polaribacter spp., the CAZyme spectrum 

of bloom-associated Formosa clade contained the GH13 and GH92 families, 

which decompose laminarin and mannan (79). Furthermore, five Formosa 

strains were isolated from the surface waters of Helgoland Roads during the 

2010 bloom event (80). Metagenome read recruitment on the initial draft 

genomes showed that 4.1% of the metagenome reads were aligned to the 

strain Hel1_31_131 (clade B), while the strain Hel3_A1_48 (clade A) recruited 

0.15% of the all reads. This result indicated that the clades A and B could 

represent Formosa spp., which were abundant during the bloom events and 

their genomic analyses in conjunction with pure culture studies and 

biochemical characterization could shed light on the adaptive metabolisms 

allowing heterotrophic bacteria to thrive during algal blooms.  

Overall these results suggest that the release of diverse polysaccharides 

during North Sea spring algal blooms creates successive niche spaces and 

recurrently selects a particular group of heterotrophic bacteria. The niches of 

these environmentally relevant bacteria should be investigated in great detail 

combining (meta)genomic, (meta)proteomic, pure culture and biochemical 

studies to yield a holistic understanding of ecological and evolutionary 

processes shaping carbon cycling in the ocean. 

1.8) Aims and scope of the thesis 

In this thesis, I aim to explore the ecological niches of abundant heterotrophic 

bacteria in the North Sea spring algal blooms. 

The second chapter describes the ecological niche of the 

gammaproteobacterium ‘Reinekea forsetii’. Using phylogenetic and 

metagenome analyses, I first showed that ‘R. forsetii’ is the representative of 

the North Sea Reinekea clade. Then physiological experiments were 

conducted to test ecological hypotheses generated from the genome of ‘R. 

forsetii’ and accompanying in situ environmental data.  
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The third chapter explores the large niche space of the diverse North Sea 

Polaribacter clade. I identified distinct Polaribacter sub-clades using 

phylogenetic analyses and quantified their abundances with novel 

oligonucleotide probes. Metabolic potentials of these environmentally relevant 

clades were demonstrated by retrieval of almost complete representative 

metagenome assembled genomes and assessing their in situ gene expression 

with metaproteome data.  

The fourth chapter represents the polysaccharide niche of the North Sea 

Formosa clade. Cultivation and biochemical studies were used to complement 

metagenomic and metaproteomics data and demonstrate the molecular 

details and ecological implications of the laminarin degradation and protein 

utilization metabolisms of Formosa.  
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Abstract 

Algal blooms create dynamic environments with the release of structurally complex 

molecules and trigger the growth of diverse heterotrophic bacteria. Yet ecological 

processes driving the assembly of these bacteria are largely unknown. In this study, 

we explore the niches of the genus Polaribacter, an abundant bacterial clade during 

spring algal blooms in the North Sea. In the 2009 to 2012 blooms we (i) identified six 

distinct Polaribacter clades using phylogenetic analyses, (ii) quantified their 

abundances using fluorescence in situ hybridization, (iii) retrieved largely complete 

genomes via metagenome binning, and (iv) assessed in situ expression using 

metaproteomics. The genomes of the four major clades revealed distinct niches. 

Polaribacter 2-a represented a typical first responder with a small genome and 

limited polysaccharide utilization capacity. Polaribacter 3-a was abundant only in 

2010 and possessed a distinct degradation potential for mannose-rich sulfated 

polysaccharide. Polaribacter 3-b was a late responder with a pronounced utilization 

capability for sulfated xylan. Polaribacter 1-a had the largest genome encoding 

diverse glycan degradation genes and was particularly abundant following 

Chattonella algae blooms. Our study suggests a polysaccharide-driven niche 

partitioning between different Polaribacter clades during algal blooms and highlights 

how diverse algal substrates could create distinct niches in which specialized 

bacterioplankton thrive. 

 

 

 

 

 

Subject Category: Integrated genomics and post-genomics approaches in microbial 

ecology 
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3.1) Introduction 

One of the fundamental questions in microbial ecology is which factors shape the 

composition of a given community. To address this question, neutral and niche 

theories have emerged (1). According to the neutral theory, all species are 

ecologically equivalent and the microbial community structure is shaped only by 

stochastic processes (2). On the other hand, the niche theory postulates that 

environmental conditions regulate the species composition by a process known as 

habitat filtering (3). The niche is defined as a set of biotic and abiotic factors that an 

organism needs to thrive (4). Thus a given habitat selects a group of organisms 

sharing similar niches and competing for the same resources (5). Stable conditions 

provided, the best-adapted species ultimately prevails and supplants less adapted 

species (6). However, many habitats are subjected to constant changes, which 

preclude the establishment of stable communities. An important mechanism 

structuring the community assembly in such dynamic habitats is resource partitioning, 

which enables the coexistence of similar organisms with distinct ecological niches 

(7).   

Marine algal blooms are an essential part of the global carbon cycle and are 

characterized by a dynamically changing environment with a large supply of diverse 

and structurally complex substrates (8). These molecules require a concerted 

breakdown by more than a single species and therefore provide conditions allowing 

co-occurrence of various heterotrophic bacteria with adjacent ecological niches. In 

particular, the terminal phases of these blooms result in the massive release of 

organic matter triggering significant and often successive shifts in microbial 

community composition (9) (10) (11). Different clades of heterotrophic bacteria 

become abundant and degrade algal-derived organic substrates (12) (13). Previous 

studies on spring algal blooms in the southern North Sea detected the succession 

and annual recurrence of Flavobacteriia, Gammaproteobacteria, and 

alphaproteobacterial Roseobacter clade (14) (15). Metagenome analyses suggested 

that these clades possessed distinct polysaccharide niches and were likely selected 

by the successive availability of particular algal glycans or glycan classes (14) (15).  

Members of the genus Polaribacter (class Flavobacteriia) constituted the most 

abundant and diverse recurring bacterial clade during spring algal blooms in the 

southern North Sea from 2009 to 2012 (15). Catalyzed reporter deposition 
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fluorescence in situ hybridization (CARD-FISH) analysis using a Polaribacter-specific 

oligonucleotide probe (POL740) showed that Polaribacter relative abundances within 

the planktonic fraction (0.2 – 3 µm) reached up to ~27%, ~26%, ~14%, and ~25% 

from 2009 to 2012, respectively (15). Four different Polaribacter oligotypes with 

relative read abundances exceeding 1% were detected during the blooms using 

minimum entropy decomposition (MED) of 16S rRNA tag sequences (16). These 

data demonstrated the high intra-genus diversity of the recurrent Polaribacter. The 

detected oligotypes were also confined to spring and summer algal blooms with rapid 

shifts in their abundance, suggesting that algal-derived substrates triggered the 

growth of distinct Polaribacter clades (16). This was corroborated by analyses of the 

carbohydrate-active enzyme (CAZyme) gene repertoires of distinct bacterioplankton 

clades (15). These analyses revealed that Polaribacter spp. were enriched in 

glycoside hydrolase (GH) families 16, 17, and 30, all of which all contain enzymes 

that can decompose laminarin, as well as GH13 (e.g. α-amylases) and GH92 (α-

mannosidases) (15). However, a metagenomic analysis with higher taxonomic 

resolution than genus-level is required to separate the taxonomic and functional 

diversity of distinct Polaribacter clades into ecologically meaningful niches. 

Sympatric taxa within the same genus tend to have distinct niches and respond 

differently to the same environmental conditions (17) (18). Members of the genus 

Polaribacter are widely distributed in marine habitats. To date, 23 Polaribacter 

species have been described from various environments such as sea ice (19), 

seawater (20), marine sediments (21), marine animals (22) and macro-algae (23). 

Polaribacter spp. were also detected during the algal blooms in temperate and polar 

regions (24) (25) (26). Likewise, we previously isolated two Polaribacter strains 

(Hel1_33_49 and Hel1_85) during a phytoplankton bloom off the coast of Helgoland 

island in the southern North Sea (27). Strain Hel1_33_49 is a planktonic isolate 

feeding on proteins and a small subset of algal polysaccharides, whereas strain 

Hel1_85 is likely associated with algae and can decompose a larger spectrum of 

polysaccharides (27). This study showcased only two niches in the large niche space 

of diverse spring bloom-associated Polaribacter species. However, these two isolates 

were not representative of the dominant Polaribacter clades during North Sea algal 

blooms and a possible niche differentiation between environmentally relevant 

Polaribacter remained elusive.  
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In this study, we explore niche partitioning between Polaribacter clades that are 

recurrently abundant during North Sea spring algal blooms. We (i) identified six 

distinct Polaribacter clades using phylogenetic analyses, (ii) quantified their 

abundances using fluorescence in situ hybridization with novel oligonucleotide 

probes and metagenome read recruitment (iii) retrieved almost complete Polaribacter 

genomes for all six clades via binning of a time series of metagenomes, and (iv) 

assessed the in situ gene expression by re-analyzing published metaproteome data. 

Our results revealed the differential abundance of distinct Polaribacter clades with 

varying glycan utilization capabilities, suggesting that release of diverse 

polysaccharides during algal blooms contribute to the niche differentiation among 

these closely related bacteria.  

3.2) Materials and Methods 

16S rRNA clone libraries and phylogenetic analysis  

Full-length Polaribacter-related 16S rRNA gene sequences were retrieved from a 

clone library constructed from Helgoland spring bloom bacterioplankton (0.2 - 3 µm) 

on April 8th, 2010 as described in (14). Using the Silva Incremental Aligner (SINA) 

(28), 73 Polaribacter 16S rRNA sequences (>1,450 bp) were aligned to all 16S rRNA 

sequences in the Silva SSURef v.132 dataset (29) and manually curated in Arb v.6.1 

(30). Together with all Polaribacter-related sequences in the Silva SSURef NR 99 

v.132 dataset, phylogenetic tree reconstruction was done with the RAxML v.7 (31) 

maximum likelihood method (GTR-GAMMA rate distribution model, rapid bootstrap 

algorithm, 100 repetitions) and the Neighbor-joining method (Jukes-Cantor 

substitution model, 1,000 repetitions). Both phylogenetic treeing methods were run 

on the sequences filtered with and without 10%, 30%, and 50% positional 

conversation for all Flavobacteriia. A consensus tree was generated following the 

recommendations described in (32).  

Oligonucleotide probe design and CARD-FISH analysis 

Four oligonucleotide probes (POL405, POL1270, POL183a, and POL180) were 

designed using the probe design tool implemented in Arb with Silva SSURef NR 99 

v.128 (Table S1). These probes were tested on environmental samples using varying 

formamide concentrations from 0% to 50% at 46°C hybridization temperature. The 

highest possible formamide concentration providing sufficient brightness for signal 
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detection was used for further hybridizations (Table S1). The sum of cell numbers 

detected by these four probes was also cross-checked with the genus-specific probe 

POL740 to evaluate the probe’s specificities. For CARD-FISH analysis, samples 

were taken as described in (14) and were analyzed according to (33) using the newly 

designed four Polaribacter oligonucleotide probes. Cell counting was performed with 

an automatic microbial cell enumeration system (34) and ACMETOOL2.0 image 

analysis software (http://www.technobiology.ch/index.php?id=acmetool). Cell 

counting results and additional abundance data are summarized in Table S2.  

Metagenome sequencing and binning 

38 surface seawater metagenome samples were sequenced at the DOE Joint 

Genome Institute (JGI) (Table S3) (15). Quality filtering and trimming of raw reads, 

metagenome assembly and binning were performed as described previously (35). 

Briefly, BBDuk v35.14 (http://bbtools.jgi.doe.gov) was used to remove adapters and 

low quality reads. Metagenomic datasets were assembled individually using SPAdes 

v3.10.0 (36) Separate binning of contigs from each assembly was performed using 

CONCOCT (37) integrated into the anvi'o v.3 metagenomic workflow (38). BBMap 

v35.14 (http://bbtools.jgi.doe.gov) was used for read mapping. Phylogenomic 

placement and quality estimates of metagenome assembled genomes (MAGs) were 

investigated in CheckM v1.0.7 (39) and a subset of automatically binned CONCOCT 

MAGs was selected for manual bin refinement in anvi’o. Refined bins were analyzed 

a second time with further Bacteroidetes reference genomes, chosen based on 16S 

rRNA sequences. Mash v.1.1.1 (40) was used to reduce redundancy and to cluster 

MAGs into approximate species clusters and the ones placed within the genus 

Polaribacter by CheckM were kept. The MAGs having (i) relative abundance >0.4% 

based on metagenome read recruitment, (ii) contamination <5% and (iii) 

completeness >69% were selected for further analyses of environmentally relevant 

Polaribacter (Table S4).  

