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Summary 
 

Flavobacteria play a major role in the turnover of organic matter in the ocean. Their 

importance in the degradation of algal biomass was revealed by the dynamics of 

heterotrophic bacterial populations during the degradation of an algal bloom in the North 

Sea near Helgoland. Isolation of bacterial strains from seawater of the bloom allowed pure 

culture studies and visual examination of the bacteria, with strain Hel3_A1_48 showing 

unexpected surface extensions.  

In this study, the cell appendages of the flavobacterial strain Hel3_A1_48 were 

investigated for their morphology, composition and conditions of formation to reveal the 

unique properties these surface extensions may provide for the cells. All applied electron 

microscopic methods (SEM, TEM, thin section TEM and cryo-EM) showed the 

appendages as membrane tubes or vesicle chains of outer membrane origin. These up to 

10 µm long chains were composed of vesicles being 80-100 nm long and 50-80 nm wide. 

Sometimes larger vesicles (160-250 x 130-200 nm) were present that included parts of the 

inner membrane and cytoplasm (O-IMVs). A model for formation was proposed starting 

with the outward-bulging of outer membrane and subsequent elongation as tube which 

later transformed into a chain of vesicles by an abiotic process called 'pearling'. In some 

cases the inner membrane was pulled together with the outer membrane tube and an O-

IMV was formed. Electron microscopic visualization at different stages of growth and 

culture conditions revealed an increased production towards the stationary growth phase 

and did not show a condition without appendage production. Fluorescein-labeled 

laminarin uptake into the periplasm of the cells according to the 'selfish' uptake 

mechanism was visualized by SR-SIM. Staining was also observed in the vesicle chains. 

Proteomic analyses of total membrane fractions and of vesicle fractions confirmed the 

outer membrane origin by enrichment of outer membrane and extracellular surface-

associated proteins in the vesicle fractions. Especially enriched were porins, TonB-

dependent receptors and type IX secretion system components and secreted LPS anchored 

surface proteins. The appendages of strain Hel3_A1_48 enlarge the surface area of the cell 

and allow a larger number of surface-associated degradation enzymes and an additional 

periplasmic storage space.  

Strain Hel3_A1_48 was described taxonomically together with three other North Sea 

isolates. Two of the Helgoland strains (Hel3_A1_48 and Hel1_33_131) were isolated 

from the summer or spring bloom 2010, respectively. They differed in biochemical and 
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physiological traits from each other and other type strains of related genera and were 

clustering together as a separate branch in phylogenetic trees, thus forming a new genus in 

the Flavobacteriaceae. The names Fragilitenera margaritagerula gen. nov., sp. nov., and 

Fragilitenera forsetii sp. nov., are tentatively proposed. Strain Hel1_31_208, isolated from 

the spring bloom 2010 near Helgoland, has a 98.6% 16S rRNA gene sequence identity to 

the newly described genus Arcticiflavibacter. Due to differences in biochemical and 

physiological characteristics, a new species, Arcticiflavibacter funis sp. nov., is tentatively 

proposed. Strain TFI002, isolated from Sylt seawater in autumn 2013, belongs to the 

family of Cytophagaceae and formed in the 16S rRNA tree a separate branch, clustering 

next to the genera Jiulongibacter and Taeseokella. The strain represents a new genus for 

which the name Simonia syltensis gen. nov., sp. nov., is tentatively proposed.  

All three flavobacterial strains isolated from Helgoland possess extracellular structures 

and all four have the TonB-dependent transport system and the major components of the 

type IX secretion system. Within the guild of bacteria that degrade polymers with surface 

enzymes (selfish mode), strain Hel3_A1_48 and other bacteria with similar surface 

appendages are expected to have an advantage in their nutrient acquisition.  

 

 

 

 

 



  
 Zusammenfassung 

 

3 
 

Zusammenfassung 
 

Flavobakterien spielen eine wesentliche Rolle bei dem Umsatz von organischem Material im 

Meer. Ihre Bedeutung für den Abbau von Algenbiomasse wurde durch die Abfolge von 

heterotrophen Bakterienpopulationen während der Zersetzung einer Algenblüte in der 

Nordsee nahe Helgoland gezeigt. Die Isolierung von Bakterienstämmen aus dem Seewasser 

von der Blüte erlaubte Reinkulturstudien und eine visuelle Untersuchung der Bakterien, 

wobei Stamm Hel3_A1_48 unerwartete Oberflächenvergrößerungen zeigte.  

In dieser Studie wurden die Zellanhänge des Flavobakterienstammes Hel3_A1_48 auf ihre 

Morphologie, Zusammensetzung und Bedingungen der Enstehung hin untersucht, um 

herauszufinden welche spezifischen Eigenschaften diese Oberflächenvergrößerungen den 

Zellen bieten könnten. Alle angewendeten elektronenmikroskopischen Methoden (REM, 

TEM, TEM auf Dünnschnitten und Kryo-EM) zeigten die Anhänge als Membranschlauch 

oder Vesikelkette mit der äußeren Membran als Ursprung. Diese bis zu 10 µm langen Ketten 

waren aus Vesikeln, die 80-100 nm lang und 50-80 nm breit waren, zusammengesetzt. 

Manchmal waren größere Vesikel (160-250 x 130-200 nm) vorhanden, die Teile der inneren 

Membran und Cytoplasma enthielten (O-IMVs). Ein Modell zur Bildung wurde 

vorgeschlagen, beginnend mit der nach außen gerichteten Vorwölbung der äußeren Membran 

und anschließender Verlängerung als Schlauch, der sich später durch einen abiotischen 

Prozess namens „pearling“ in eine Kette von Vesikeln umwandelt. In einigen Fällen wird die 

innere Membran mit der äußeren Membran mitgezogen und ein O-IMV wird gebildet. 

Elektronenmikroskopische Visualisierung von verschiedenen Stadien des Wachstums und 

Kulturbedingungen enthüllte eine gesteigerte Produktion in Richtung der stationären 

Wachstumsphase und zeigte keine Wachstumsbedingungen ohne Anhängselproduktion. 

Fluorescein-markierte Laminarin-aufnahme in das Periplasma der Zellen  mittels des 

selbstversorgenden Aufnahme-mechanismus, wurde mit hochauflösender Mikroskopie mittels 

strukturierter Beleuchtung (SR-SIM) visualisiert. Eine Färbung wurde auch in den 

Vesikelketten beobachtet. Proteomische Analysen von Gesamtmembranfraktionen und von 

Vesikelfraktionen bestätigten, durch eine Anreicherung von äußeren Membranproteinen und 

extrazellulären oberflächen-assoziierten Proteinen in den Vesikelfraktionen, die äußere 

Membran als Ursprung. Besonders angereichert waren Porine, TonB-abhängige Rezeptoren, 

Typ IX Sekretionssystembestandteile und sekretierte LPS gebundene Oberflächenproteine. 

Die Anhänge des Stammes Hel3_A1_48 vergrößern den Oberflächenbereich der Zelle und 
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erlauben eine größere Anzahl von oberflächen-assoziierten Abbauenzymen und einen 

zusätzlichen periplasmatischen Speicherraum.  

 

Stamm  Hel3_A1_48 wurde taxonomisch zusammen mit drei anderen Nordseeisolaten 

beschrieben. Zwei der Helgolandstämme (Hel3_A1_48 und Hel1_33_131) wurden von der 

Sommer- bzw. Frühlingsblüte 2010 isoliert. Sie unterschieden sich in biochemischen und 

physiologischen Eigenschaften voneinander und von anderen Typstämmen benachbarter 

Genera. Sie bildeten zusammen einen separaten Ast in den phylogenetischen Bäumen, somit 

formen sie einen neuen Genus innerhalb der Flavobacteriaceae. Die Namen Fragilitenera 

margaritagerula gen. nov., sp. nov., und Fragilitenera forsetii sp. nov., werden vorläufig 

vorgeschlagen. Stamm Hel1_31_208, isoliert von der Frühlingsblüte 2010 nahe Helgoland, 

hat eine 98.6%-ige 16S rRNA Gensequenzidentität zu dem neu beschriebenen Genus 

Arcticiflavibacter. Aufgrund der Unterschiede in biochemischen und physiologischen 

Eigenschaften wird eine neue Spezies, Arcticiflavibacter funis sp. nov., vorläufig 

vorgeschlagen. Stamm TFI002, isoliert aus Seewasser vom Herbst 2013 von Sylt, gehört zu 

der Familie der Cytophagaceae und bildet in dem 16S rRNA Baum einen separaten Ast, 

gruppierend mit den Genera Jiulongibacter und Taeseokella. Der Stamm repräsentiert einen 

neuen Genus, für den der Name Simonia syltensis gen. nov., sp. nov., vorläufig vorgeschlagen 

wird.  