 

Metagenome-assembled genome (MAG) analyses 

Average Nucleotide Identity (ANI) values between Polaribacter MAGs and genomes 

were calculated using the ani Ruby script from the enveomics toolbox (41). For 

phylogenomic analysis, the protein sequences of 43 conserved marker genes were 

extracted and aligned in CheckM v.1.0.8 (39). Using the concatenation of these gene 

http://www.technobiology.ch/index.php?id=acmetool
http://bbtools.jgi.doe.gov/
http://bbtools.jgi.doe.gov/
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sequences, a protein tree was computed with the RAxML v.7 (31) maximum 

likelihood algorithm (GAMMA-WAG substitution model, rapid bootstrap algorithm, 

100 repetitions) in Arb v.6.1 (30). Metagenome reads from 2009 to 2012 North Sea 

spring phytoplankton blooms were recruited by Polaribacter MAGs and genomes with 

BBMap v.35.14 using “fast” mode. For 38 metagenomes sequenced on the Illumina 

HiSeq 2500 platform (Illumina Inc., San Diego, CA, USA) (Table S3), reads 

recruitment was done with minimum mapping identity of one (minid= 1) and identity 

filter for reporting mappings of one (idfilter= 1) to prevent read cross-mapping 

between closely-related MAGs or genomes. For the clades with low micro-diversity 

(Polaribacter 2-a and Polaribacter 2-b), the most complete MAGs were used and 

both parameters were set to 0.99. For four metagenomes sequenced on the now 

defunct 454 FLX Ti platform (454 Life Sciences, Branford, CT, USA) (Table S3), all 

read recruitments were carried out with minid=0.97 and idfilter= 0.99 using the most 

complete MAG or genome from each clade. The read recruitment results are shown 

in Table S5. For each Polaribacter clade, the correlation between the relative 

abundances obtained from (i) metagenome read recruitment (ii) CARD-FISH analysis 

and (iii) minimum entropy decomposition (MED) was calculated using the Spearman 

rank correlation test implemented in R v.3.2.3 (42) (Table S6).  

Gene prediction and annotation  

Within the MAGs having ANI >99%, the most complete and the least contaminated 

one was selected as representatives. To demonstrate the validity of this approach, 

MAGs with ANI >99% in the Polaribacter clades 2-a and 2-b were also analyzed. 

Gene prediction was performed using Prodigal (43) as implemented in Prokka v.1.12 

(44) including prediction of partial genes (removal of –c and –m options). Genes were 

annotated in RAST v.2 (45) (Table S7). CAZymes were annotated as described in 

(46) using the dbCAN v.6 (47), Pfam v.31 (48) and CAZy (as of March 15th, 2017) 

(49) databases. Peptidases were annotated based on best-hits of BLASTp v.2.6.0+ 

(50) searches against the MEROPS database (merops_scan database v.12) (51) 

with default settings. For annotations of SusC-like proteins, SusD-like proteins, and 

sulfatases, HMMer v.3.1 (52) searches with TIGRFAM (profile TIGR04056), Pfam 

(profiles PF07980 and PF00884) were used (e-value: E-10). PULDB (53) was used 

to predict the putative substrate-specificity based on CAZyme patterns of some 

polysaccharide utilization loci (PULs) found in Polaribacter MAGs and genomes. To 
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cluster these PULs, translated nucleotide sequences of genes of SusC-like proteins 

were aligned in MAFFT v.7 (54) and subjected to a phylogenetic analysis with the 

Neighbor-joining method (JTT substitution model). 

Core and pan genome analysis 

Core and pan genomes of Polaribacter clades were determined in EDGAR v.2.2 (55), 

which implements both reciprocal best BLAST hits and BLAST Score Ratio Values 

(SRVs) (56) to calculate gene orthology. Core (shared by all MAGs) and dispensable 

genomes (shared by at least two MAGs) together with singletons (non-shared, 

unique to a MAG) were calculated via the “fractional pan genome” analysis tool in 

EDGAR using the most complete MAG or genome in four major Polaribacter clades 

(Table S8). Genes other than CAZymes, peptidases, and hypothetical proteins were 

clustered according to the COG categories (57) using the eggNOG-mapper v.4.5.1 

(58).   

Metaproteomics  

Metaproteome data from 2009 (14) and 2010-2012 (59) Helgoland spring blooms 

were re-analyzed to investigate in situ gene expression of Polaribacter clades. Using 

standalone BLASTp v.2.6.0+ (50), metaproteome sequences were mapped on the 

protein gene sequences from Polaribacter MAGs and genomes with specific identity 

and e-value thresholds (percent identity  > 99% and e-value = 0) (Table S9).  

3.3) Results  

Phylogeny  

Phylogenetic analysis of all 16S rRNA sequences taxonomically classified as 

Polaribacter in the Silva database (v.132) revealed four distinct clusters (Polaribacter 

1-4) (Fig. 1).  The type species for the genus, Polaribacter filamentus (19), was 

grouped into Polaribacter 1, while macro-algae related species, P. reichenbachii (23), 

was in Polaribacter 4. For clusters Polaribacter 2 and 3, no isolates have been validly 

described yet. P. huanghezhanensis branched separately with maximum sequence 

similarity of 94.2% to the other described Polaribacter species. This was below the 

taxonomic threshold (94.5%) suggested for the rank genus (60) and indicates the 

need for a further taxonomic revision.  
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Polaribacter-related 16S rRNA clone sequences obtained during North Sea spring 

algal blooms in 2009 (14) and 2010 (this study) were grouped into three clusters. 58 

clone sequences retrieved on April 14, 2009 formed three distinct branches in the 

clusters Polaribacter 1 and 3 (Fig. 1), indicating a large diversity of Polaribacter 

species during the 2009 bloom. Furthermore, 15 sequences obtained on April 8, 

2010 were clustered into a single monophyletic clade in Polaribacter 2 (Fig. 1), which 

demonstrated the dominance of a different Polaribacter clade in the early phase of 

the 2010 spring bloom. Mean similarities between sequences within North Sea 

Polaribacter clades were in the range of 96.5% - 98.4% (Table S10). This supported 

the presence of distinct species within the genus Polaribacter (60), which was 

individually targeted by novel oligonucleotide probes (Table S1).  

Classification of Polaribacter MAGs 

We obtained 35 Polaribacter-related MAGs (Table S4) via binning of 38 

metagenomes sampled from 2010-2012 bloom events (Table S3). Phylogenetic 

survey of 43 conserved marker genes and ANI comparisons of the Polaribacter 

MAGs with seven genomes of North Sea Polaribacter strains demonstrated presence 

of six distinct clades (henceforth termed Polaribacter 1-a, 1-b, 2-a, 2-b, 3-a, and 3-b) 

during spring algal blooms. The clade Polaribacter 3-a also included three of the 

North See strains ( Hel1_33_49, Hel1_33_78, and Hel1_33_96). The overall tree 

topology was similar to the one obtained through 16S rRNA gene analysis (Fig. 1) 

(Fig. 2). ANI values in between these six clades were < 95% (Fig. S1), suggesting 

that they represent distinct species (61). ANI values within these clades varied 

between ~94.5 - 99% and indicated some intra-clade heterogeneity (Fig. S1). For 

example, four sub-clades were detected in Polaribacter 1-a, whereas two sub-clades 

were found both in Polaribacter 3-a and 3-b. In contrast, MAGs in Polaribacter 2-a 

and 2-b were seemingly homogeneous clades with ANI values ~99%. Altogether, 

these results suggested six distinct spring-bloom associated Polaribacter clades with 

various degrees of intraspecific diversity in the bloom events.  

Polaribacter in situ abundances 

Various methods were used to monitor the in situ abundance of the six distinct 

Polaribacter clades during the 2009 to 2012 North Sea spring algal blooms. These 

methods included (i) CARD-FISH analysis using newly designed oligonucleotide 
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probes (Table S1) (Fig. 3b), (ii) reassessment of previously published minimum 

entropy decomposition (MED) analysis of 16S rRNA amplicon data (Fig. 3c) (16) (iii) 

metagenome read recruitment on Polaribacter MAGs and genomes (Table S5) (Fig. 

3d). Polaribacter 1-a dominated the bacterial community in 2009, 2011, and 2012 

spring blooms (19%, 7%, and 13%) based on the cell counts with the clade-specific 

probe POL405 (Fig. 3b). Spearman tests suggested a high level of correlation 

between individual abundance data (Table S6) and enabled the connection of the 

taxonomic units revealed by the different methods (Fig. 4). For example, MED node 

3321 (Fig. 3c) and metagenome read recruitment on Polaribacter 1-a MAGs (Fig. 3d) 

yielded a similar abundance pattern to POL405 counts (Fig. 3b) with a high 

correlation coefficient (Spearman’s rho = 0.96 and 0.88, respectively) (Table S6). 

Furthermore, MAGs within the Polaribacter 1-a clade exhibited a differential 

abundance pattern. The MAG POL1A_74 was abundant in 2009 and 2012, while the 

MAGs POL1A_42, POL1A_60, and POL1A_84 were detected in 2011. POL1A_42 

was also found in lower abundances in the late phase of the 2010 bloom (Table S4). 

Interestingly, the peak abundances of Polaribacter 1-a in the three blooms events 

occurred after the dominance Chattonella (Fig. 3a). These algae are rather distinct 

from diatoms, which are usually present in the Helgoland spring blooms. In the 2010 

bloom, the phytoplankton community was dominated by Phaeocystis spp., 

Thalassiosira nordenskioeldii, and Mediopyxis helysia. In this year, Polaribacter 2-a, 

Polaribacter 3-a, and Polaribacter 3-b successively reached high abundances (6%, 

8%, and 10%) (Fig. 3d). Polaribacter 2-a and Polaribacter 3-b were also present 

albeit with lower abundances, respectively, in the early and late phase of bloom 

events in 2009, 2011, and 2012 (1%, 1%, 0.4% and 4%, 0.5%, 3%), whereas 

Polaribacter 3-a was only abundant in 2010 (Fig. 3d). In contrast, Polaribacter 1-b 

and Polaribacter 2-b were the “rare” clades, reaching lower relative abundances than 

other clusters (Fig. 3d). Polaribacter 1-b was detected in relatively low numbers 

during the 2009 and 2011 spring blooms (2% and 3%) together with Polaribacter 1-a, 

while Polaribacter 2-b reached abundances up to 3% only in 2010.  Overall, our 

results coherently showed the presence of four major (1-a, 2-a, 3-a, and 3-b) and two 

rare (1-b and 2-b) Polaribacter clades in spring algal blooms off Helgoland.  
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Core and pan genomes 

We investigated the common and variable genes within and between the Polaribacter 

clades. These genes were classified in the core genome (shared by all), dispensable 

genome (shared at least by two MAGs), and singletons (non-shared, unique for a 

MAG). The proportion of the genes detected in the core genome of individual clades 

(1-b, 2-a, 2-b, 3-a, and 3-b) (Fig. S2) is significantly higher (83-99%) than the core 

genome of four major Polaribacter clades (50-67%) (Fig. 5). This suggested a higher 

level of inter-clade metabolic diversification. 1327 genes were found in the core 

genome of the most complete MAGs or genomes in four major Polaribacter clades 

(POL1A_74, POL2A_63, PHEL_96, and POL3B_70). These genes dominantly carry 

out housekeeping cellular functions, and are involved in metabolisms such as gliding 

motility, proteorhodopsin, and polyphosphate hydrolysis (ppX) (Fig. 5) (Table S8). 

Gliding motility enables the movement on surfaces and some proteorhodopsin types 

are used for light-dependent supplementary energy production. Moreover, 

polyphosphate metabolism is a key to thrive in phosphate-limiting conditions, which is 

typical of algal blooms. These traits are frequent in marine Bacteroidetes (62) (63) 

and could provide certain ecological advantages to survive in algal bloom conditions. 

Genes responsible for carbohydrate degradation and transport were enriched in 

dispensable genome and singleton genes. Large amounts of polysaccharides 

released during algal blooms are decomposed by carbohydrate-active enzymes 

(CAZymes), which include catalysts for polysaccharide binding, degradation, and 

modification. These enzymes are classified in carbohydrate-binding modules (CBMs), 

glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate esterases 

(CEs), and glycosyltransferases (GTs) (49). Furthermore, Bacteroidetes possess a 

specialized carbohydrate transport system including a tandem of a SusC-like TonB-

dependent transporter and a SusD-like protein for glycan-binding (64). These genes, 

which are responsible for carbohydrate degradation and transport, represented the 

most abundant metabolic category in the dispensable genome and singletons with 

higher relative numbers than the core genome (Fig. 5b).  The MAG POL1A_74 had 

54 genes responsible for carbohydrate metabolism in its singletons including families 

GH20 (e.g. N-acetylglucosaminidase) and GH2 (e.g. β-galactosidase) (Table S8). 

Analysis of representative MAGs of the four most abundant sub-clades within 

Polaribacter 1-a indicated a core genome smaller than other clades (59-72%), and 
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the enrichment of carbohydrate utilization and transport genes mostly in singletons. 

This suggested an additional intra-clade metabolic diversification with respect to 

polysaccharide utilization (Fig. S3). Furthermore, in their singletons, the POL2A_63 

encoded GH13 (e.g. α-amylase), GH16 (e.g. laminarinase), while PHEL_96 

(Polaribacter 3-a) had three GH92 (e.g. alpha-mannosidase). POL3B_70 also 

possessed GH10 (e.g. β-xylanase) and GH3 (e.g. β-xylosidase) together with other 

31 genes in the singletons (Fig. 5a) (Table S8). These analyses overall suggested 

that Polaribacter clades differed in terms of their carbohydrate degradation potentials.  

Peptidase and CAZyme distribution 

Comparison of peptidase and degradative CAZyme abundances between 

Polaribacter clades showed different protein and carbohydrate utilization potentials. 

Together with polysaccharides, large amounts of proteins are also present in marine 

phytoplankton (65) and heterotrophic bacteria are able to utilize proteins using 

peptidases (66). All Polaribacter clades encoded high numbers of serine (S) and 

metallo (M) peptidases (~80% of all peptidases), which mediate the degradation and 

uptake of extracellular proteins (Table S11) (27). Furthermore, glycoside hydrolases 

(GHs) that hydrolyze glycosidic bonds between carbohydrate molecules were the 

most abundant CAZyme family genes (Table S11). Remarkably, the range of 

CAZyme proportions (8-39 per Mbp) is two times higher than the one with peptidases 

(37-51 Mbp). Together with Polaribacter isolates from temperate seawater and polar 

regions, Polaribacter 2-a and Polaribacter 2-b had the highest peptidase and the 

lowest degradative CAZyme abundances per megabase with the smallest estimated 

MAG sizes (Fig. 6). In contrast, Polaribacter 1-a possessed the highest CAZyme and 

lowest peptidase proportions with the largest MAG sizes and grouped into species, 

which are associated with macro-algae and marine animals (Fig. 6). Polaribacter 3-a 

and Polaribacter 3-b contained moderate CAZyme and peptidase repertoires 

together with North Sea spring bloom isolates, while Polaribacter 1-b harbored the 

lowest numbers (Fig. 6). Overall, the niche space of North Sea Polaribacter clades 

was clearly separated into three axes (peptidase, CAZyme, and genome size), which 

revealed pronounced differentiation towards carbohydrate degradation.   
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Polysaccharide utilization locus (PUL) repertoires 

Differences in the polysaccharide utilization spectrum of Polaribacter spp. suggested 

common and variable algal substrates targeted by each clade (Fig. 7). 

Polysaccharide degradation in Bacteroidetes is usually encoded in specialized 

genomic islands referred to as polysaccharide utilization loci (PULs). To orchestrate 

the binding, uptake, and degradation of a particular polysaccharide, PULs contain a 

gene tandem coding for a SusD-like protein for glycan-binding and a SusC-like TonB-

dependent transporter as well as dedicated CAZyme and sulfatase genes (64). 

Therefore, the genetic composition of a PUL provides hints at the potential to utilize a 

specific polysaccharide and enables prediction of the carbohydrate degradation 

potential of a bacterium (67). In Polaribacter MAGs and genomes, we detected 78 

putative PULs targeting a large array of substrates (Fig. S5). Phylogenetic analysis of 

the translated SusC gene sequences in these PULs suggested a substrate-specific 

clustering (59) and enabled us to further classify the different variants of a PUL type 

putatively targeting the same substrate (Fig. S4). All Polaribacter clades possessed 

PULs to putatively degrade β-glucans (e.g. laminarin) and each clade harbored its 

own β-glucan PUL variant having GH16, GH17, and GH30 (all targeting β-glucans) in 

common (Fig. 7a) (Fig S3) (Fig. S5). The PUL detected in Polaribacter 3-a (strain 

Hel1_33_49) was also shown to be upregulated with laminarin in a previous study 

(27). Among the seven variants of β-glucan PULs, Polaribacter 2-a and Polaribacter 

2-b had the most complex one, which included peptidases M01 (e.g. aminopeptidase 

activity) and S51 (dipeptidase activity) and CBM4 (e.g. binding to β-1,3-glucan) (Fig. 

7b). According to metaproteomic analyses, GH16, CBM4, and SusCD genes in this 

PUL were expressed during the 2009 and 2010 spring blooms (Fig. S6).    

Four Polaribacter clades (1-a, 2-a, 2-b, and 3-a) harbored PULs putatively targeting 

α-glucans (e.g. starch and glycogen) (Fig. 7a). Having two variants, these PULs 

contained GH13 (α-amylase), GH65 (maltose phosphorylase), GH31 (e.g. α-

glucosidase) as core GH family genes (Fig. S4) (Fig. S5). A glucose-induced PUL 

with high synteny was shown in the North Sea isolate Gramella forsetii KT0803T (68). 

α-glucan PULs also encoded two SusE genes, which direct the uptake of 

maltooligosaccharides of specific lengths and likely facilitate the selection of 

particular glycans from the environment (69). However, expression of the genes 

related to α-glucan PULs was not detected during the bloom events (Fig. S6). 
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Moreover, all Polaribacter clades, except Polaribacter 2-a and 2-b, had putative 

PULs to utilize α-mannose-rich polysaccharides, which is one of the major 

constituents of diatom frustules (70) (Fig. 7a). These PULs had two variants and 

possessed CAZymes families such as GH92 (e.g α-mannosidase), GH130 (e.g 

mannooligosaccharide phosphorylase) (Fig. S4). α-mannan specificity of a PUL 

containing GH92, GH130, and GH76 was shown in a bacterium from the human gut 

(71).  The MAG POL1A_42 also expressed the SusCD genes of putative α-mannose-

rich polysaccharide PUL in the late phase of the 2009 bloom (Fig. S6).  

Polaribacter 1-a, 3-a, and 3-b harbored PULs presumably targeting mannose-rich 

sulfated polysaccharides (Fig. 7a). Among these PULs, Polaribacter 3-a encoded a 

distinctive one, which was the most complex PUL structure found in all clades. This 

PUL contained twelve CAZymes including five GH92, two GH3 (α-mannosidases) 

and a GH99 (putative endo-α-mannanase) together with nine sulfatases (Fig. 7b). 

However, expression of the genes related to this PUL was not detected, likely since 

the metaproteome sampling dates in 2010 were not coinciding with the peak 

abundance of Polaribacter 3-a (Fig. S6). Furthermore, Polaribacter clades 1-a, 1-b, 

and 3-b possessed putative PULs targeting sulfated xylan with a high level of 

expression (Fig. 7a). Polaribacter 3-b harbored all variants and the most complex 

form of sulfated xylan PULs (Fig. 7). This PUL encoded GH3 (e.g. xylosidase), GH10 

(e.g. β-xylanase) and two sulfatases, together with an adjacent putative PUL 

containing GH128 (β-glucanase) and four sulfatases (Fig. 7b). A PUL with GH3 and 

GH10 was verified to be upregulated with xylan in human gut bacterium Bacteroides 

xylanisolvens (72). In addition to these substrates, Polaribacter clades further 

differentiated their glycan niches utilizing N-acetyl-D-glucosamine, alginate, 

arabinogalactan, and trehalose rich polysaccharides (Fig. 7a) (Supplementary 

information). These findings overall demonstrated that Polaribacter clades possessed 

varying gene repertoires encoding the binding, transport, and degradation of different 

algal polysaccharides.  

3.4) Discussion 

In this study, we investigated niche partitioning of different Polaribacter clades thrived 

during the North Sea algal blooms with a focus on the utilization of high molecular 

weight compounds. We could dissect niche space and temporal dynamics in high 
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taxonomic resolution, which allowed detecting the abundance and genomic content 

of six distinct Polaribacter clades.  

With differing genome sizes, peptidase numbers and PUL spectra, the six 

Polaribacter clades occupied different niches during the North Sea spring algal 

blooms.  The range of relative CAZyme abundances was remarkably higher than 

peptidase proportions. This was corroborated by early studies (27) and suggested a 

more pronounced specialization for carbohydrate degradation. All Polaribacter clades 

targeted β-glucans as a common substrate with different combinations of GH16, 

GH17, and GH30 family CAZymes. In total, seven variants of putative β-glucan PULs 

were detected (Fig. 7a) (Fig S3), indicating that each clade likely had its own strategy 

to utilize these compounds. β-glucans are diverse and widespread molecules in 

world oceans (73). For example, laminarin, a storage polysaccharide in diatoms and 

brown algae, has a β-1,3-glucan backbone that sometimes includes β-1,2 or β-1,6-

glucose side chains (74). Future experiments should investigate whether β-glucan 

PULs with different composition are specific for particular β-glucans.  

Polaribacter 2-a was abundant in the early phase of bloom events and could be 

characterized as a typical flavobacterial first responder (Fig. 3). Harboring the highest 

peptidase proportion, small genome size and limited polysaccharide utilization 

capacity (Fig. 6), Polaribacter 2-a also encoded a unique laminarin PUL variant with 

the combination of peptidases and CAZymes (Fig. 7b), which was expressed in 2009 

and 2010 blooms (Fig. S6). This suggested a coupled carbohydrate and protein 

mechanisms, which could enable rapid growth during the onset of the bloom 

termination. Such a coupled mechanism was also found in spring-bloom associated 

Formosa spp. (75).  

Polaribacter 3-a and Polaribacter 3-b responded later and targeted more complex 

sulfated polysaccharides to differentiate their glycan niche (Fig. 7a). Polaribacter 3-a 

was highly abundant only in the mid-phase of the 2010 bloom (Fig. 3) and had a 

distinctive PUL to utilize mannose-rich sulfated polysaccharides. Such substrates 

are, for example, found in diatom cell walls (76). Furthermore, Polaribacter 3-b was 

detected in the late phase of bloom events (Fig. 3). This clade had a distinctive 

sulfated xylan PUL together with a putative GH128-containing PUL (Fig. 7b), which 

was expressed in the 2009 spring bloom (Fig. S6). Besides being a component of 

marine phytoplankton (77), high xylan (β-1,4-xylose) hydrolysis rates were also 
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reported in many ocean provinces (78). Sulfated polysaccharides are likely more 

complex to degrade and maximum sulfatase expression was also found in the final 

stage of algal blooms (14). Therefore, distinctive sulfated polysaccharide degradation 

capacity could provide an ecological advantage for Polaribacter 3-a and 3-b to 

dominate the late phase of bloom events.  

The Polaribacter 1-a clade represented “polysaccharide specialist” with the largest 

genome size, highest micro-diversity and broadest carbohydrate utilization capacity. 

Low peptidase proportions (Fig. 6) and high CAZyme gene abundances (Fig. S2) 

further demonstrated the distinct glycan niche of Polaribacter 1-a. Four sub-clades 

within Polaribacter 1-a possessed in total 38 putative PULs targeting 10 different 

substrates such as β-glucan, α-mannose-rich polysaccharides, sulfated xylan, N-

acetyl-D-glucosamine, and alginate (Fig. 7a) (Fig. S5). The latter has so far only 

been described in brown macro-algae, indicating that Polaribacter 1-a does not only 

associated with planktonic microalgae during the bloom events. This observation was 

also corroborated by peptidase and CAZyme abundance pattern of Polaribacter 1-a, 

which was similar to macro-algae and marine animal associated species in the same 

genus. Remarkably, the peak abundance of Polaribacter 1-a was detected after 

blooms of Chattonella microalgae in 2009, 2011, and 2012 (Fig. 3). This could 

suggest a specific interaction, which remains to be tested in future studies using 

representative Polaribacter and Chattonella strains.  

Polaribacter 1-b and 2-b represented “rare” clades with lower abundances and 

distinctive polysaccharide utilization potentials. Polaribacter 1-b was detected 

together with clade 1-a during 2009 and 2011 blooms and (Fig. 3) expressed the 

genes related to sulfated xylan PUL (Fig. S6). Furthermore, Polaribacter 2-b was 

detected in the late phase of 2010 bloom with a prominent expression of its putative 

GH37-containing PUL (Fig. S6) (Fig. 7a). This PUL could utilize trehalose rich 

polysaccharides, an abundant metabolite both in micro- (79) and macro-algae (80). 

Although many Polaribacter clades possessed a putative PUL for α-glucan usage 

(Fig. 7), expression of the genes related to this PUL was not detected in our 

metaproteome data (Fig. S6). Other heterotrophic bacteria abundant during the 

bloom events might be more competitive to degrade α-glucans, which are common 

storage compounds in marine algae, bacteria, and animals (81). For example, 



Chapter 3 Polaribacter 
 

 65  
 

‘Reinekea forsetii’, a gammaproteobacterial species isolated from the same sampling 

site, harbored fourteen GH13 genes possibly targeting α-glucans (46).  