Alle drei Flavobakterienstämme, die nahe Helgoland isoliert wurden, haben extrazelluläre 

Strukturen, und alle vier haben das TonB-abhängige Transportsystem und die 

Hauptkomponenten des Typ IX Sekretionssystems. Innerhalb der Gruppe von Bakterien, die 

Polymere mit Oberflächenenzymen (selbstversorgender Modus) abbauen, wird erwartet, dass 

der Stamm Hel3_A1_48 und andere Stämme mit ähnlichen Öberflächenanhängseln, einen 

Vorteil bei der Nährstoffbeschaffung haben.  
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Chapter I: Introduction 

I investigated the morphology and composition of extracellular appendages of a North Sea 

flavobacterium and described new species for this and other North Sea strains. 

Flavobacteriia differ from Proteobacteria and in the introduction I review our knowledge 

of the cell wall composition of Flavobacteriia, transport across the outer membrane and 

formation of vesicles and extracellular structures.  

1.1 The cell wall of Flavobacteriaceae  

The family Flavobacteriaceae belongs to the phylum of Bacteroidetes which are 

ubiquitous Gram-negative bacteria. The flavobacterial cell wall has the characteristic 

composition of a Gram-negative cell wall (Fig. 1) which has been characterized for 

Proteobacteria and comprises the inner or cytoplasmic membrane (IM/CM), the thin 

peptidoglycan (PG) layer inside the periplasm and the outer membrane (OM).  

 

Fig. 1: Scheme of a typical proteobacterial Gram-negative cell wall and associated proteins (Schwechheimer 

& Kuehn, 2015)  

The IM is formed by a bilayer of phospholipids composed of about 80% 

phosphatidylethanolamine, 15% phosphatidylglycerol and 5% cardiolipin in E. coli 

(Kadner, 1996). The PG layer is formed by long polymers of the repeating disaccharide 

N-acetylglucosamine - N-acetylmuramic acid. The linear molecules are linked via peptide 

bridges. The cell wall is stabilized with various crosslinks: the covalent linkage of Braun’s 

lipoprotein (Lpp) between the OM and the PG, the non-covalent interactions between the 

PG and the porin OmpA, and between the PG and the Tol-Pal (peptidoglycan-associated 

lipoprotein) complex (Mizuno, 1981; reviewed in Schwechheimer & Kuehn, 2015). Lpp 

carries a fatty acid moiety that anchors it to the OM and about a third of the Lpp 

population is also covalently attached to the peptidoglycan layer (Braun & Rehn, 1969). 
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These linkages are thought to be important in maintaining OM integrity (Nikaido et al., 

1977). The Lpp is together with other OM proteins like OmpA and general diffusion 

porins very abundant, with up to 10
5
 copies per cell (Nikaido et al., 1996). Phospholipid 

composition of the inner leaflet of the OM is similar to the CM (Kadner, 1996). The outer 

leaflet consists of lipopolysaccharides (LPS), which discriminates the OM from the CM. 

A typical LPS molecule (Fig. 2) has three main parts: 1: lipid A, a glucosamine-based 

diphospholipid, 2: a relatively short inner core oligosaccharide, and 3: a distal 

polysaccharide (O-antigen) formed by up to 50 repeating saccharide units. Lipid A is a 

dimer of D-glucosamine (D-GlcN) monomers linked with β-1,6 bonds. The sugar carrying 

the polysaccharide has two 3-hydroxyalkanoic acids, which allow binding of a second 

fatty acid. It is the hydrophobic segment that anchors the LPS to the membrane (Nikaido, 

2003). Anionic groups such as keto-deoxyoctulosonate (Kdo), phosphates, and other 

acidic residues (e.g. ethanolamine) are commonly present on the inner core region and 

lipid A (Anwar & Choi, 2014). The polar residues in LPS, e.g. the polar head groups of 

phospholipids, are vital for the structural morphology and physiology of the OM of 

bacteria (Wilkinson, 1996). 

 

Fig. 2:  General chemical structure of LPS from Gram-negative enterobacteria. Abbreviations of 

monosaccharide residues: GlcN, glucosamine; Kdo, ‘2-keto-3- deoxyoctulosonic acid’; Hep, D-glycero-D-

manno-heptose (Alexander & Rietschel, 2001). 

 

Members of the phylum Bacteroidetes possess some unusual lipids, e.g.  Godchaux and 

Leadbetter (1983) reported on unusual sulfonolipids (capnine and N-acylated capnine, 

collectively termed capnoids) accounting for about 4% of the OM lipids in 

Flavobacterium johnsoniae, with N-acylated capnines representing > 99% of the total 

capnoids. Sulfonolipids have a sulfonate headgroup and are found in many members of 

the Flavobacteriaceae, as well as in other members of the phylum Bacteroidetes 

(Godchaux & Leadbetter, 1983, 1984). These lipids may account for up to 20% of total 

membrane lipids and are localized primarily to the OM (Godchaux & Leadbetter, 1988). 



  Chapter I: Introduction 

7 

 

Another type of unusual lipids was later reported as ornithine amino lipid in the OM of 

Flavobacterium johnsoniae (Pitta et al., 1989). Members of the family Flavobacteriaceae 

do not contain sphingophospholipids (Bernardet et al., 1996). The polar lipid composition 

of the genus Flavobacterium revealed small amounts of phosphatidylglycerol and 

phosphatidylcholine, but phosphatidylethanolamine was the predominant polar lipid of the 

IM (Park et al., 2006, 2007), as first reported for Flavobacterium johnsoniae (Pitta et al., 

1989). Flavobacteriaceae contain a high proportion of branched chain fatty acids 

(saturated, unsaturated, or saturated and hydroxylated fatty acids) (Van Trappen et al., 

2002; Bowman, 2006). Psychrophilic species have a higher proportion of anteiso-

branched chain fatty acids, likely because they support a high fluidity in the membranes at 

low temperature (Kaneda, 1991). Most studies on the membrane composition of 

Flavobacteriaceae are OM protein analyses from the very diverse genus Flavobacterium 

(Rahman et al., 2002; Dumetz et al., 2007; 2008). Rahman and coworkers (2002) 

investigated the OM fraction of the fish pathogen Flavobacterium psychrophilum, which 

stimulated the immune response in fish, due to the presence of OM proteins and LPS. In 

2007 Dumetz et al. characterized the major glycoprotein OmpA of F. psychrophilum and 

demonstrated localization in the OM, surface exposure and induction of antibody response 

in fish. Proteomics of an OM preparation of F. psychrophilum showed additionally the 

presence of TonB-dependent receptors, OmpH/P18, FspA, lipoproteins and proteins of 

unknown function (Dumetz et al., 2008). The LPS O-antigen and other surface proteins 

have been identified as major antigens on the cell surface of F. psychrophilum (Crump et 

al., 2001; Massias et al., 2004). Similar results were obtained by a study of the OM of 

Flavobacterium columnare (Liu et al., 2008). They mainly found proteins involved in the 

cell wall or membrane biogenesis, peptidases, lipoproteins, TonB-dependent receptors and 

other OM proteins without a described function. Such membrane associated proteins like 

transmembrane proteins (α-helix (IM) or β-barrel (OM)) or the previously mentioned 

lipoproteins first need to be translocated across the IM e.g. by the Sec-dependent transport 

pathway. This SecYEG translocon forms a narrow channel in the membrane that 

facilitates the transport of unfolded proteins through the pore and the integration of α-

helical proteins into the IM (Kudva et al., 2013). Proteins targeted to the periplasm or OM 

are transported into the periplasmic space. 

The transport of nutrients into the cytoplasm of the cell across the IM occurs by diffusion 

through pores or transport via carrier or ABC-transporter. Prior to that, Gram-negative 

bacteria need a transport through the OM. The active transport of macromolecules across 
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the OM and into the periplasm of Flavobacteriia is mainly accomplished by the TonB-

dependent transport system. 

1.2 TonB-dependent transport 

While small molecules up to 600 Da can cross the OM by passive diffusion through 

transmembrane porins, larger substrates require energized transport across the OM 

(Nikaido, 2003). The TonB-dependent transport system (Fig. 3) was first described as 

starch utilization system (Sus) in Bacteroides thetaiotaomicron (Tancula et al., 1992; 

D’Elia & Salyers, 1996). Polysaccharides are cleaved into oligosaccharides by OM 

anchored glycoside hydrolases and bound to the cell by surface glycan-binding proteins 

(SGBP) (Hemsworth et al., 2016). SusC and SusD form a complex in which the 

lipoprotein SusD is located on top of SusC, forming a lid on the empty transporter. SusC 

forms a β-barrel in the OM with an N-terminal plug domain blocking the channel. The 

system functions as ´pedal bin´ mechanism, in which SusD moves away from SusC and 

binds specifically to a certain substrate (Glenwright et al., 2017). Upon substrate binding 

the lid closes and binding of TonB to the transporter, energized by the ExbBD-TonB 

system, allows a conformational change in the plug, and SusC forms a channel into the 

periplasmic space (Glenwright et al., 2017). Once the oligosaccharides are in the 

periplasm, they are further degraded into monosaccharides before being imported into the 

cytoplasm (D’Elia  & Salyers, 1996; Hemsworth et al., 2016).  

 

Fig. 3:  Cellular arrangement of PUL-encoded components for polysaccharide utilization in Gram-negative 

bacteria, based on the Sus-system described for gut Bacteroidetes. Cell-surface glycan-binding proteins 

(SGBPs), GHs and the presence and nature of carbohydrate sensor or transcriptional regulator proteins 

(SusR-like) can vary among PULs (Hemsworth et al., 2016).  
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A key feature in Bacteroidetes is the organization of TonB-dependent receptor (susC-like) 

and carbohydrate binding protein genes (susD-like) in polysaccharide utilization loci 

(PULs). These encode for a protein machinery responsible for carbohydrate-sensing,         

-binding, -degradation, and -transport (Bjursell et al., 2006). Substrate specific glycoside 

hydrolases and the IM-bound regulatory protein SusR are mostly encoded within the PUL. 

SusR controls the expression of the susA-G genes in response to the presence of 

oligosaccharides in the periplasm (Hemsworth et al., 2016). PULs in Bacteroidetes have 

been shown to target diverse polysaccharides such as fructans, xyloglucans, xylans, α-

mannans and glycans, as well as other marine polysaccharides (Hemsworth et al., 2016).  

Marine Bacteroidetes have recently been shown to take up fluorescently labeled 

polysaccharides (FLA-PS) by a 'selfish' uptake mechanism (Reintjes et al., 2017) as 

already demonstrated for gut Bacteroidetes (Cuskin et al., 2015). The polysaccharide is 

bound to the surface of the cell, cleaved into oligosaccharides by extracellular or OM 

bound enzymes and directly transported into the periplasm by the TonB-dependent 

receptor, avoiding loss through diffusion. Oligosaccharide accumulation was shown by the 

signal detection of the label in the periplasm of the cells (Reintjes et al., 2017).  

1.3 Type IX secretion system 

New findings have shown that Bacteroidetes can modify their cell surface by linking 

certain proteins and enzymes to anionic LPS (A-LPS) and anchor them to the surface 

(Veith et al., 2017). Responsible for this process is the Por secretion system (PorSS) (Sato 

et al., 2010), now called type IX secretion system (T9SS) (McBride & Zhu, 2013). It can 

secrete soluble proteins and proteins that get anchored to the cell surface. The T9SS was 

reported to be present in over 1000 sequenced strains of the Fibrobacteres-Chlorobi-

Bacteroidetes superphylum (Veith et al., 2017). Genes of the T9SS are especially 

widespread in the Flavobacteriia, Cytophagia and Sphingobacteriia (McBride & Zhu, 

2013). This system is different from the other so far described secretion systems and has 

been mainly studied in Porphyromonas gingivalis (Sato et al., 2010) and Flavobacterium 

johnsoniae (Kharade & McBride, 2014).  In Flavobacterium johnsoniae the T9SS (Fig. 4) 

was shown to be required for gliding motility and chitin utilization (Sato et al., 2010; 

McBride & Zhu, 2013): a extracellular soluble chitinase was shown to be secreted by the 

T9SS (Kharade & McBride, 2014). In Porphyromonas gingivalis the T9SS was necessary 

for secretion of virulence factors, e.g. the protease gingipain and also other surface 

proteins (Sato et al., 2010; 2013). Additionally the T9SS has been associated with 
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cellulose digestion (Zhu & McBride, 2014) and the protection of plants from pathogens 

(Kolton et al., 2014).  

 

Fig. 4: T9SS and motility proteins of F. johnsoniae. Proteins are not drawn to scale, and stoichiometry of 

components is not known (McBride & Nakane, 2015). 

The proteins of the T9SS are a subset of the proteins required for gliding motility of 

Bacteroidetes. Depending on the expressed proteins, an organism is able to secrete 

proteins via the T9SS or in addition able to glide (Sato et al., 2010). Proteins required for 

secretion by the F. johnsoniae T9SS include GldK, GldL, GldM, and GldN or its paralog 

GldO (Shrivastava et al., 2013), while SprA, SprE, and SprT also have an important role 

in secretion (Sato et al., 2010; Rhodes et al., 2011; Shrivastava et al., 2012). A complex of 

four proteins named GldKLMN (homolog to PorKLMN) has been identified as the T9SS 

core membrane complex, within 18 proteins essential for T9SS function (Leone et al., 

2018), but the assembly of the complex is not fully solved. GldL and GldM are IM 

proteins interacting with the OM proteins GldK and GldN. The central component GldM 

is a dimer anchored to the IM by a trans-membrane helix with a long periplasmic domain 

(Leone et al., 2018). GldK is a lipoprotein anchored to the OM that interacts with the 

periplasmic protein GldN (Nelson et al., 2008; Gorasia et al., 2016). GldK and GldN form 

a large ring structure of 50 nm in diameter (Veith et al., 2017). PorV functions as a shuttle 

protein to deliver T9SS substrates to the attachment complex (Veith et al., 2017), but is 

not required for all secreted proteins e.g. not for SprB (Kharade & McBride, 2015). SprF 

is another OM protein, necessary for secretion of SprB, but not for secretion of RemA and 

ChiA (Rhodes et al., 2011; Shrivastava et al., 2012); it is thought to deliver components of 

the gliding motility machinery to the cell surface (Zhu & McBride, 2014). SprB and 

RemA are adhesins responsible for gliding motility, that are thought to move rapidly on 
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the cell surface, propelled by an undescribed  motor (Nelson et al., 2008; Shrivastava et 

al., 2012; Nakane et al., 2013). SprB is involved in movement over agar, and RemA is 

involved in movement over surfaces such as glass coated with polysaccharide produced by 

F. johnsoniae (McBride & Zhu, 2013; Kharade & McBride, 2015). SprT seems to be 

necessary for motility, because mutant cells were defective in translocation of SprB to the 

cell surface (Sato et al., 2010). PorU is a novel Gram-negative sortase which catalyzes the 

cleavage of the C-terminal signal and conjugation of the protein substrates to LPS, 

anchoring them to the cell surface (Veith et al., 2017). GldA, GldF, and GldG form an 

ATP-binding cassette (ABC) transporter which does not seem to be essential for gliding 

(Hunnicut et al., 2002; McBride & Zhu, 2013). GldI is a predicted peptidylprolyl 

isomerase that may assists folding of other motility proteins in the periplasm (McBride & 

Braun, 2004). GldJ is a lipoprotein (McBride & Zhu, 2013) and SprA is a large OM 

protein with surface exposure (Veith et al., 2017).  

Protein secretion via the T9SS is likely a two-step process, in which first the cargo protein 

is translocated over the IM by the Sec machinery, which cleaves off the N-terminal signal 

peptide (Sato et al., 2010; McBride & Zhu, 2013; Lasica et al., 2017). Once in the 

periplasm the proteins fold in a stable conformation, before they are translocated over the 

OM by the T9SS (Lasica et al., 2017). During that process the sortase PorU is proposed to 

cleave the carboxy-terminal domain (CTD) and can simultaneously attach the A-LPS 

moiety to the newly generated C-terminus of a cargo protein via a linker of unknown 

structure (McBride & Zhu, 2013; Lasica et al., 2017; Veith et al., 2017). The conserved 

CTDs are approximately 60 to 100 amino acids long and target proteins for secretion 

across the OM by the T9SS (Shrivastava et al., 2013; Veith et al., 2013; Kharade & 

McBride, 2014). These CTDs typically belong to TIGRFAM family TIGR04183 

(Por_Secre_Tail domain) (type A CTDs) or TIGR04131 (type B CTDs) 

(Bac_Flav_CTERM domain) (McBride & Zhu, 2013; Kharade & McBride, 2014; 

Kulkarni et al., 2017). Different CTDs share only a low sequence identity, but all have a 

specific fold (immunoglobulin-superfamily domain) which seems to be recognized by the 

T9SS (De Diego et al., 2016; Lasica et al., 2016, Kulkarni et al., 2017). Thereby cargo 

proteins can be secreted as soluble extracellular proteins into the extracellular milieu or 

covalently attached to the bacterial surface (Kharade & McBride, 2014; Lasica et al., 

2017). The type B CTDs seem to have a more complex association with the T9SS 

(Kulkarni et al., 2017). T9SS substrates (predicted by the CTDs) include many virulence 
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proteins (Nakayama, 2015), as well as enzymes involved in the breakdown of complex 

biopolymers like proteases, glycosidases (including cellulases and chitinases), nucleases, 

lipases, adhesins, hemagglutinins and leucine-rich proteins (Veith et al., 2013).  