Highlighting the ecological importance of intra-genus diversity and metabolic 

diversification, our study shows how niche partitioning could enable different 

Polaribacter clades to avoid direct competition in a nutrient-rich environment with 

rapidly changing conditions. Our analyses also provide omics-based hypotheses, 

which will become testable in physiological experiments as soon as representative 

isolates are available. Such studies will allow for a more complete picture of the 

distinct niches of closely related bacteria co-occurring during algal blooms and lead 

to a better understanding of the ecological and evolutionary processes that drive 

microbial community composition in such dynamic environments.  
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3.8) Supporting Information 

Polysaccharide-driven niche differentiation between distinct Polaribacter clades 

during North Sea spring algal blooms 

Burak Avcı1, Karen Krüger1, Bernhard M. Fuchs1, Hanno Teeling1, Rudolf I. Amann1* 

1 Department of Molecular Ecology, Max Planck Institute for Marine Microbiology, 

Celsiusstraße 1, 28359, Bremen, Germany 
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E-mail: ramann@mpi-bremen.de, Phone: +49 421 2028 930, Fax: +49 421 2028 790 

Other polysaccharides targeted by North Sea Polaribacter clades 

N-acetyl-D-glucosamine containing polysaccharides, alginate, and arabinogalactan 

were likely degraded by particular Polaribacter taxa as well (Fig. 7a). MAG 

annotations suggested that Polaribacter clades 1-a, 1-b, and 3-a were able to utilize 

peptidoglycan monomer N-acetyl-D-glucosamine (NAG), a cell-wall component which 

is released when bacteria disintegrate during algal blooms (1). A putative PUL 

consisting of GH20 (e.g. N-acetylglucosaminidase) and NAG transporter components 

(Fig. S4) was also encoded and expressed in Polaribacter 1-a during the late phase 

of 2009 bloom (Fig. S5). Furthermore, alginate is a cell wall polysaccharide (2) and 

an intracellular component of brown algae (3), and Polaribacter 1-a and 2-b encoded 

putative alginate PULs containing PL6, PL7, and PL17 (all include alginate lyases) in 

common (Fig. 7a) (Fig. S4). The MAGs POL1A_42 and POL1A_60 also translated 

some SusCD genes in these PULs during the late phase of 2009, 2010 and 2011 

blooms (Fig. S5). A similar PUL with high synteny was shown to be upregulated with 

alginate in Gramella forsetii KT0803T (4). Harboring endo-beta-1,4-galactanase (GH 

family 53) genes, Polaribacter clades 1-a and 3-a also had putative PULs to target 

arabinogalactan (Fig. 7a) (Fig. S4). It is noteworthy that microcolonies of North Sea 

Polaribacter spp. were also detected with galactose-specific lectins, which is a 

monomer of arabinogalactan (5).  
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   Table S1. Newly designed oligonucleotide probes used for CARD-FISH analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Probe Sequence (5‘ … 3‘)  Formamide [%] 
POL405 CCCATAGGGCATTCTTCCTACA 20 
c21POL405 ACCCATAGGGCATTCTTCCTBCA 20 
c13POL405 ACCCATAGGGCAGTCTTCCTACA 20 
POL405h1 CGCRGCATGGCKGGATCAGAGTCTC 20 
POL405h2 TTCYTCCTGTATAAAAGTAGTTTACAA 20 
POL1270 GTAGATTCGCGCTCTG 20 
c14.1POL1270 TTTGTAGATTCGCTCTCTG 20 
c14.2POL1270 TTCGTAGATTCGCTCTCTG 20 
c5POL1270 TTTGGAGATTCGCGCTCTG 20 
POL1270h1 TTGCCAGATGGCTGCTCATTG 20 
POL1270h2 TCCGAACTGTGATATGGTTT 20 
POL183a CTCGATGCCAAGTCTCAA 15 
c10POL183a CTCGATGCCGAGTCTCAATA 15 
c15POL183a CTCGATGCCAAGTCGCAATA 15 
c5POL183a AACTTGATGCCAAGTCTCAA 15 
POL183a/h1 TACTATAAGGTATTAATCTTCA 15 
POL183a/h2 TAAATCTTTAATTAAAA 15 
POL180 GCCAGTCTATAATACCA 10 
c16POL180 GCCAGTCTATAATACTATG 10 
c12POL180 ATGCCAGTCTACAATACCA 10 
c7POL180 ATGCCAHTCTATAATACCA 10 
POL180h1 TAAGGTATTAATCTTCATTTC 10 
POL180h2 TCTTTAATTATAAACTGAT 10 
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Date Sequencing 
platform 

Total number 
of reads  

Number of 
quality 
filtered reads 

Source of metagenome 

20090331 454 FLX Ti 1,666,535 1,140,320 ENA: ERP001227 
20090407 454 FLX Ti 2,109,239 1,537,921 ENA: ERP001227 
20090414 454 FLX Ti 4,588,441 3,236,386 ENA: ERP001227 
20090616 454 FLX Ti 1,120,072 817,516 ENA: ERP001227 
20100303 HiSeq2000 285,509,546 215,734,422 JGI CSP COGITO met01 
20100330 HiSeq2500 87,007,870 81,716,370 JGI CSP COGITO mtgs 100330 
20100408 HiSeq2000 330,603,192 232,384,184 JGI CSP COGITO met02 
20100413 HiSeq2500 85,204,698 79,754,314 JGI CSP COGITO mtgs 100413 
20100420 HiSeq2500 83,499,192 78,919,256 JGI CSP COGITO mtgs 100420 
20100423 HiSeq2500 79,594,912 75,009,358 JGI CSP COGITO mtgs 100423 
20100430 HiSeq2500 72,546,152 68,614,694 JGI CSP COGITO mtgs 100430 
20100504 HiSeq2000 274,336,674 224,993,942 JGI CSP COGITO met03 
20100511 HiSeq2500 75,567,206 71,051,770 JGI CSP COGITO mtgs 100511 
20100518 HiSeq2000 309,971,624 199,665,578 JGI CSP COGITO met04 
20110321 HiSeq2500 84,894,030 79,587,610 JGI CSP COGITO mtgs 110321 
20110324 HiSeq2000 304,742,176 244,800,088 JGI CSP COGITO met05 
20110328 HiSeq2500 75,242,542 69,406,062 JGI CSP COGITO mtgs 110328 
20110331 HiSeq2500 74,047,178 69,292,462 JGI CSP COGITO mtgs 110331 
20110404 HiSeq2500 79,429,002 73,995,840 JGI CSP COGITO mtgs 110404 
20110407 HiSeq2500 88,393,908 82,789,928 JGI CSP COGITO mtgs 110407 
20110414 HiSeq2500 76,260,848 71,086,194 JGI CSP COGITO mtgs 110414 
20110421 HiSeq2500 81,789,256 76,032,310 JGI CSP COGITO mtgs 110421 
20110426 HiSeq2500 84,364,922 78,545,118 JGI CSP COGITO mtgs 110426 
20110428 HiSeq2000 295,426,382 235,544,646 JGI CSP COGITO met06 
20110506 HiSeq2500 80,085,580 74,970,646 JGI CSP COGITO mtgs 110506 
20110509 HiSeq2500 90,174,260 84,434,414 JGI CSP COGITO mtgs 110509 
20110512 HiSeq2500 81,683,140 75,835,970 JGI CSP COGITO mtgs 110512 
20110516 HiSeq2500 88,557,186 83,034,602 JGI CSP COGITO mtgs 110516 
20110519 HiSeq2500 100,457,324 94,028,844 JGI CSP COGITO mtgs 110519 
20110523 HiSeq2500 227,207,716 207,300,790 JGI CSP COGITO mtgs 110523 
20110526 HiSeq2000 324,219,736 250,091,456 JGI CSP COGITO met07 
20110530 HiSeq2500 83,974,950 77,770,314 JGI CSP COGITO mtgs 110530 
20120308 HiSeq2000 311,415,662 207,556,978 JGI CSP COGITO met08 
20120405 HiSeq2500 173,626,414 161,992,212 JGI CSP COGITO mtgs 120405 
20120412 HiSeq2500 175,790,324 164,053,740 JGI CSP COGITO mtgs 120412 
20120416 HiSeq2000 258,751,220 210,093,962 JGI CSP COGITO met09 
20120426 HiSeq2500 110,390,598 96,979,192 JGI CSP COGITO mtgs 120426 
20120503 HiSeq2500 105,224,208 94,343,038 JGI CSP COGITO mtgs 120503 
20120510 HiSeq2000 272,267,348 222,320,174 JGI CSP COGITO met10 
20120524 HiSeq2500 113,234,474 101,681,308 JGI CSP COGITO mtgs 120524 
20120531 HiSeq2500 102,492,998 91,212,794 JGI CSP COGITO mtgs 120531 
20120607 HiSeq2500 189,120,228 169,486,964 JGI CSP COGITO mtgs 120607 
 

Table S3. List of the metagenomes used in this study. 
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Table S4. Size, contamination and completeness values of spring-bloom associated 
Polaribacter MAGs and genomes.  
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Table S10.  Mean sequence similarity between North Sea Polaribacter clones and isolates 
dispersed into seven clusters 
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In this study, I involved in phylogenetic and metagenomic analyses and annotation of 

Formosa A and B genomes. Since this publication represents the collaborative study 

of twenty authors from different disciplines, my efforts are reflected in low percental 
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Discussion 

 
“In so far as a scientific statement speaks about reality, it must be falsifiable; and in 

so far as it is not falsifiable, it does not speak about reality. 

Karl Popper 
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5) Discussion 
5.1) Defining niche components of the marine Flavobacteriia and 

Gammaproteobacteria  
During the course of this doctoral thesis, I investigated the genomic and 

metabolic potential of the genera Reinekea, Polaribacter, and Formosa in 

order to generate hypotheses for their ecological niches. In this general 

discussion, I first compare the common and variable niche components of 

these flavobacterial and gammaproteobacterial genera.  

As common metabolisms, the studied bacterial clades encode genes for 

proteorhodopsin and phosphorus acquisition (Fig. 5.1). It was demonstrated 

that some proteorhodopsin types are used to generate light-induced energy 

production and provide a mixotrophic lifestyle for heterotrophic bacteria (1). 

‘Reinekea forsetii’ further extends this energy metabolism with dissimilatory 

sulfur oxidation (Chapter 2, Figure S2). Mixotrophy is suggested to be 

prevalent in marine bacterioplankton and to have a profound impact on the 

carbon cycling in surface oceans (2). This versatility in energy metabolism 

could provide a competitive advantage, especially during the starvation period. 

Furthermore, examined bacterial clades have the genetic machinery to 

synthesize or to hydrolyze polyphosphate (Fig. 5.1). Phosphate concentrations 

quickly become limiting during spring blooms (3) (4), because phosphate is 

taken up by both phytoplankton and bacterioplankton. The polyphosphate 

storage, therefore, could increase the fitness of heterotrophic bacteria during 

bloom events. Reinekea spp. also encode genes to utilize phosphonate (Fig. 

5.1), an important component of organic phosphorus in the oceans (5). 

Accessing this secondary pool could further bolster the selective advantage of 

Reinekea in phosphorus-limited environments.  

Close association with algae during spring blooms enables access to the 

phycosphere, the region surrounding a phytoplankton cell that is enriched by 

exudates, and provides efficient uptake of released organic matter (6). 

Likewise, the analyzed Flavobacteriia and Gammaproteobacteria could 

associate with algae using different mechanisms (Fig. 5.1). Reinekea spp. 

possess mannose-sensitive haemagglutinin (MSHA)-like pilus genes, which 

were shown to promote bacterial attachment to surfaces of the green alga 
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Ulva australis (7). In contrast, Formosa and Polaribacter spp. encode gliding 

motility genes that enable the movement of bacteria along surfaces and might 

facilitate substrate exploration and subsequent colonization of algal particles 

(8). Overall, these results suggest that (i) generating energy from diverse 

sources, (ii) survival in the phosphate-limited environment, and (iii) association 

with algae are likely important commonalities of investigated genera (Fig. 5.1).  

The studied Flavobacteriia and Gammaproteobacteria further differentiate their 

niches by utilizing diverse high molecular weight compounds with various 

mechanisms (Fig. 5.1). The genera Formosa and Polaribacter likely possess a 

coupled metabolism to utilize polysaccharides and proteins released during 

algal blooms. Overexpression of 41 peptidase and porin-encoding genes in 

the presence of laminarin suggested a coupled protein and carbohydrate 

metabolism for Formosa strain B (Chapter 4, Fig. 3). Such a mechanism could 

also be present in Polaribacter 2-a and 2-b. These clades encode putative β-

glucan PULs with a combination of glycoside hydrolases (GHs) and 

peptidases (Chapter 3, Fig. 7). This coupled mechanism could enable an 

efficient protein and polysaccharide uptake in the highly dilute marine 

environment.  

Formosa and Polaribacter also encode for a large number of PULs that target 

diverse algal polysaccharides. The analyzed Formosa species are specialized 

on laminarin utilization with an extended repertoire of specific enzymes and 

transporters for the “selfish” uptake (Chapter 4, Fig.1) and degradation of this 

algal glycan (Chapter 4, Fig. 6). For instance, a multi-modular GH17 family 

protein integrates transport and hydrolysis processes (Chapter 4, Fig. 2) and 

facilitates an adaptive mechanism for improved laminarin utilization (Chapter 

4, Fig. 1). In addition to this specialized laminarin operon, PULs putatively 

targeting α-mannan and β-xylose-containing polysaccharides and chitin were 

also annotated in the Formosa strains A and B (9). On the other hand, six 

distinct clades of the North Sea Polaribacter encode 78 putative PULs 

targeting a large variety of algal substrates such as α- and β-glucans, 

mannose-rich sulfated polysaccharides, alginate, and arabinogalactan 

(Chapter 3, Fig. 7). Orchestrating the binding, uptake, and degradation of 

particular polysaccharides, this PUL spectrum suggests a broader 
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carbohydrate utilization metabolism for the North Sea Polaribacter clades. 