1.4 Outer membrane vesicles 

Increased use of electron microscopic techniques enabled the detection of vesicles in all 

Gram-negative bacteria that were investigated. Outer membrane vesicle (OMV) 

production seems to be a universal feature (reviewed in Kulp & Kuehn, 2010; Roier et al., 

2016). Also Gram-positive bacteria and archaea have been shown to produce extracellular 

vesicles (Brown et al., 2015). OMVs (Fig. 5) are spherical, bilayered structures with a 

diameter of 10-300 nm (Roier et al., 2016), in the majority 50-250 nm in size (Beveridge, 

1999; reviewed in Kulp & Kuehn, 2010). 

 

Fig. 5: Architecture and composition of Gram-negative membrane vesicles (MVs) (Bitto & Kaparakis-

Liaskos, 2017).  

OMVs are mainly composed of OM, OM proteins, peptidoglycan pieces, periplasm and 

the associated proteins (Beveridge, 1999; Jan, 2017; Veith et al., 2014; reviewed in 

Schwechheimer & Kuehn, 2015). OM structural proteins, porins, ion channels, 

transporters, peptidases, periplasmic and cytoplasmic enzymes and proteins related to 

stress response were detected (Lee et al., 2007; 2008). OMVs may also contain ions, 

quorum sensing signals and metabolites (Biller et al., 2014), as well as toxins and other 

virulence factors (Kulp & Kuehn, 2010). Quantification of the distribution of lipid A 

subtypes in IM and OMV fractions showed that lipid A, bearing C16 residues, is found 

more likely in the OMV fraction (Bonnington & Kuehn, 2014). Some studies have shown 

the presence of DNA in vesicles (Yaron et al., 2000, Lee et al., 2008; Haurat et al., 2011; 

Pérez-Cruz et al., 2013; Biller et al., 2014). Renelli and coworkers 2004 even showed that 

OMVs can pick up free DNA fragments from the environment, and that the DNA can 
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enter through the periplasm during vesicle biogenesis.          

OMVs are released in all growth phases (reviewed in Manning & Kuehn, 2011). Salinity, 

acidity, high temperature, competition, UV radiation and toxins increased OMV 

production (reviewed in Kulp & Kuehn, 2010; Gamalier et al., 2017). OMVs are 

hypothesized to be involved in horizontal gene transfer, biofilm formation, 

communication, envelope stress response, delivery of toxins and other molecules, 

antibiotic or toxin resistance, phage defense, killing of competing microbes, adhesion and 

immune response (Beveridge et al., 1997; Li et al., 1998; Beveridge, 1999; Yaron et al., 

2000; reviewed in Kulp & Kuehn, 2010; Manning & Kuehn, 2011; Kulkarni & 

Jagannadham, 2014; Biller et al., 2014; Remis et al., 2014; Haurat et al., 2015). They may 

also function in nutrition of bacterial cells. Purified Prochlorococcus vesicles supported 

the growth of the heterotrophic marine bacterium Alteromonas (Biller et al., 2014). Cargo 

enzymes of OMVs may degrade distant, immobile organic matter, thus releasing soluble 

nutrients into the surroundings and increasing survival (reviewed in Kulp & Kuehn, 2010; 

Jan, 2017). OMVs may also transport key nutrients that can be recovered by the cells 

(reviewed in Kulp & Kuehn, 2010).Vesicles are able to readily fuse with prokaryotic and 

eukaryotic cells (Kadurugamuwa & Beveridge, 1996; Kulp & Kuehn, 2010), which would 

allow the incorporation of the vesicle cargo. Molecules inside the vesicle lumen and even 

surface associated proteins are highly resistant to external degradation (Kesty & Kuehn, 

2004).  OMVs allow the secretion of insoluble or hydrophobic compounds e.g. lipids, 

membrane proteins and signal molecules and were proposed as a new type of secretion 

system (Kadurugamuwa & Beveridge, 1995; Kuehn & Kesty, 2005; Kulkarni & 

Jagannadham, 2014): secretion system type zero (Guerrero-Mandujano et al., 2017). This 

system can transport different macromolecules (e.g. toxins, DNA, LPS) and allows the 

secretion of biomolecules in a high concentration directly to the target (reviewed in 

Guerrero-Mandujano et al., 2017). Its key feature is the transport in a protective structure 

and the ability to serve as a flexible response to environmental stimuli (Haurat et al., 2015; 

reviewed in Guerrero-Mandujano et al., 2017). Release of OMVs may be a process to 

maintain the fluidity optimum of the membrane under different environmental conditions 

(Tashiro et al., 2012) and may remove misfolded proteins (McBroom & Kuehn, 2007).  

Most research of protein composition of OMVs is focused on vesicles as virulence factors 

in pathogenic bacteria e.g. in the bacteroidetes Porphyromonas gingivalis (Zhou et al., 

1998; Veith et al., 2014) and Tannerella forsythia (Inagaki et al., 2006; Veith et al., 
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2015). P. gingivalis vesicles carried a cargo of virulence factors, periplasmic and OM 

proteins, especially enriched in surface localized CTD proteins (Veith et al., 2014). Veith 

et al. (2015) found that OMVs of Tannerella forsythia were enriched with T9SS substrates 

(CTD proteins), as well as TonB-dependent receptors and SusD proteins. Møller and 

coworkers (2005) isolated membrane vesicles of the fish pathogen Flavobacterium 

psychrophilum and found low molecular weight LPS, lipooligosaccharides and a similar 

protein profile to the OM, with some proteins highly expressed in the vesicles. OMVs 

showed proteolytic activity and may support the release of nutrients from the environment 

and may hamper the host immune system (Møller et al., 2005).            

More and more vesicle studies are also performed on environmental bacteria. Carla Pérez-

Cruz and colleagues (2013) investigated the extracellular vesicles of Shewanella 

vesiculosa M7
T 

with TEM thin sections and cryo-EM and found conventional one-bilayer 

OMVs (Fig. 6 A, B) with a size of 25-200 nm, and a larger more complex type of vesicle 

including the IM and cytoplasmic content with a size of 100-250 nm (Fig. 6 C, D). 

Immunogold-labeling of the so called outer-inner membrane vesicles (O-IMVs) showed 

that they also entrapped DNA. O-IMVs showed an elongated shape at time of formation, 

but became round once liberated. They represented 0.1% of the total vesicles in 

exponential growing cultures. A proteomic study confirmed the presence of IM and 

cytoplasmic proteins in the vesicle fraction dominated by OM proteins (Pérez-Cruz et al., 

2013).  

 

Fig. 6: Formation of OMVs and O-IMVs of Shewanella vesiculosa shown in TEM thin sections. Bars 

correspond to 100 nm (A, C) and 200 nm (B, D) (Pérez-Cruz et al., 2013). 

 

Vesicles from different bacteria are abundant in coastal and open ocean seawater (Biller et 

al., 2017). These vesicles contained LPS, proteins, transporters, proteases, hydrolases and 

DNA. TEM revealed the presence of 2-5 single membrane-bound vesicles of 70-100 nm 
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in diameter per cell originating from the marine cyanobacterium Prochlorococcus (Biller 

et al., 2014). Although their function is unknown, they may play a role in horizontal gene 

transfer and the delivery of various compounds, as carbon source in the marine carbon 

flux or as defense against phage infection (Biller et al., 2014).   

 

Fig. 7: Outer membrane vesicles of Prochlorococcus  in SEM (A) and TEM (B) images. Bars correspond to 

1 µm (A) and 100 nm (B) (Biller et al., 2014). 

 

1.5 Biosynthesis of OMVs 

During vesicle production the OM gets exfoliated and the periplasm entrapped. But how 

the vesicles are formed and released from the cell, and how the specific cargo of 

membrane components and luminal content is sorted into the vesicles is largely unknown. 

One explanation of OMV generation is by routine OM biogenesis and remodeling which 

may lead to shearing off from the membrane (Haurat et al., 2011). Most researchers 

believe that there is an elaborate active process governing vesicle formation. Currently 

four main hypotheses exist on the biogenesis of membrane vesicles. The first hypothesis is 

that the loss or relocation of covalent linkages by lipoproteins between the OM and the 

peptidoglycan layer are responsible for OMV production. The depletion of lipoproteins in 

OMVs was already shown earlier (Hoekstra et al., 1976; Wensink & Witholt, 1981). 

These missing linkages, together with a faster OM than cell wall growth, may lead to 

vesicle production (Deatherage et al., 2009; reviewed in Kulp & Kuehn, 2010; Kulkarni & 

Jagannadham, 2014; Haurat et al., 2015; Schwechheimer & Kuehn, 2015). The second 

hypothesis is the accumulation of peptidoglycan fragments or misfolded proteins in the 

periplasm, as a result of cell wall turnover (Zhou et al., 1998) that would lead to increased 

turgor pressure on the OM and subsequently to a pinching off of the OM (reviewed in 

Kulp & Kuehn, 2010; Manning & Kuehn, 2011; Kulkarni & Jagannadham, 2014; Haurat 

et al., 2015). The third hypothesis is the enrichment of membrane curvature inducing 

molecules, like e.g. B-band LPS and pseudomonas quinolone signal (PQS) of 

Pseudomonas aeruginosa, which leads to an asymmetric expansion of the outer leaflet of 
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the OM and thus to vesicle formation (Mashburn & Whiteley, 2005; Kulp & Kuehn, 2010; 

Kulkarni & Jagannadham, 2014; Haurat et al., 2015; Kadurugamuwa & Beveridge, 1995). 

The fourth hypothesis was proposed in 2016 by Roier et al. who suggested that a 

phospholipid (PL) accumulation in the outer leaflet of the OM would cause vesicle 

formation. This asymmetric expansion would lead to outward bulging, because of the 

enrichment of positive and negative curvature inducing phospholipids in both leaflets. 

They showed that an ATP-binding cassette, a proposed phospholipid ABC transporter, is 

involved in OMV formation. It responded to iron starvation and hypothesized to prevent 

PL accumulation in the outer leaflet of the OM. Deletion or repression of this system 

increased OMV production. This likely universal mechanism may possibly act together 

with other mechanisms of OMV formation (Roier et al., 2016). All current models of 

formation exclude that the peptidoglycan layer follows into the vesicles (Kadurugamuwa 

& Beveridge, 1995; Zhou et al., 1998; Pérez-Cruz et al., 2013). Formation of larger 

vesicles also including CM and cytoplasmic content (O-IMVs) was proposed to take place 

through weakening of the peptidoglycan layer by autolysins at the point where the vesicles 

are blebbing (Kadurugamuwa & Beveridge, 1995; Pérez-Cruz et al., 2013). 

 

Fig. 8: Model of OMV production in Gram-negative bacteria, combining different biogenesis hypotheses 

(Jan, 2017).  

The described mechanisms have in common that a change in membrane curvature may 

lead to vesicle formation (reviewed in Kulp & Kuehn, 2010). This is supported by the fact 

that the membrane curvature of OMVs is higher than that of the OM (Kadurugamuwa & 

Beveridge, 1995; Kulkarni & Jagannadham 2014). There is likely a selective sorting of 

proteins from other compartments into OMVs, but the process how this works is not 

understood (Haurat et al., 2011). Different types of OMVs may exist and are likely 
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produced by different mechanisms (Kulp & Kuehn, 2010). If the formation of OMVs is 

linked to the formation of larger extracellular structures is currently unknown. 

1.6 Cell appendages of bacteria  

Bacterial extracellular structures can be divided in structures of proteinaceous origin and 

of membrane origin. The appendages made up of protein subunits are well described and 

their formation is largely understood. Flagella are absent from the Flavobacteriaceae 

(Bernardet et al., 2002). Pili and fimbriae have been classified in five major classes based 

on their biosynthetic pathway: chaperone-usher (CU) pili (fimbriae) (Sauer et al., 2004), 

curli (Olsén et al., 1989; Hammar et al., 1996), type IV pili, type III secretion needle and 

type IV secretion pili (Fronzes et al., 2008). Type IV pili (Maier et al., 2002) are involved 

in virulence processes, adhesion, twitching motility, biofilm formation and cellular 

invasion (Craig et al., 2004; Burrows, 2005). The type III secretion system nanomachine 

is a complex injectisome, which secretes effector proteins across the bacterial and host cell 

wall (Roine et al., 1997; Cornelis, 2006). Type IV secretion pili are involved in 

conjugation and secretion of virulence factors (DNA and proteins) into host cells 

(Schröder & Lanka, 2005). All these non-flagellar appendages seem to have specialized 

functions either in adhesion or transport (Fronzes et al., 2008). One extracellular structure 

described by Shetty et al. (2011) is a combination of proteinaceous and membrane 

extracellular structure termed 'nanopod', a tube made up of a certain protein, supposedly 

transporting OMVs away from the cell.  

Apart from these proteinaceous structures, different types of cell extensions of membrane 

origin have been described including vesicle chains (Møller et al., 2005; Remis et al., 

2014) termed 'nanowires' (Pirbadian et al., 2014; Subramanian et al., 2018) or nanotubes 

(Dubey & Ben-Yehuda, 2011; Dubey et al., 2016), tubes (Galkina et al., 2011, McCaig et 

al., 2013), and prosthecae (Bauld et al., 1983, Poindexter, 2006), including hyphae 

(Weiner et al., 1985) and stalks (Evinger & Agabian, 1977). For the Gram-positive 

bacterium Bacillus subtilis, nanotubes composed of constricted lipid segments of 

cytoplasmic membrane with a continuous lumen have been described (Dubey & Ben-

Yehuda, 2011; Dubey et al., 2016). Important for my study are membrane extensions by 

Gram-negative bacteria forming tubes and vesicle chains. The gammaproteobacterium 

Francisella novicida has OM derived tubes extending from the bacterial surface (McCaig 

et al., 2013) (Fig. 9). These 'tubular extensions' (40 nm diameter, 0.3-1.5 µm length) were 
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produced in liquid and on solid medium and were released into the medium along with 

OMVs (50-300 nm diameter). 

 

Fig. 9: Membrane tubes of Francisella novicida visualized with TEM (A) and TEM thin sections (B, C), 

showing the outer membrane origin. Bars correspond to 500 nm (A) and 100 nm (B) (McCaig et al., 2013). 

Thin section TEM micrographs showed an extension of the OM and enlargement of the 

periplasm. They proposed that the peptidoglycan is not present in the outgrowths, but a 

protein might be responsible for structuring the tube (McCaig et al., 2013).  

OMV chains were also reported in the proteobacterium Myxococcus xanthus (Remis et al., 

2014). By using 3-D focussed ion beam scanning electron microscopy (FIB-SEM) they 

detected vesicle chains that interconnected cells. These mainly peritrichous vesicle chains 

were 40-60 nm in width and up to 5 µm long and more abundant in biofilms than in 

planktonic cultures. Visualization with cryo-EM (Fig. 10 B-E) revealed that the vesicle 

chains were only consisting of one single membrane and had a fur-like coat on the surface. 

This coat may be LPS and thus the appendages may be OMV chains (Remis et al., 2014). 

This large network of membrane extensions might be used in the exchange of OM proteins 

and other molecules by a periplasmatic connection between the cells, allowing 

coordination of social behavior (Remis et al., 2014).  

 

Fig. 10: Myxococcus xanthus outer membrane vesicle chains visualized by epifluorescence microscopy (A), 

cryo-EM (B-D), thin section TEM (E) and whole mount projection image. Bars represent 5 µm (A), 50 nm 

(B, C), 100 nm (D-F) (Remis et al., 2014). 
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A recent study of Shewanella oneidensis ´nanowires´ showed that they are “dynamic 

chains of interconnected OMVs with variable dimensions (20-170 nm thickness), 

curvature and extent of tubulation“ (Subramanian et al., 2018). High resolution electron 

cryo-tomography showed electron dense regions (junction densities) between neighboring 

vesicles and hypothesized a function in stabilization of the OMV chain (Fig. 11). The 

authors speculate that “constriction densities can be removed or added to facilitate 

transformation of an OMV chain to a large vesicle or vice versa“. Fluorescence 

microscopy of living cells documented nanowire growth and O2 limitation as inducer of 

nanowire formation. They propose electron transfer via these nanowires, which has been 

demonstrated so far only for dried nanowires (Gorby et al., 2006; Subramanian et al., 

2018).  

 

Fig. 11: Outer membrane vesicle chains of Shewanella oneidensis visible in a cryo-EM micrograph. White 

boxes are showing the junction densities, arrows are likely showing electron densities of cytochromes. Bar 

corresponds to 100 nm (Subramanian et al., 2018) 

 

1.7 Extracellular structures in the Flavobacteriaceae 

Extracellular structures or appendages have been found in a few members of the family 

Flavobacteriaceae. Formosa agariphila has extracellular fibrillar structures, which 

formed threads interconnecting the cells (Fig. 12 A) (Nedashkovskaya et al., 2006). These 

structures were suggested to be involved in the attachment of the cells to suitable 

substrates or other cells, being responsible for biofilms on the surface of algae and 

aggregates observed in liquid cultures. The thin structures were only visualized with SEM; 

hence it is possible that the threads are artifacts formed by drying EPS (Dohnalkova et al., 

2011). Similar cellular network-like structures were reported for Winogradskyella 

thalassocola (Fig. 12 B) (Nedashkovskaya et al., 2005). 
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1.9 Aims of the study 

The previous isolation study has shown long extracellular structures for the flavobacterial 

isolate Hel3_A1_48 using TEM imaging (Hahnke et al., 2015). The major aim of my 

thesis was to investigate the morphology, biosynthesis, composition and function of these 

extracellular structures (Chapter II). To avoid the misinterpretation of artifacts and to 

investigate the morphology and fine structure of these appendages more closely, 

visualization of thin sections with TEM and cryo-EM were to be performed. These 

techniques are supposed to allow visualization of the cellular membrane structure in a 

close-to-native state. Different growth conditions and growth stages were to be examined 

with TEM and SEM, to reveal under which conditions the appendages are formed.                  