Overall, these specialized metabolic and genetic mechanisms provide an 

ecological advantage for the two examined Flavobacteriia in degradation of 

various high molecular weight compounds (Fig. 5.1). 

 

Fig. 5.1. An ecological comparison of the three studied genera based on their genetic 
repertoires.  
 

The gammaproteobacterial isolate ‘Reinekea forsetii’ features an opportunistic 

substrate acquisition strategy. It does not encode any PULs, but possess high 

numbers of CAZymes specific for the degradation of α-glucans and 

peptidoglycan (Fig. 5.1). ‘R. forsetii’, encodes fourteen GH13 genes (Chapter 

2, Table S5), which are known to degrade α-glucans such as glycogen. Five 

GH23 and two GH73 genes (Chapter 2, Table S5), predominantly comprising 

peptidoglycan lyases, were also annotated. Glycogen is a bacterial and animal 

storage compound (10) and peptidoglycan is released when bacteria 

disintegrate during bloom events. Moreover, ‘R. forsetii’ encodes RTX toxin 

genes and its crude cell extracts have an inhibitory effect on Polaribacter 

Hel1_88 cultures (Chapter 2, Fig. 4). Therefore, Reinekea spp. might not 

degrade algal polysaccharides, but rather actively acquire substrates from 

other abundant bacteria that feed on algal biomass during bloom events. This 
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mechanism suggests an opportunistic lifestyle for this bloom-associated 

gammaproteobacterium and highlights an important ecological difference to 

the investigated Flavobacteriia, which primarily degrade algal polysaccharides 

with a specific genetic machinery. Overall, core metabolisms such as 

phosphorus acquisition and algae association contribute to the selection of the 

examined Flavobacteriia and Gammaproteobacteria and distinct 

polysaccharide utilization strategies likely differentiate their niche space during 

North Sea spring algal blooms (Fig. 5.1).  

5.2) Effects of deterministic and stochastic forces on microbial 
community composition 

The diversity of bacterial communities in conjunction with the genetic 

repertoire was explored using a dense sampling over multiple years in the 

southern North Sea. These efforts yielded a time-series suited for the 

interpretation of the effect of stochastic and deterministic forces on the 

microbial species composition. Previous studies indicated selection of a 

particular group of heterotrophic bacteria with distinct glycan utilization 

potential (3) (4) and their recurrence during North Sea spring algal blooms off 

Helgoland (11). My research explores the niches of these bacteria to shed 

light on the ecological strategies enabling their recurrent selection during 

bloom events.  

Recurrence of members of the genera Formosa and Polaribacter during the 

North Sea spring algal blooms suggests that deterministic forces are at play. 

As one of the representative of recurrent Formosa clade, strain B reached 

relative abundances up to 2.9%, 1%, 1% and 0.2% of the free-living 

bacterioplankton during 2009-2012 spring algal blooms in the southern North 

Sea (4). This strain also has a pronounced specialization on laminarin 

(Chapter 4, Fig. 5) that is coupled to peptide utilization (Chapter 4, Fig. 3). 

Polaribacter 2-a is also recurrently abundant as a first responder in the 2009-

2012 blooms (1.1%, 5.9%, 1.2%, and 0.4%) (Chapter 3, Fig. 3) with a β-

glucan PUL containing both CAZymes and peptidases (Chapter 3, Fig. 7). This 

suggests a coupled peptide and carbohydrate metabolisms as well. These 

commonalities are further supported by small genome sizes and high 

peptidase contents (Chapter 3, Fig. 6). Such streamlined mechanisms could 
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enable quick growth of Formosa and Polaribacter 2-a, particularly during the 

initial termination of algal blooms, and thus contribute their selection.  

Other Polaribacter clades were also recurrent during the investigated North 

Sea spring algal blooms. Polaribacter 3-b was detected in the late phase of 

the 2009-2012 bloom events with relative abundances up to 3.4%, 10.2%, 

0.6%, and 3.2% (Chapter 3, Fig.3). This clade has a distinctive sulfated xylan 

PUL, and the expression of its corresponding susC gene was demonstrated 

(Chapter 3, Fig. 7). Sulfated xylans are likely less abundant and accessible 

compared to the storage polysaccharide laminarin, but could still provide a 

dedicated niche, which might explain the recurrent abundance of Polaribacter 

3-b. Furthermore, the clade Polaribacter 1-a also reached high abundances 

(3%, 16%, 29%) in 2009, 2011 and 2012, most notably following blooms of 

Chattonella algae (Chapter 3, Fig.3). This co-occurrence could suggest a 

specific interaction or feeding mechanism. Such specialization is also 

corroborated by large genome sizes and wide polysaccharide utilization 

capacity of this clade. Therefore, particular polysaccharides released from 

Chattonella might provide a specific niche for Polaribacter 1-a. Overall, these 

observations suggest that the release of high molecular weight compounds 

during spring algal blooms creates certain niche spaces in a deterministic 

manner, which recurrently selects for particular clades of adapted 

Flavobacteriia (Fig. 5.2).  

The Reinekea clade had a varying abundance pattern during the investigated 

North Sea spring algal blooms. CARD-FISH assessments with the genus-

specific probe REI731 showed that Reinekea spp. were present in 2009-2012 

bloom events albeit with decreasing abundances (~16%, ~5%, ~2%, and ~1%) 

(Chapter 2, Fig. S1). Additionally, oligotyping analysis of 16S rRNA tag 

sequences from 2013 and 2016 bloom events revealed read abundances of 

1% and 0.001%, respectively (Meghan Chafee, personal communication). In 

2017, no Reinekea oligotype was detected (T. Ben Francis, personal 

communication). In support of the postulates of the neutral theory, these 

observations suggest the random selection of Reinekea spp. and indicate the 

relative role of stochastic processes in addition to niche-based explanations. 

Such a dual mechanism was also demonstrated to structure microbial 
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communities in a soil microbiome (12). Furthermore, in a recent study, Rivett 

and Bell suggested a link between abundance and function of certain taxa in 

complex microbial communities and concluded that rare phylotypes influence 

narrow functional measures such as degradation of specific substrates (13). 

Likewise, ‘Reinekea forsetii’ specifically encodes two GH26 genes (Chapter 2, 

Table S5), which were not detected in twenty closely-related marine 

Gammaproteobacteria genomes (Chapter 2, Table S6). These genes are likely 

involved in the decomposition of mannan (14), a polysaccharide that is found 

in the diatom cell walls (15). Moreover, Reinekea spp. were abundant only 

during spring blooms, and their abundances decreased together with that of 

the diatom Thalassiosira nordenskioeldii between 2009 and 2012 (Chapter 2, 

Fig. S1). Therefore, this specific mannan utilization capacity could create a 

narrow niche space and sustain North Sea Reinekea clade as a rare taxon 

during North Sea spring algal blooms that occasionally spikes under favorable 

conditions. These results overall suggest the potential influence of both 

deterministic and stochastic processes on the ecological selection of the 

examined gammaproteobacterium during North Sea spring algal blooms (Fig. 

5.2).  

The fluctuating abundance and substitution of recurrent bacteria by other 

clades suggest functionally-driven niche spaces during the North Sea spring 

algal blooms. For example, decreasing abundances of Reinekea spp. 

coincided with increasing proportions of Balneatrix and Alteramonadaceae 

clades between the 2009 and 2012 blooms (Fig. 1.9). Likewise, Polaribacter 2-

a peaked together with Ulvibacter spp. (recently reclassified as Cd. 

‘Prosiliicossus’) and VIS6 clade in 2010 and was detected in lower 

abundances during the 2011 and 2012 spring blooms, while Ulvibacter and 

VIS6 had the relatively higher numbers (Fig. 1.9) (Chapter 3, Fig. 3). Similar to 

Polaribacter 2-a, representative of the Prosiliicoccus clade, Cd. ‘P. vernus’ 

also have a streamlined genome with a limited polysaccharide degradation 

capacity coupled with a wide protein utilization potential (T. Ben Francis, 

personal communication). 
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Fig. 5.2. A hypothetical model demonstrating the effect of deterministic and stochastic 
processes on the assembly of examined Flavobacteriia and Gammaproteobacteria 
during North Sea spring algal blooms. Abiotic factors likely regulate the assembly of 
heterotrophic bacteria selected during spring algal blooms.  

The functional and phylogenetic dynamics of recurrent bacteria could be 

explained by the lottery hypothesis, which is derived from the investigation of 

coral reef fish communities (Fig. 5.2) (16). This hypothesis states that the 

initial colonization of an ecological niche is random within a functionally 

equivalent group of species. A suitable species within this group happens to 

arrive first occupies and dominates the niche space. Incorporating both neutral 

and deterministic aspects, lottery hypothesis is also applied in microbial 

ecology. For example, Burke and colleagues investigated the phylogenetic 

and functional diversity of bacterial communities on the green alga Ulva 

australis and surrounding seawater (17) (18). They demonstrated that algae-

associated communities are highly distinct from the ones in the seawater and 

highly variable among individual algal specimen. Despite the high phylogenetic 

variability, the similarity in functional genes present across all algae-

associated species was high (70%). These results imply selective 

mechanisms of bacterial assembly on algal surfaces (niche partitioning) and 
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high variability between algal hosts suggests random colonization (neutral 

processes) or effect of abiotic parameters (e.g. temperature and salinity), 

whose effect on microbial species composition is difficult to measure in situ. 

Likewise, a particular group of heterotrophic bacteria possessing similar 

polysaccharide catabolisms are recurrent with varying abundances in North 

Sea spring algal blooms (Fig. 5.2). I thus hypothesize that multiple bacterial 

clades encoding the genes to utilize a given glycan could share the same 

polysaccharide niche and their abundance could be regulated by abiotic 

forces.  

5.3) Ecological importance of inter- and intra-genus diversity 

In her article entitled “Diversity is the question, not the answer”, Ashley Shade 

emphasized that diversity without contextual information provides limited 

insights into the mechanisms driving microbial community composition (19). 

Therefore, diversity measurements should be coupled with functional 

comparisons to test specific hypotheses about the influence of diversity on 

niche composition within a complex microbial community. In this respect, 

taxonomic and functional analyses of representatives of the genera Reinekea, 

Polaribacter and Formosa in this thesis allows me to interpret their ecological 

niches in conjunction with the diversity.  

In-depth phylogenetic analyses of Reinekea, Polaribacter and Formosa spp. 

revealed both clonal as well as diverse populations. The North Sea Reinekea 

clade had a decreasing abundance over years and likely was presented by a 

single species (Chapter 2, Fig. 2) (Chapter 2, Fig. 3). This quasi-clonal 

structure is also supported by the dominance of a single oligotype during North 

Sea spring algal blooms (Chapter 2, Fig. S1). In contrast, members of the 

flavobacterial genera Formosa and Polaribacter maintained abundance in 

relatively higher numbers and represented more diverse communities. Three 

major sub-clades were identified in the genus Formosa (11), and four in 

Polaribacter with the addition of two minor ones (Chapter 3, Fig. 3). Abiotic 

disturbances may affect the availability of resources and create new niche 

spaces, which drives replacement or shift in these communities (19). High 

diversity within a bacterial clade could fulfill the metabolic requirements to 

adapt to environmental turbulence but a clonal clade with a single species 
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might not be resilient to tackle these dynamic conditions. Therefore, recurrent 

selection of diverse Polaribacter and Formosa spp. and high oscillations in the 

abundance of clonal Reinekea clade could be explained by various levels of 

inter-genus microdiversity, which is supported by phenotypic plasticity.  

 

Fig. 5.3. Consensus phylogenetic tree of 16S rRNA sequences in the genus 
Polaribacter. Phylogenetic analysis was performed as described in Chapter 3. The 
isolation site of the described species and the North Sea isolates are depicted in 
different colors. 16S rRNA clone sequences from 2009 and 2010 the North Sea 
spring algal blooms are also shown. The species with sequenced genomes are 
underlined. Tenacibaculum-related sequences were used as outgroup. Bar: 0.1 
substitutions per nucleotide position. 

Phylogenetic and genomic analyses of members of the genus Polaribacter 

suggested a large geno- and phenotypic plasticity to adapt to diverse 

environments. 16S rRNA genes of all Polaribacter-related sequences in the 

SILVA SSURef database (v.132) were analyzed, and phylogeny of validly 

described species together with North Sea Polaribacter isolates was 

investigated. The results did not indicate any monophyletic group, which is 

related to isolation sites (Fig. 5.3). I also analyzed the polysaccharide niches 

of the genus Polaribacter by PUL analyses (Table 5.1). Macro-algae, marine 
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animal, and algal bloom associated Polaribacter spp., isolated in solid media, 

have a large PUL spectrum to degrade diverse polysaccharides. As “core 

PULs”, all of these isolates encode α-glucan, β-glucan, and alginate PULs 

(Table 5.1). The polysaccharide niche is further differentiated by targeting 

various polysaccharides. For example, P. reichenbacchii possesses putative 

PULs to utilize α-mannose-containing polysaccharides, pectin, fucose-

containing polysaccharides, and agar, while Polaribacter sp. KT15 additionally 

harbors by a putative ulvan PUL (Table 5.1). Furthermore, North Sea 

Polaribacter MAGs also have a diverse PUL spectra but are devoid of some 

“core PULs” likely due to their lower genome completeness values. On the 

other hand, temperate seawater and polar isolates (e.g. P. dokdonensis) only 

have “core PULs” (Table 5.1). Therefore, these differences in PUL architecture 

indicate habitat-related and polysaccharide-dependent niche differentiation in 

the genus Polaribacter. 