The proteomes of the cell membranes and the vesicle/appendage fraction of strain 

Hel3_A1_48 were approached to study the protein composition of the extracellular 

structures. The knowledge of the protein content was expected to provide insights into the 

function of these structures for the organism. North Sea water from a spring 

phytoplankton bloom in 2016 near Helgoland was to be used to visualize the occurrence 

of appendages on North Sea bacteria by electron microscopy.  

The study on appendages was to be complemented by studying the physiology of 

Hel3_A1_48 and other North Sea strains in the framework of species descriptions 

(Chapter III). Taxonomic analyses were to be performed according to the polyphasic 

approach with biochemical, phylogenetical and physiological characterizations. Overall, 

the thesis aimed to provide insight into the physiology and morphology of heterotrophic 

marine flavobacteria from the North Sea.  
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1.10 Manuscript and publication outline 

 

Chapter II 

Biopearling of outer membrane vesicle chains by a marine flavobacterium 

Tanja Fischer, Martin Schorb, Rachel Mellwig, Greta Reintjes, Stephanie Markert, 

Erhard Rhiel, Sten Littmann, Thomas Schweder, Jens Harder 

Manuscript in preparation. 

Authors' contribution: 

TF and JH conceived and designed the experiments; TF performed growth experiments, 

membrane and vesicle isolation and protein analysis by SDS-PAGE; TF, ER and SL 

performed visualization by electron microscopy; TF, RM and MS prepared and visualized 

TEM thin sections and performed cryo-EM; GR contributed SR-SIM visualization; TF, 

SM and TS performed the proteomic analysis; TF performed data analysis and interpreted 

proteomic results; TF and JH wrote the manuscript.  

Contribution of TF: 

Experimental concept and design: 50%; Acquisition of experimental data: 80%; Data 

analysis and interpretation: 85%; Preparation of figures and tables: 100%; Writing of the 

manuscript: 70%.  

 

Chapter III 

3.1 Fragilitenera margaritagerula  gen. nov., sp. nov. and Fragilitenera forsetii  sp. 

nov., new members of the marine clade of Flavobacteriaceae isolated from the North 

Sea  

Tanja Fischer, Richard L. Hahnke, Erhard Rhiel, Sten Littmann, Jens Harder 

Manuscript in preparation. 

Authors' contribution: 

TF, RLH and JH conceived and designed the experiments; TF and RLH performed the 

experiments; TF, ER and SL performed visualization by electron microscopy; TF and 

RLH performed data analysis; TF prepared the figures; TF and JH wrote the manuscript.  
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Contribution of TF: 

Experimental concept and design: 70%; Acquisition of experimental data: 80%; Data 

analysis and Interpretation: 80%; Preparation of figures and tables: 100%; Writing of the 

manuscript: 85%.  

 

3.2 Arcticiflavibacter funis sp. nov., a new member of the genus Arcticiflavibacter 

isolated from the North Sea 

Tanja Fischer, Erhard Rhiel, Sten Littmann, Jens Harder 

Manuscript in preparation. 

Authors' contribution: 

TF and JH conceived and designed the experiments; TF performed the experiments; TF, 

ER and SL performed visualization by electron microscopy; TF performed data analysis 

and figure preparation; TF and JH wrote the manuscript.  

Contribution of TF: 

Experimental concept and design: 80%; Acquisition of experimental data: 85%; Data 

analysis and interpretation: 90%; Preparation of figures and tables: 100%; Writing of the 

manuscript: 85%.  

 

3.3 Simonia syltensis gen. nov., sp. nov., a new member of the family Cytophagaceae 

isolated from the North Sea 

Tanja Fischer, Erhard Rhiel, Sten Littmann, Jens Harder 

Manuscript in preparation. 

Authors' contribution: 

TF and JH conceived and designed the experiments; TF performed the experiments; TF, 

ER and SL performed visualization by electron microscopy; TF performed data analysis 

and figure preparation; TF and JH wrote the manuscript.  
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Contribution of TF: 

Experimental concept and design: 80%; Acquisition of experimental data: 85%; Data 

analysis and interpretation: 90%; Preparation of figures and tables: 100%; Writing of the 

manuscript: 85%.  

 

Appendix: Other contributions 

Adaptive mechanisms that provide competitive advantages to marine Bacteroidetes 

during microalgal blooms 

Frank Unfried, Stefan Becker, Craig S. Robb, Jan-Hendrik Hehemann, Stephanie 

Markert, Stefan E. Heiden, Tjorven Hinzke, Dörte Becher, Greta Reintjes, Karen Krüger, 

Burak Avcı, Lennart Kappelmann, Richard L. Hahnke, Tanja Fischer, Jens Harder, 

Hanno Teeling, Bernhard Fuchs, Tristan Barbeyron, Rudolf I. Amann, Thomas Schweder 

                                                                                                                                                       

In revision at ISME J.  

Authors' contribution: 

TS, JHH and RIA designed research; FU, TF, RLH and JH planned and performed the 

growth experiments; KK, AT conducted the metagenome analyses; HT performed the 

genome sequencing and together with FU and SEH submitted the sequences to NCBI; FU, 

HT, BA, LK and SEH assembled and annotated the genome; FU and BF performed the 

phylogenetic analyses, FU and SEH did gene cluster synteny analyses; GR performed 

laminarin uptake experiments; T.B. performed expert CAZyme annotations; SB, CSR and 

JHH did the structural biological and biochemical analyses; FU, SM, DB and TS planned 

and conducted proteome analyses; TH did statistical analyses of the data; TS, JHH and 

RIA coordinated and supervised the laboratory work; TS and JHH wrote the manuscript, 

RIA was involved in manuscript writing. 

Contribution of TF: 

Experimental concept and design: 2%; Acquisition of experimental data: 2%; Data 

analysis and interpretation: 2%; Preparation of figures and tables: 0%; Writing of the 

manuscript: 0%.  
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Genomic and physiological analyses of ‘Reinekea forsetii’ reveal a versatile 

opportunistic lifestyle during spring algae blooms 

 

Burak Avcı, Richard L. Hahnke, Meghan Chafee, Tanja Fischer, Harald Gruber-Vodicka, 

Halina E. Tegetmeyer, Jens Harder, Bernhard M. Fuchs, Rudolf I. Amann, Hanno Teeling 

 

Published in Environmental Microbiology (2017) 19: 1209–1221  

 

Contribution of TF: 

Experimental concept and design: 5%; Acquisition of experimental data: 5%; Data 

analysis and interpretation: 5%; Preparation of figures and tables: 0%; Writing of the 

manuscript: 0%.  
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Abstract  

Large surface-to-volume ratios provide optimal nutrient uptake conditions for small 

microorganisms in oligotrophic habitats. Extracellular structures provide additional 

advantages by expanding the active surface. Here, we describe chains of vesicles 

protruding from the marine flavobacterial strain Hel3_A1_48 originating from the free-

living bacterioplankton of the coastal sea of Germany. From cells with a large periplasm, 

chains of vesicles with a single membrane, lengths of up to 10 µm, and a vesicle size of 

80-100 nm by 50-80 nm, emanated from the outer membrane. Proteomes of whole cell 

membranes and of vesicles were dominated by outer membrane proteins including 

components of the type IX secretion system (T9SS) and many T9SS-exported surface-

attached proteins that included peptidases, glycoside hydrolases and endonucleases. 

Fluorescein-labeled laminarin was taken up into the periplasm and visualized in the 

protruding vesicle chains. The appendages provide larger amounts of degradative enzymes 

on the cell surfaces and additional storage volume in the periplasmic extension. These 

extended capabilities in nutrient uptake may contribute to the ecological success of the 

bacterium. Cells extruded membrane tubes mainly in the exponential growth phase, 

whereas vesicle chains dominated in the stationary growth phase. This indicated a 

formation by pearling which is a physical morphogenic process of micrometer-large 

bilayer lipid vesicles which stabilize by protrusion of membrane tubes that subsequently 

twist into vesicle chains starting at the distal end. We suggest 'biopearling' as a name for 

the formation of vesicle chains by microorganisms.  

 

Introduction 

Open oceans and coastal seas are oligotrophic habitats for heterotrophic microorganisms. 

Key factors for their ecological success in the photic zone are the usage of light with 

proteorhodopsin or photosystem I for energy conservation (mixotrophic growth) and the 

efficient uptake of nutrients. Active transport occurs by high-affinity uptake systems in the 

membranes, most efficiently via energy-driven uptake over the outer and inner 

membranes. Limiting factors are the diffusive flux of nutrients towards the cell (Schulz & 

Jørgensen, 2001) and the surface area of cells (Koch, 1996). A larger surface-to-volume 

ratio implies that more surface area feeds a given cytoplasmic volume. Consequently, 

small microorganisms thrive favorably in oligotrophic habitats (Gasol et al., 1995; Young, 
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2006). The abundant bacterioplankton species are small, have reduced genomes and are 

immobile, i.e. Pelagibacter (Giovannoni et al., 2005). Cell surface extensions are an 

alternative evolutionary solution for a larger surface-to-volume ratio. Most 

microorganisms have a low intracellular water activity and high turgor pressure which 

forces the inner membrane tightly against the murein sacculus or the outer cell membrane 

and forms the cell morphology. Therefore, cell surface extensions have to be well 

structured for their stability. One example are prosthecae, which are buds or stalks formed 

by an outgrowth of the cell containing cytosol, outer and inner membrane and 

peptidoglycan (Staley, 1968). In oligotrophic environments, prosthecate bacteria are more 

abundant (Poindexter, 2006) for example, the genus Prosthecobacter which has a 

cytoskeleton of tubulins (Jenkins et al., 2002). In contrast, copiotrophic bacteria have 

appendages such as fimbriae, pili and often flagella to interact with the nutrient-rich 

environment. These extracellular structures contribute indirectly to a better nutrient 

uptake, via attachment to surfaces and motility. 

Recently marine bacterioplankton cells were characterized by atomic force microscopy 

and revealed cell surface structures on the nanometer scale (Malfatti & Azam, 2009; 

Malfatti et al., 2010). Five out of six free-living coastal bacteria had distinct cell surface 

architectures (Malfatti & Azam, 2009). These surface structures extended up to 6 µm from 

the cell. Around 30% of the free-living bacteria were conjoint by cell surface structures 

(Malfatti & Azam, 2009). The implications of these associations for the ecological 

functioning of free-living bacteria await exploration, including their relevance for nutrient 

uptake.  

This study started with the detection of unusual extracellular structures on a flavobacterial 

strain in electron micrographs. Strain Hel3_A1_48 was isolated by dilution-to-extinction 

cultivation in oligotrophic, defined liquid medium from a coastal bacterioplankton spring 

bloom and preliminarily affiliated with the genus Formosa (Hahnke et al., 2015). The 

phylotype of the strain was recurrent within a succession of microbial populations that 

thrive on the remains of the annual spring algal bloom in the North Sea near Helgoland 

(Teeling et al., 2012, 2016; Chafee et al., 2018). In the marine carbon cycle, Formosa spp. 

are abundant species in bacterioplankton blooms following an algal bloom in the annual 

local climate cycle as evident from 16S rRNA amplicon sequences from the Atlantic coast 

of North America (Martin-Platero et al., 2018). Sequences with a high identity (> 97.5%) 

to strain Hel3_A1_48 were also found elsewhere in the marine environment, e.g. in the 
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Mediterranean Sea (Thiel et al., 2007), in the Atlantic ocean (Alonso et al., 2010; 

D´ambrosio et al., 2014) and in the Pacific ocean (Preston et al., 2009; Choi et al., 2017).  

To understand the nature of the large cellular protrusions of strain Hel3_A1_48, we 

characterized the appendages by electron microscopy. The biosynthesis of these structures 

was studied over the growth curve. The protein content of the membrane system and 

vesicles was analyzed by mass spectrometry to gain insight into the function of the 

surface-attached strings of vesicles. Our observations indicated a protrusion of the outer 

membrane in the form of a tube which is instable and twists into a chain of vesicles, a 

process called pearling (Bar-Ziv & Moses, 1994; Yu & Granick, 2009). 

 

Methods 

Cultivation 

Strain Hel3_A1_48 was cultivated using 10% (v/v) inoculum in HaHa_100V medium 

(Hahnke et al., 2015) in 15 ml polystyrol tubes (Greiner Bio-One, Kremsmünster, Austria) 

at 21°C shaking with 55 rpm. For testing different growth conditions, 1% (v/v) inoculum 

was used in triplicate cultures. Glucose (final conc. 2 g/L), casaminoacids (final conc. 

0.5 g/L), phosphate (final conc. 200 µM), ammonium (final conc. 0-1.6 mM) and/or 

sodium carbonate (final conc. 30 mM) were added to the medium. Other growth tests 

included the addition of L-methionine, L-cysteine, or L-alanine (final conc. 0.25 mM and 

0.5 mM). Dimethyl disulfide (DMDS, 50 µM and 250 µM final aqueous conc.) was added 

to 100 ml HaHa_100V medium in 1L-glass bottles with Teflon
TM

 stopper. Samples for 

TEM were taken and growth was monitored at 600 nm using an UVmini-1240 

spectrophotometer (Shimadzu, Kyoto, Japan) at regular intervals. 

Transmission electron microscopy (TEM) 

Cells grown in HaHa_100V medium were investigated unfixed unless otherwise stated. 

When fixation was performed, it was done using 1% (v/v) glutaraldehyde for 1-2 h at RT. 

The cells were washed three times in HaHa_100V medium by centrifugation at 18 500x g 

for 4 min. A 400-mesh copper grid (Quantifoil® Q12205, 100 Formvar® film, Quantifoil 

Micro Tools GmbH, Großlöbichau, Germany) was placed on 50 µl of a fresh culture for 3-

5 minutes. Then the grid was negatively stained with 1% (w/v) aqueous uranyl acetate for 

1 min, washed three times in deionized water and air-dried. The cells were imaged with a 

Zeiss EM 902A transmission electron microscope (Carl Zeiss, Oberkochen, Germany) 



 Chapter II: Biopearling

  

45 
 

with 80 kV acceleration voltage and at calibrated magnifications. Cells were analyzed 

with the program MeasureIT (Olympus Soft Imaging System GmbH, Münster, Germany).   

Scanning electron microscopy (SEM) 

50 µl of a freshly grown culture were spotted on a silica wafer (5 x 7 mm, Ted Pella, Inc., 

Redding, CA, USA) and allowed to settle for up to 1 h at 21 °C without falling dry. The 

cells were dehydrated by incubation in an ethanol series (30%, 50%, 70%, 80% and 96% 

(v/v), each for 10 min). Samples in 99% ethanol were loaded into a critical point dryer 

(LEICA EM CPD 300, Leica, Vienna, Austria) where the ethanol was exchanged with 

CO2 and thereby dried with minimal artifacts (Passey et al., 2007). After mounting the 

samples on an aluminum stub with sticky carbon tape (PLANO GmbH, Wetzlar, 

Germany) the samples were imaged in a scanning electron microscope (Quanta
TM

 250 

FEG, FEI, Eindhoven, The Netherlands) with 2 or 5 keV and secondary electron (SE) 

images were recorded. 

Energy dispersive x-ray analysis (EDX) 

EDX was performed using the Quanta
TM

 250 FEG equipped with a Bruker double detector 

system (XFlash 6/30 series, Bruker Nano GmbH, Berlin, Germany) with 10 and 20 kV on 

300 nm sections on slotgrids prepared at the EMBL (Heidelberg) and described in the 

following paragraph. The EDX detectors have an energy resolution of <123 eV at the Mn 

Kα-line. The data were processed using the Bruker software package Esprit 1.9. Images 

were taken with the SEM using the STEM detector. 

 

Thin section TEM 

Freshly grown 9 mL cultures were centrifuged in 1.5 ml-portions at 18 500x g for 5 min. 

Three pellets per culture were suspended in 2 µl 20% BSA in PBS (for EPON embedding) 

and three pellets were suspended in 2 µl dextran (high molecular weight) in PBS (for 

Lowicryl HM20 embedding). The pellets were high pressure frozen using a HPM 010 

(ABRA Fluid AG, Widnau, Switzerland). Freeze substitution was performed with a Leica 

EM AFS2 (Leica Microsystems, Vienna, Austria) and cells were embedded into either 

Lowicryl HM20 or EPON. The samples embedded into Lowicryl HM20 were substituted 

in 0.1% (w/v) uranyl acetate in acetone and the samples embedded into EPON with 1% 

(w/v) OsO4 in acetone and 2% (w/v) uranyl acetate in water.  
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After trimming, 70 nm thin sections were cut and floated onto 100 mesh Formvar coated 

copper grids (G2410D, PLANO GmbH). Lowicryl sections were poststained with 2% 

(w/v) uranyl acetate in 70% methanol and Reynolds lead citrate. Sections were visualized 

with a transmission electron microscope (Biotwin CM 120, FEI). Additionally, 300 nm 

sections were prepared on Formvar coated slot grids (Quantifoil Micro Tools GmbH) for 

EDX measurements. 