The large niche space of the environmentally relevant North Sea Polaribacter 

clade was also demonstrated using phylogenetic and (meta)genomic 

analyses. Six distinct Polaribacter sub-clades with distinct polysaccharide 

degradation capabilities (Fig. 3.7) were shown to be differentially abundant 

during the investigated bloom events (Fig. 3.3). These results suggest a 

polysaccharide-driven niche differentiation between North Sea Polaribacter 

clade. Such “division of labor” was recently shown in Bacillus subtilis cultures, 

which separate into different subpopulations to produce and to store acetate 

(20), This study highlights how closely-related bacteria are metabolically 

specialized to efficiently exploit environmental sources. Furthermore, 

Hehemann and colleagues indicated how an adaptive radiation, primarily by 

horizontal gene transfer, could lead a fine-scale resource partitioning in 

closely-related marine bacteria. They showed the ecophysiological 

differentiation in Vibrionaceae populations to degrade different forms of an 

algal glycan (21). These studies overall support the metabolic diversification of 

North Sea Polaribacter clade to degrade a wide spectrum of algal 

polysaccharides and motivate a further investigation of niche separation in the 

strain level.    
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Table 5.1. PUL spectrum of the already sequenced genomes and algal bloom 
associated MAGs in the genus Polaribacter. NAG: N-acetyl-D-glucosamine. The 
number of other putative PULs are also shown in the table. The PUL annotation of 
North Sea isolates and MAGs are adapted from (9) and Chapter 3, respectively. 
PULs in the other Polaribacter genomes are provided in Supp. File 1.   

Isolation and genomic characterization of three closely-related strains shed 

light on the pheno- and genotypic plasticity within the genus Polaribacter in 

great detail. Polaribacter spp. Hel1_33_49, Hel1_33_78, Hel1_33_96 were 

isolated at the same sampling site in the 2010 bloom event (22). Phylogenetic 

analysis revealed that these strains contain identical 16S rRNA sequences 

(Fig. 3.1). Average nucleotide identity (ANI) value between the genomes of 

Hel1_33_49 and Hel1_33_96 is 99.8%, and 98.7% for Hel_33_78 (Chapter 3, 

Fig. S1). Genome annotations suggested that all strains encode PULs 

targeting β-glucans and mannose-rich sulfated polysaccharides (Fig. 3.7). 

Strains Hel1_33_49 and Hel1_33_96 also contain α-glucan PULs but another 

closely related strain, Hel1_33_78, is devoid of such a PUL and rather 

possesses arabinogalactan and N-acetyl-D-glucosamine PULs (Fig. 3.7). 

These genomic analyses were also verified by pure culture experiments. All 

strains grew with laminarin, but growth with glycogen was not detected in 

Hel1_33_78 cultures (Richard Hahnke, personal communication). Such 

physiological differences were also demonstrated using a set of 

Brevundimonas alba strains (23). These strains have identical 16S rRNA gene 

sequences yet each strain utilized a specific combination of 59 carbon 
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substrates. Overall these analyses highlight the ecological importance of intra-

genus microdiversity and suggest genetically determined adaptations between 

closely-related bacteria to occupy distinct niches.  

5.4) Direct link for identity and function: fluorescence-activated cell 
sorting and sequencing  

Recent advances in computational methods enable to reconstruct microbial 

genomes from metagenomes (24), yet this approach often does not yield 

genomes with 16S rRNA genes due to problems in the assembly of this rather 

conserved gene (24). For example, metagenome assembled genomes 

(MAGs) of Polaribacter clades do not contain any 16S rRNA gene, and a 

sequence-based link between MED nodes, CARD-FISH counts, and MAGs 

could not be constructed. Fluorescence-activated cell sorting (FACS) could 

solve this problem by enabling a direct link between the identity and function of 

microorganisms. Cell sorting with flow cytometry after in situ hybridization of 

16S rRNA genes and subsequent sequencing provide a targeted approach to 

enrich a given microbial population and to reveal its genetic potential (Fig. 

5.4). Therefore, the establishment of a taxonomy-driven cell sorting approach 

is particularly important in the age of omics.   

 

Fig. 5.4. Workflow for the fluorescence activated cell sorting (FACS) and sequencing 
protocol included in this thesis.  
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In the scope of this thesis, I also worked on a protocol for fluorescence-

activated cell sorting and sequencing of Polaribacter clades (Fig. 5.4).  Briefly, 

the unfixed seawater samples were filtered on a 0.2 µm polycarbonate (PC) 

filters and hybridization chain reaction fluorescence in situ hybridization (HCR-

FISH) (25) was performed with the probe POL1270 to label the Polaribacter 

clade 2-a. The biomass with the hybridized cells on the PC filter was removed 

by sonication. This resuspension was stained with DAPI (4′,6-diamidino-2-

phenylindole) and used for flow cytometric analysis. Since DAPI-positive cells 

did not have sufficient brightness, the sorting gate was selected with the green 

fluorescent (530 ± 20 nm) and forward scatter light (FSC) and compared with 

the negative control (NON338) to discriminate background noise. A certain 

number of events were sorted with a purity of >90%. The genetic material of 

the sorted cells was obtained using multiple displacement amplification (MDA) 

using 1,500 events. The 16S rRNA gene of amplified genomes was acquired 

with polymerase chain reaction (PCR) and afterwards sequenced. The 16S 

rRNA sequence similarity between the sorted cells and the Polaribacter-

related clones obtained during the 2010 spring bloom was >99%, suggesting 

the successful genomic enrichment of the targeted Polaribacter clade. The 

sorted cells were sent to the Joint Genome Institute (JGI) for sequencing, and 

the results will be available in the near future. A detailed protocol is provided in 

the appendix. Overall, with further modifications, this 16S rRNA-centric 

approach has a promising potential for linking the identity and function of 

specific microbial clades in complex environments. 

5.5) Algal polysaccharides and heterotrophic bacteria: the food 
connection 

Energy harvesting is a central component of cellular metabolism and 

represents a dominant factor determining the proliferation of microorganisms. 

For example, Leigh Monahan and Elizabeth Harry demonstrated the 

importance of nutrient availability for bacterial survival in the wild and stated 

that “You are what you eat” (26). Therefore, as the main energy source of 

heterotrophic bacteria, diverse polysaccharides released during spring algal 

blooms are most likely the key force driving the niche differentiation between 

diverse Polaribacter clades.  
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The relationship between the specific substrate and a particular bacterial clade 

should be demonstrated to verify the hypothesis generated from omics data. 

Yet traditional methods do not yield structural information and cannot be used 

for in situ quantification of environmentally relevant algal polysaccharides, and 

thus the marine polysaccharide composition remains largely unknown. Our 

colleagues from the Marine Glycobiology Group at the MPI Bremen are 

developing new methods to overcome this problem. For example, Stefan 

Becker used CAZymes purified from marine bacteria for the selective digestion 

of a given polysaccharide and proposed laminarin as an abundant algal glycan 

in the world oceans (Stefan Becker, personal communication). Likewise, Silvia 

Vidal-Melgosa applied specific monoclonal antibodies to detect and to 

characterize the structures of polysaccharides during a spring algal bloom off 

Helgoland and demonstrated the fluctuations in the abundance of diverse algal 

glycans such as laminarin, mannan, and xylan (Silvia Vidal-Melgosa, personal 

communication). These results support the view that algal polysaccharides are 

successively available to heterotrophic bacteria during spring blooms.  

 

Fig. 5.5. Polysaccharide immuno-labeling and CARD-FISH to visualize xylan (A, B, C, 
F) and arabinogalactan (D and E) together with Polaribacter clade 1-a (probe 
POL405). FISH signals are red, while green signals belong to the above-mentioned 
polysaccharides. CARD-FISH was performed as stated in Chapter 3. Seawater 
samples were filtered on 0.2 µm polycarbonate filters without any pre-filtration step on 
20120426 (xylan) and 20110519 (arabinogalactan). Polysaccharide immune-labeling 
protocol is provided in the Supp. File 2. Scale bar is shown for each image.  
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I also used the monoclonal antibodies in conjunction with CARD-FISH to 

investigate the relationship between arabinogalactan and xylan and the clade 

Polaribacter 1-a (Fig. 5.5), which encodes putative PULs to utilize both 

compounds (Chapter 3, Fig. 7). After staining with clade-specific probe 

POL405, polysaccharides immuno-labeling with the antibodies LM11 (specific 

to 1,4-linked xylan (27)) and LM13 (specific to 1,5-linked arabinan (28)) was 

performed. The xylan antibody stained diverse microalgae-like morphologies, 

while arabinogalactan was detected only in a microalga structure with a 

flagellum (Fig. 5.5). These stainings were sometimes adjacent to POL405 

signals (Fig. 5.5), indicating (i) the presence of xylan and arabinogalactan 

during bloom events and (ii) potential binding of POL405 positive cells to algal 

polysaccharides. Yet any specific relationship between POL405 and these 

polysaccharides could not be established. There were also many free-living 

cells without any association with the labeled polysaccharides. Future 

experiments with fluorescently labeled polysaccharides (29) are needed to 

visualize and to quantify the uptake by heterotrophic bacteria with a reliable 

sampling strategy.  

5.6) Effect of other environmental parameters on the bacterial niches 

Polaribacter 
clade 

Temperature 
(C

o
) 

Salinity Silicate Phosphate Nitrite Nitrate Ammonium 
ppm µmol/l µmol/l µmol/l µmol/l µmol/l 

1-a 0.58 0.2 -0.55 -0.58 -0.55 -0.66 -0.24 
1-b 0.46 0.23 -0.42 -0.52 -0.63 -0.64 -0.07 
2-a 0.2 -0.19 -0.8 -0.62 -0.17 -0.26 -0.45 
2-b 0.12 -0.13 -0.7 -0.51 -0.31 -0.25 -0.42 
3-a 0 0.1 -0.72 -0.52 -0.16 -0.22 -0.36 
3-b 0.44 0.01 -0.62 -0.5 -0.72 -0.63 -0.12 

 

Table 5.2. Spearman correlation values between North Sea Polaribacter clades and 
the physiochemical parameters. 

The relationship between the abundance of different Polaribacter clades and 

physiochemical parameters such as temperature, salinity, silicate, phosphate, 

nitrite, nitrate and ammonium (4) was assessed using the Spearman 

correlation test. A moderate positive correlation between temperature and 

Polaribacter 1-a, 1-b and 3-b was found, yet such a connection was not 
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detected for salinity (Table 5.2). This moderate relationship could be 

characteristic of spring seasons due to the increasing seawater temperature 

and elevated bacterial abundance during algal blooms. On the other hand, 

silicate and phosphate were negatively correlated with all clades. Likewise, a 

negative relationship was also observed for nitrite, nitrate, and ammonium 

(Table 5.2). Such negative correlations between all clades and nutrients are 

typical since these compounds are taken up by phytoplankton and 

heterotrophic bacteria and detected in low concentrations during the blooms. 

Overall these results did not demonstrate any significant difference among 

Polaribacter clades concerning abiotic factors. Therefore, I hypothesize that 

measured physiochemical parameters are not likely the major driving force for 

a niche differentiation between diverse Polaribacter clades during North Sea 

spring algal blooms.  

5.7) Aurantivirga: a recurrent key player with a new name 

Phylogenetic analysis of North Sea Polaribacter spp. also led to a revision of 

the taxonomy of other Flavobacteriia, which were abundant during the 

investigated North Sea spring algal blooms. Taxonomy of some 16S rRNA 

clones (Supp. File 3) obtained during the bloom events has been updated in 

collaboration with members of the SILVA team. These sequences were 

classified as Polaribacter 4 in the previous version of the SILVA taxonomy and 

now have been re-named as Aurantivirga based on monophyletic branching 

with high sequence similarity (>95%)  to the type species of this genus (Fig. 

5.3). Aurantivirga is a recently described flavobacterial genus with the type 

species Aurantivirga profunda, which was isolated from deep seawater of the 

Pacific Ocean (30). This species is a rod-shaped, proteorhodopsin-containing, 

and aerobic chemoheterotrophic bacterium similar to other Flavobacteriia yet 

does not exhibit gliding motility.  

The genus Aurantivirga is also recurrently abundant during the studied North 

Sea spring algal blooms. The genus-specific oligonucleotide probe AUR452 

(Supp. File 4) detected Aurantivirga abundances up to 6%, 13%, 5%, and 3% 

from 2009 to 2012 spring algal blooms off Helgoland (Fig. 5.6). This 

abundance pattern was also corroborated by MED analysis of 16S rRNA tag 

sequences (11) and read recruitment on metagenome assembled genomes 
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(MAGs) of the Aurantivirga clade (Supp. File 5) (Fig. 5.6). A first glimpse on 

the genetic repertoire of this clade revealed a putative laminarin PUL, 

proteorhodopsin, and gliding motility-related genes (Supp. File 6). Strain 

Hel1_33_7, which was isolated during the 2010 bloom (22), is representative 

of the North Sea Aurantivirga clade based on 16S rRNA gene comparisons 

(accession number: KF023505). However, the Hel1_33_7 cultures are not 

growing in the current medium, and thus sufficient biomass for genome 

sequencing and physiological experiments have not been obtained. Therefore, 

Aurantivirga represents a potential target for future cultivation studies and 

MAG analyses.  

 

Fig. 5.6. Relative abundance and recurrence of Aurantivirga clade during the North 
Sea spring algal blooms as revealed by (A) metagenome read recruitment, (B) MED 
analysis of 16S rRNA tag sequences, and (C) CARD-FISH.  

5.8) Final remarks and outlook 

In this thesis, I investigated the niches of selected heterotrophic bacteria that 

are recurrently abundant during North Sea spring algal blooms. Genomic and 

physiological analyses of the genera Reinekea, Polaribacter, and Formosa 
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demonstrated that polysaccharide utilization is the central niche component of 

studied bloom-associated bacteria and shapes the microbial community 

composition during algal blooms.  

Collaborative efforts should be continued in the future to holistically 

understand the ecological and evolutionary mechanisms driving the microbial 

community structure and function during algal blooms. Based on the results of 

my thesis, I am proposing the following studies:  

 Sampling at the Kabeltonne should continue to further detect the 

recurrence and functional replacement of diverse Flavobacteriia and 

Gammaproteobacteria in future blooms. 

 Binning of the time-series metagenomes should be extended to other 

abundant heterotrophic bacteria to holistically reveal the genomic 

potential of these bacteria during the bloom events. Furthermore, high-

resolution metatranscriptomics and metaproteomics are needed to 

investigate in situ gene expression.  

 Targeted cultivation efforts should be made to test the hypotheses 

generated from omics data. This will enable to determine the substrate- 

specificity of putative PULs proposed in this thesis. This proven 

polysaccharide utilization capacity will also guide the design of media 

with relevant algal substrates that are suited to isolate the 

representatives of abundant heterotrophic bacteria during bloom 

events. For example, Chattonella cell extracts could enable the 

successful isolation of the Polaribacter clade 1-a, which would also 

shed light on the probable algal-bacterial interaction suggested in my 

thesis.  

 Vitamin addition to currently used media could potentially enable the 

growth of strain Hel1_33_7. The revival of this culture will reveal the 

ecophysiology of an abundant Aurantivirga clade during North Sea 

spring algal blooms. 

 Brighter FISH and DAPI signals are needed for a better FACS protocol. 

Counterstaining with TO-PRO and additional dyes to the connector 

probes used in HCR FISH would improve the signal brightness. The 

genome amplification method could be also replaced. For example, the 
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Illumina Nextera DNA library preparation kit would fully utilize the 

genetic material from sorted cells without any amplification step. Such 

approaches would yield targeted sorting and sequencing of specific 

bacterioplankton clades.  

 The sampling strategy and immuno-labeling protocol should be 

optimized for the reliable staining of algal polysaccharides and 

associated bacteria. A new sampling scheme, for example, filtration 

with 3 µm and 10 µm pore-size filters, could be applied for a better 

spatial resolution. Furthermore, the staining protocol should be 

optimized to minimize cell loss during washing steps. These efforts 

would help to elucidate a specific relationship between a given algal 

polysaccharide and a specific bacterial clade. 

 Fluorescently labeled polysaccharide incubations should be conducted 

to quantify and to visualize the polysaccharide uptake by particular 

heterotrophic bacteria. In combination with HCR-FISH, these bacteria 

could be also sorted by flow cytometry.  

 A correlative microscopy approach to simultaneously detect the identity, 

function, and substrate is essential. Polysaccharide immune-labeling or 

mass spectrometry imaging (31) would complement the identity-

function relationship revealed by geneFISH and holistically visualize the 

“the big picture in one picture”.  

5.9) Supplementary information  

Supplementary information is available in the CD-ROM, which is provided with 

the thesis 
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A.1) Aim and scope 

This appendix aims to explain the enrichment of Polaribacter 2-a cells from an 

environmental sample with a fluorescent-activated cell sorting (FACS) approach, 

which includes:  

(i) Hybridization chain reaction fluorescence in situ hybridization (HCR-FISH) 

to target the cells in Polaribacter 2-a using the probe POL1270.  

(ii) FACS to separate labeled cells in an environmental sample.  

(iii) Multiple displacement amplification (MDA) to get the genomic content of 

sorted cells. 

(iv) Amplification and sequencing of the 16S rRNA gene using polymerase 

chain reaction (PCR) to identify the phylogenetic affiliation of MDA 

products.  

A.2) Sampling 

A seawater sample was taken from Kabeltonne, Helgoland (54°11.3′ N, 7°54.0′ E) 

on April 8, 2010. 10 L of water sample was filtered onto on polyethersulfone 

(PES) filter (0.2 µm pore size, 142 mm diameter) without using any fixatives and 

was frozen at -80 °C.  The biomass on the PES filter was removed with a cell 

scraper and suspended in 10 ml 1x PBS on ice. Subsequently, this resuspension 

was filtered on the 0.2 µm pore size polycarbonate (PC) filter, which was kept in 

the freezer until the hybridization step.  

A.3) Hybridization chain reaction fluorescence in situ hybridization (HCR-
FISH) 

      The following protocol was applied for in situ hybridization of 16S rRNA genes:  

Hybridization with initiator probe and washing 

 The hybridization solution was prepared using a buffer with 20% 

formamide (Table S1) and the initiator probe POL1270 together with 

helper and competitor probes (Table S2). Final probe concentration is 1 

µM. 

 Filter sections were dipped into a hybridization solution and put on a 

petri dish. Some extra hybridization solution was also dispensed on the 

filter sections.   
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 A blotting paper was soaked with 6 ml of 20% formamide/water mix, 

and place in the hybridization chamber.  

 Filter sections were put in the hybridization chamber and incubated at 

46 °C for 2 hours.   

 After hybridization, filter sections were transferred to 50 ml pre-warmed 

washing buffer ( 1 ml Tris-HCl, 0.5 ml 0.5 M EDTA, 2.15 ml 5 M NaCl, 

0.05 ml 10% SDS, 46.3 ml distilled water) and incubated at 48 °C for 30 

minutes.  

Second hybridization 

 For the second hybridization, one volume of amplifier probes H1 and 

H2 (4xAtto488, 10 µM) were mixed with one volume of second 

hybridization buffer (50 mM Na2HPO4, 0.9 M NaCl, 0.01% SDS, 1% 

blocking reagent, 10% dextran sulfate) separately.  

 H1 and H2 solutions were incubated at 95 °C for 1.5 min and at 25 °C 

for 1 min and kept at room temperature until needed.  

 A blotting paper was soaked with 6 ml distilled water mix and placed in 

the hybridization chamber.  

 Filter sections were taken from washing buffer and were immediately 

proceed to the next step. 

 H1 and H2 solutions were pooled and immediately spread on the filter 

sections (final concentration of H1 and H2: 2.5 µM). Some extra 

hybridization solution was also dispensed on the filter sections.   

 Filter sections were put in the hybridization chamber and incubated at 

37 °C for 30 minutes. 

Second washing 

 After the second hybridization, filter sections were transferred to 1x 

PBS solution and incubated at 4 °C for 5 min.  

 The filter sections were transferred to another 1x PBS solution and the 

same procedure was repeated.  

 The sections were incubated in distilled water at 4 °C for 30 seconds.  

 The filter sections were washed in 96% EtOH at room temperature for 

30 seconds and completely dried on a Whatman paper.  
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Counterstaining and microscopy 

 For counterstaining, small parts were cut from the filter sections and 

incubated in 10 µl of DAPI solution (1 µg/ml) for 3 minutes.  

 Afterwards, filters were washed in distilled water and 80% EtOH 

solution for 30 seconds.  

 The filter sections were dried completely and mounted in Citifluor 

solution. 

 Signals were examined in a fluorescence microscope. A microscopy 

image showing POL1270 signals is provided in Fig. 1.  

 

Fig. 1. Microscopy image showing POL1270 (green) and DAPI (blue) signals.  

A.4) Cell detachment from the filters 

Sonication was used to detach the cells from the filter sections.   

 The filter section was cut in four small pieces (ca. 1 cm2) and put in 

500 µl of 1x PBS.  

 This suspension was sonicated for 45 seconds (power: 70 watts, 

pulse: 20%) using a Bandelin Sonoplus sonicator.  

 Afterwards, the filter sections were removed from 1x PBS and a filter 

section was stained with DAPI to visualize the residual cells on the 

filter.  

 10 µl of the solution was spotted on 0.2 µm pore size polycarbonate 

filter and stained with DAPI (Fig. 2). 
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Fig. 2. Microscopy images showing detached DAPI (blue) POL1270 (green) signals from 
the filter sections using the vortex treatment.  

A.5) Fluorescence-activated cell sorting (FACS)  

After removal of hybridized cells from the filters, all cell preparations were 

counterstained with DAPI (1 µg / ml). After the sterilization with 0.15% NaCl 

solution, cell sorting was done with an Influx flow cytometer (BD Biosciences). 

Green fluorescence from hybridized cells was detected by using a 530 ± 20 nm 

band-pass filter while DAPI fluorescence was measured with a 460 ± 25 nm band-

pass filter. The system threshold was set in forward scatter light (FSC). Prior to 

measurements, the instrument was aligned by using fluorescent particles. In the 

density diagram of FSC versus DAPI, some DAPI-positive cells were gated and 

plotted. However, DAPI signals with sufficient probe brightness were not 

observed. Therefore, the sorting was performed using FSC versus green 

fluorescence using NON338 probe a negative control to determine the 

background (Fig. 3). For subsequent analyses, a defined number of events (Table 

1) was sorted from the specific populations from four samples (Fig. 3).  
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Fig. 3.  Density plots of green fluorescence (PMT 3) vs forward scatter light (FSC) 
POL1270 (A,B,C,D) and NON338 (E,F,G,H). Sorting gates are specified in each sample. 
100,000 (A and E) and 50,000 (B, F, C, G, D, H) events were recorded to construct the 
plots. 
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Probe Sample ID Sorting 
ID 

Event 
number 

ΔP Event 
rate (1/s) 

Sort 
Rate (1/s) 

POL1270 Sample 1 1-1 1,000 0.7 1000 10 
POL1270 Sample 1 1-2 1,000 0.7 1000 10 
POL1270 Sample 1 1-3 5,000 0.7 1000 10 
POL1270 Sample 2 2-1 1,000 0.7 1000 15 
POL1270 Sample 2 2-2 5,000 0.7 1000 15 
POL1270 Sample 2 2-3 5,000 0.7 1000 15 
POL1270 Sample 3 3-1 5,000 0.7 600 10 
POL1270 Sample 4 4-1 1,000 0.7 1200 15 
POL1270 Sample 4 4-2 1,000 0.7 1200 15 
POL1270 Sample 4 4-3 1,000 0.7 1200 15 
POL1270 Sample 4 4-4 5,000 0.7 1200 15 
POl1270 Sample 4 4-5 5,000 0.7 1200 15 

 

Table 1. Parameters and event numbers of sorted POL1270 cells from four samples.  

To check the purity of sorted cells, 2 µl aliquot from each sorting gate were spotted 

on 0.2 µm pore size polycarbonate filter and stained with DAPI (Fig.4).  The purity 

for the sorted cells was ≥ 90%.  

       

      

Fig. 4. Microscopic inspection of sorted cells from four samples. Sorted POL1270 cells 
are shown with arrows.  

Sample 4 Sample 3 

Sample 2 Sample 1 
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A.6) Multiple Displacement Amplification (MDA) 

Genomic content of the sorted cells was amplified using the Illustra GenomiPhi V3 

DNA Amplification Kit (GE Healthcare). The reaction was set in a UV-treated PCR 

workstation with a dedicated pipette set to avoid any contamination. A bacterial 

culture (HaHa 1_5) and was used as positive controls, while 3 µl of PCR water 

and sheath fluid were added in the negative control.  The following protocol was 

applied:  

 The samples were exposed to freeze/thaw cycles (2 min in room 

temperature/ 2 min -20 °C, 3 times).  

 3 µl of the sample (1,500 events) was mixed with 3 µl chemical 

denaturation solution (400 mM KOH, 10 mM EDTA) and incubated 

at room temperature for 3 minutes.  

 3 µl of neutralization buffer (400 mM HCl, 600 mM Tris-HCl, pH= 

7.5) was added.  

 1 µl of PCR water was added to complete the total volume to 10 µl.  

 10 µl of 150 mM KCl solution was added.  

 A total of 20 µl reaction volume was added to ready-to-go 

GenomiPhi V3 cake contains all the components required for DNA 

amplification. 

 The samples were incubated in the therm cycler using the following 

program:  

30 °C for 180 minutes 

65 °C for 10 minutes 

Then cool to 4 °C  

 Quality and quantity of MDA product were checked using gel 

electrophoresis. 3 µl of loading dye was mixed with 3 µl of the 

sample and loaded in 0.8% agarose gel. The gel was exposed to 75 

V electric current for 1 h and stained in 1% ethidium bromide bath 

for 30 min (Fig. 5).  
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Fig. 5. Agarose gel electrophoresis image of MDA products. M: λ-Hind III marker 
(size of bands: 23130 bp, 9416 bp); (+): positive control: bacterial culture HaHa 1_5; 
(-P): negative control; PCR water (-S) negative control sheath fluid. Numbers refer to 
sample IDs (Table 1).  

A.7) Polymerase chain reaction (PCR) 

16S rRNA gene was amplified using the polymerase chain reaction (PCR) to 

identify the phylogenetic affiliation of MDA products. E.coli gDNA and PCR water 

were used as positive and negative controls, respectively. GM3Fand GM4R 

primer set (Table S3) was selected to amplify the 16S rRNA gene. The following 

protocol was applied:  

 PCR master mix was prepared for 10 reactions (total volume 190 

µl): 

20 µl BSA (3 mg/ml) 

20 µl PCR buffer (10x) 

16 µl dNTPs (4x 2.5 mM)  

2 µl GM3 (50 µM) 

2 µl GM4 (50 µM) 

0.4 µl Taq polymerase (5 U/µl) 

129.6 µl PCR water  

 19 µl of PCR master mix was mixed with 1 µl of the sample.  

 PCR reactions were incubated in the thermocycler using the 

following program:  

 M       +        1        2        2       3        4       - P    - S 



Appendix A FACS  
 

161 
 

94°C  5 min 

94°C  1 min 

48°C  1 min         30x 

72°C  2 min 

72°C  10 min 

12°C  hold 

 Quality and quantity of PCR products were checked using gel 

electrophoresis. 2 µl of loading dye was mixed with 3 µl of the sample 

and loaded in 1 % agarose gel. The gel was exposed to 100 V electric 

current for 45 h and stained in 1% ethidium bromide bath for 30 min 

(Fig. 6).  

 The PCR products were purified with the QIAquick PCR purification kit 

(Qiagen) using the manufacturer’s instructions. In the final step, 30µl of 

the elution buffer was used instead of 50 µl. 

 

Fig. 6. Agarose gel electrophoresis image of PCR products. M: low DNA mass ladder 
(size of bands: 2000 bp, 1200 bp, 800 bp); numbers refer to sample IDs (Table 1). (-): 
negative control: PCR water.  

 

 

 

M         1            2           3            4         (-) 



Appendix A  FACS 
 

162 
 

A.8) Cycle sequencing 

Cycle sequencing of PCR products was conducted using four different primers: 

GM3F, GM4R, GM1F, and GM1R (Table S3). The following protocol was applied:  

 The reaction mixture was prepared:  

1µl Big Dye v 3.1 

1 µl sequencing buffer (2.5x) 

1 µl primer (5 µM) 

1 µl template DNA 

1 µl distilled water 

 The reactions were incubated in the therm cycler using the following 

program:  

96°C  1 min 

96°C  10 sec 

57°C   5 sec          60x 

60°C  4 min 

15°C  hold 

 The products were purified using Sephadex plate and submitted to 

capillary electrophoresis.  

A.9) Sequencing results 

Quality assessment of the raw sequences in the software Sequencher suggested 

that the sorting sample 4 yielded a high-quality 16S rRNA sequence with a length 

of 1450 bp (Supplementary information). The 16S rRNA sequence similarity 

between this sample and the Polaribacter clone (GQ347886) obtained during the 

2010 bloom on April 8, 2010 is 99.8%. Other samples were unclassified or 

assigned to Paraburkholderia, suggesting possible contamination during cell 

sorting or subsequent analyses. 
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Sample 
ID 

Sequence 
length (bp) 

Classification based on SILVA 
taxonomy 

Identity  
(%) 

Accession 
number 

1 1433 Betaproteobacteria;Burkholderiales; 
Burkholderiaceae;Burkholderia-
Paraburkholderia; 

99.93 AB091191 

2 884 Betaproteobacteria;Burkholderiales; 
Burkholderiaceae;Burkholderia-
Paraburkholderia; 

100 AB477995 

3 735 Unclassified; - - 
4 1450 Bacteria;Bacteroidetes;Flavobacteriia;

Flavobacteriales;Flavobacteriaceae; 
Polaribacter 2; 

99.8 GQ347886 

 

Table 2. Taxonomic classification of the sorted cell 16S rRNA sequences.  

A.10) Supplementary information 

> 16S_rRNA_sequences_Sample4_1450bp 

ACCAGTTTTACCCTAGGCGGCTCCTTGCGGTGACCGACTTCAGGCACCCCCAGCTTCCAT 

GGCTTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGGATCATGGCTGATATC 

CGATTACTAGCGATTCCAGCTTCACGGAGTCGAGTTGCAGACTCCGATCCGAACTGTGAT 

ATGGTTTGTAGATTCGCGCTCTGTTGCCAGATGGCTGCTCATTGTCCATACCATTGTAGC 

ACGTGTGTGGCCCAGGACGTAAGGGCCGTGATGATTTGACGTCATCCCCACCTTCCTCTC 

TACTTGCGTAGGCAGTCTCGTTAGAGTCCCCATCTTTACATGCTGGCAACTAACGACAGG 

GGTTGCGCTCGTTATAGGACTTAACCTGACACCTCACGGCACGAGCTGACGACAACCATG 

CAGCACCTTGTAATCTGTCCGAAGAAAACTCTATCTCTAAAGCTGTCAGACTACATTTAA 

GCCCTGGTAAGGTTCCTCGCGTATCATCGAATTAAACCACATGCTCCACCGCTTGTGCGG 

GCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGACCGTACTCCCCAGGTGGGATACTTA 

TCACTTTCGCTTAGTCACTGAGCTAATGCCCAACAACTAGTATCCATCGTTTACGGCGTG 

GACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCGTCCCTCAGCGTCAGTACA 

TACGTAGTAGACTGCCTTCGCAATCGGTATTCTGTGTAATATCTATGCATTTCACCGCTA 

CACTACACATTCTATCTACTTCCATATGACTCAAGTCAACCAGTATCAAAGGCAGTTCCA 

TAGTTAAGCTATGGGATTTCACCTCTGACTTAATTGACCGCCTGCGGACCCTTTAAACCC 

AATGATTCCGGATAACGCTCGGACCCTCCGTATTACCGCGGCTGCTGGCACGGAGTTAGC 

CGGTCCTTATTCTTACAGTACCGTCAAGCTCGTACACGTACGAGTGTTTCTTCCTGTATA 

AAAGCAGTTTACAACCCATAGGGCCGTCTTCCTGCACGCGGCATGGCTGGGTCAGAGTTG 

CCTCCATTGCCCAATATTCCTCACTGCTGCCTCCCGTAGGAGTCTGGTCCGTGTCTCAGT 
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ACCAGTGTGGGGGATCTCCCTCTCAGGACCCCTACCTATCGTCGCCATGGTAAGCCGTTA 

CCTTACCATCTAGCTAATAGGACGCATAGCCATCTTTTACCGATAAATCTTTAATTATAA 

ATTCATGCGAATCTATAATACCATAAGGTATTAATCTTCATTTCTAAAGGCTATCCCTCT 

GTAAAAGGTAGGTTCTATACGCGTTACGCACCCGTGCGCCGGTCGTCAGCGGAAGCAAGC 

TCCCCTGTTACCCCTCGACTTGCATGTGTTAAGCCTGCCGCTAGCGTTCATCCTGAGCCA 

TGATCAAAAT 

 

Compound Volume 
5 M NaCl 3.6 ml 
1 M Tris HCl 4 ml 
20% formamide 4 ml 
Blocking reagent 2 ml 
MQ water Add to 20 ml 
10% SDS 40 µl 
 

Table S1. The composition of the hybridization buffer used in HCR-FISH. 

Probe Sequence (5' -> 3') [Formamide] 
POL1270 TTTGTAGATTCGCTCTCTG 20 
c14.1POL1270 TTCGTAGATTCGCTCTCTG 20 
c14.2POL1270 TTTGGAGATTCGCGCTCTG 20 
c5POL1270 TTGCCAGATGGCTGCTCATTG 20 
POL1270h1 TCCGAACTGTGATATGGTTT 20 
POL1270h2 TCCGAACTGTGATATGGTTT 20 
 

Table S2. The sequences of FISH probes used in this study (modified from Chapter 

3, Table S1). 

Primer Sequence (5' -> 3') Annealing temperature       
(°C) 

GM3F AGAGTTTGATCMTGGC 48 
GM4R TACCTTGTTACGACTT 48 
GM1F CCAGCAGCCGCGGTAAT 57 
GM1R ATTACCGCGGCTGCTGG 57 
 

Table S3. The sequences of PCR and cycle sequences primers used in this study. 
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Visualization of glycoside hydrolase genes of family 92 in the environment 
using direct-geneFISH and super-resolution microscopy  
  

Laura Zeugner1, Jimena Barrero Canosa2, Tanja Fischer1, Burak Avcı1, Jens 

Harder1, 

Harder1, Hanno Teeling1, Bernhard M. Fuchs1, Rudolf Amann1  

1 Max-Planck-Institute for Marine Microbiology, Germany 

 2 Technical University of Berlin, Institute of Environmental Technology, 
Environmental Microbiology, Germany 

Phytoplankton blooms occur as seasonal events in many coastal areas. They grow 

within weeks to high biomasses and their decay is followed by an annually recurring 

succession of specialized heterotrophic bacteria. Genomic and proteomic analyses 

revealed that this succession is substrate-controlled and that certain bacterial strains 

have specific enzymatic repertoires for algal derived polysaccharide uptake and 

utilization. Formosa strain B (Hel1_33_131) and Polaribacter (Hel1_33_49), two 

Flavobacteriia occurring during the algae spring bloom in the German Bight, have 

specialized polysaccharide utilization loci for the degradation of mannose-rich 

sulfated polysaccharides that are common compounds of red algae cell walls. Within 

these loci, we wanted to detect and visualize specific glycoside hydrolase genes of 

family 92 that are coding for α-mannosidase. We used direct-geneFISH to 

simultaneously detect the ribosomal RNA for phylogenetic affiliation and the gene of 

interest in the target organisms. Structured illumination microscopy enabled a 

subcellular localization of the gene signals in situ. Our experiments showed that it is 

possible to simultaneously visualize functional genes and their host’s rRNA on a 

single cell level not only in pure cultures but also in environmental samples 

containing populations of the flavobacterial species. By linking the presence of key 

genes involved in polysaccharide degradation with the cell identity on environmental 

samples, direct-geneFISH provides a quantitative insight into niche adaption, e.g. the 

ability to directly compete with other bacterioplankton clades during and after spring 

blooms. This method will prove especially valuable for investigating bacterioplankton 

populations based on their functional traits throughout the ocean. 
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Electronic Supplementary Information 

Chapter 3 

Polysaccharide-driven niche differentiation between distinct Polaribacter 
clades during North Sea spring algal blooms 

 

Table S2. Relative abundances of Polaribacter clades based on (i) metagenome 

read recruitment (ii) MED analysis, and (iii) CARD-FISH counts. 

 

Table S5. Metagenome read recruitment on Polaribacter MAGs and genomes. For 

the read recruitment using 2010-2012 metagenomes, most complete and least 

contaminated MAGs in each cluster, which has < 99% ANI value to other MAGs in 

this cluster was selected. For 2009 metagenomes, the most complete MAG in each 

clade was used. Read recruitment setting for each MAG is shown in the table. 

 

Table S8. Genes detected in core and pan genome of four major Polaribacter clades 

 

Table S9. MAG/genome-wide expression profile of Polaribacter clades.  Subject 

refers to protein sequences detected by metaproteome analysis. Gene hits in blast 

searches are shown with query cover, e-value, percent identity, and bit score values.   

 

Table S11. Number of peptidase and degradative CAZyme genes annotated in 

Polaribacter MAGs and genomes 
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Discussion 
 

Supplementary File 1. Annotation of the polysaccharide utilization locus (PUL) 

genes in the already-sequenced genomes of the genus Polaribacter. 

Supplementary File 2. Polysaccharide immuno-labeling protocol. 

Supplementary File 3. Aurantivirga-related 16S rRNA gene sequences. 

Supplementary File 4. Details about the oligonucleotide probe AUR452. 

Supplementary File 5. Metagenome assembled genome (MAG) sequence of the 

North Sea Aurantivirga clade.  

Supplementary File 6. Gene annotation of the Aurantivirga MAG.  
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