Cryogenic electron microscopy (cryo-EM) 

Carbon-coated mesh copper grids (C-flat, Protochips, Morrisville, NC, USA) were treated 

in a glow discharger (PELCO easiGlow
TM

, Ted Pella, Inc.) and 3 µl of a freshly grown 

culture were applied. The sample was frozen in liquid ethane (Lepault et al., 1983) using a 

FEI Vitrobot (FEI, Hillsboro, OR, USA) (blot time 2s, plunge time 4s). The samples were 

kept in liquid nitrogen until visualization with 100 kV in a TF30 Polara (FEI), equipped 

with a Ultrascan 4000 CCD camera (Gatan, Pleasanton, CA, USA).  

Proteomics 

For proteomic analyses, cells were grown in triplicate cultures in 250 ml cell culture 

bottles (Greiner Bio-One) in HaHa_100V medium at 21 °C with slow shaking (10 rpm) on 

an orbital-shaker (GFL, Burgwedel, Germany) and harvested in the exponential or 

stationary growth phase. Vesicles were prepared from culture solution similar to the 

description by Kulkarni & Jagannadham (2014). Cells from the exponential or stationary 

growth phase were pelleted by centrifugation at 4390x g for 10 min. The pellet was later 

used for the preparation of the crude membrane fraction. The supernatant was centrifuged 

at 27 440x g for 15 min (Beckman L-70 ultracentrifuge, Beckman Coulter, Brea, USA). 

The supernatant was filtered through a 0.2 µm syringe filter to remove residual cells. The 

vesicle fraction was concentrated by ultracentrifugation at 142 019x g for 2 h (Beckman 

70.1 Ti rotor). Protein concentrations were determined by the Bradford protein microassay 

(Bio-Rad, Hercules, CA, USA) according to manufacturer’s instructions (Suppl. Table 

S2). The pellet was resuspended in 100 mM KCl, 50 mM TRIS buffer (pH 7.5), frozen 

rapidly in liquid nitrogen and kept at - 80 °C until further use.  

For enrichment of membrane proteins, bacterial cell pellets were resuspended in Tris-

EDTA buffer (TE buffer: 10 mM Tris-HCl pH 7.5, 10 mM EDTA pH 8.0) and subjected 

to sonication on ice (3 x 30 s at 30% intensity, with 20 s break). Unbroken cells were 

removed by centrifugation at 8000x g for 10 min. The supernatant (crude protein extract) 
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was ultracentrifuged at 105 000x g for 1h (Beckman L7 65, 50.2 Ti rotor) to enrich the 

bacterial membranes. This pellet was frozen with liquid nitrogen and kept at - 80 °C until 

further use. Both the membrane and the vesicle pellets were thawed on ice, resuspended in 

500 µl TE buffer and homogenized using a pistil for measuring the protein content with 

the Roti-Nanoquant assay according to manufacturer’s instructions, before separation on 

an SDS-gel. Around 25 µg of protein per sample was mixed with 4 x loading buffer 

(200 mM Tris-HCl pH 6.8, 50 mM EDTA pH 8.0, 40% glycerol, 8% SDS, 0.08% 

bromophenol blue, 1 mM dithiothreitol), loaded on a 10% SDS-gel and separated for 

75 min at 150 V. The gel was fixed with ethyl acetate and stained with Coomassie 

Brilliant Blue G-250 (Suppl. Fig. S13). Each sample lane was divided into 10 equal sized 

pieces (subsamples), which were cut into several smaller pieces and transferred to 10 

separate 1.5 ml tubes. All subsamples were repeatedly washed (200 mmol L
-1

 NH4HCO3 

and 30% acetonitrile, at 37 °C, 30 min) until destained, and proteins were in-gel digested 

for 16 h using trypsin (Promega, Madison, WI, USA). Peptides were eluted in an 

ultrasonic bath for 15 min and desalted using ZipTip columns (C18, Millipore, Billerica, 

MA, USA) according to the manufacturer’s instructions. 

Peptide samples were separated by reversed phase C18 column chromatography on a nano 

ACQUITY-UPLC (Waters Corporation, Milford, MA, USA) as described by Otto et al. 

(2010). Mass spectrometry (MS) and MS/MS data were recorded using an online-coupled 

LTQ-Orbitrap Classic mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, 

USA). We searched MS spectra against a target-decoy protein sequence database 

including sequences of strain Hel3_A1_48 (CP017259, Unfried et al., in review) and of 

common laboratory contaminants using the Sorcerer-Sequest platform (Thermo Fisher 

Scientific, San Jose, CA, USA; v 27.11) and Scaffold 4 (Searle, 2010). The FDR (false 

discovery rate) on peptide and protein level was set to 0.01 (1%). Only proteins with a 

minimum of two peptide identifications were considered identified. Additionally, we used 

a replicate filter, i.e., only proteins that were detected in at least 2 out of 3 replicates were 

included in the semi-quantitative analysis. The contaminants were removed from the 

identified protein list and the three replicates of each sample were combined into one 

table. TSC (total spectral count) values were normalized to protein size by division by the 

molecular weight of the detected protein. The normalized spectral abundance factor 

(NSAF%) values were obtained by dividing the normalized TSCs by the sum of all TSCs 

for one replicate, giving the relative proportion of each protein as compared to all proteins 

in the sample. Then an average of the NSAF% value of the three replicates was calculated. 
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When the protein was only detected twice, the zero value was left out of the average 

calculation.  

Super-resolution structured illumination microscopy (SR-SIM)   

Cells were grown in a preculture containing 2 g/L laminarin in HaHa_100V medium and 

then inoculated with 1% (v/v) into fresh HaHa_100V medium with 50 µl fluorescein-

labeled laminarin (35 µM) (as described in Arnosti, 2003 and Reintjes et al., 2017). Cells 

were fixed at different time points after addition of the label with 2% formaldehyde (final 

conc.) and kept in the fridge. 50 µl of fixed culture was heat fixed (50 °C) to a glass 

microscopic slide. The cells were counter-stained with 4´6-diamidino-2-phenylindole 

(DAPI) for 7 min and Nile red for 30 min and subsequently rinsed in ultrapure water. The 

cells were dried and a cover glass was mounted using Citifluor/VectaShield (4:1 v/v). 

Cells were visualized with super-resolution structured illumination microscopy (SR-SIM) 

on a Zeiss ELYRA PS.1 (Carl Zeiss) using 561, 488, 405 nm lasers and BP 573-613, BP 

502-538 and BP 420-480+LP 750 optical filters. Z-stack images were taking using a Plan-

Apochromat 63x/1.4 oil objective and processed using the ZEN2011 software (Carl 

Zeiss).  

 

Results 

Morphology and fine structure of appendages 

Extracellular structures of strain Hel3_A1_48 were visualized with transmission electron 

microscopy (TEM), scanning electron microscopy (SEM) and cryo-electron microscopy 

(cryo-EM) on whole cells and with TEM on thin sections of cells. In TEM and SEM 

micrographs (Fig. 1; Suppl. Fig. S1, S2) Hel3_A1_48 cells appeared as oval shaped cells 

with a length of 500 to 1100 nm and a width of 300 to 600 nm. For TEM images, the 

bacteria were grown to stationary phase and directly visualized after negative staining and 

air-drying to avoid mechanical stress during centrifugation. In this process, parts of the 

cells seemed to collapse and it is unknown whether the drying process modified the 

structure of the appendages. Chains of at least two vesicles were observed on 69% of cells 

(n= 354). We observed up to 5 chains per cell (Suppl. Fig. S1 A). The vesicle chains had a 

length varying between 1 and 10 µm (Suppl. Fig. S1). Individual vesicles in the chains 

were very regular, with 80-100 nm in length and 50-80 nm in diameter. Single vesicles 

and shorter chains detached from cells were visible, which may have been separated from 

cells before or during the sampling preparation. TEM images also revealed straight tubes 
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that were detached from cells and not twisted into a chain of vesicles (Fig. 1 A, B; Suppl. 

Fig. S1 B, D). Tubes usually had a length from 0.5 to 2 µm and a diameter of 50 to 80 nm. 

Besides these untwisted tubes, some appendages may have undergone additional twist(s) 

into an overtwisted tube that resulted in visualization as branching vesicle chain (Suppl. 

Fig. S1 E, I). Thicker vesicles were present as minor fraction, with a size of 160-250 nm in 

length and a diameter of 130-200 nm (Fig. 1B; Suppl. Fig. S1 A, D, G). They appeared 

more frequently at the end of a chain. This minor fraction was identified as vesicles with 

two membranes based on thin-section TEM graphs (see below).  

 

Fig. 1: TEM and SEM (SE) micrographs of strain Hel3_A1_48 in stationary growth phase. Cells grown in 

HaHa_100V medium at 21°C to stationary phase were negatively stained with 1% uranyl acetate for TEM 

[A-C]. They were passively settled on a silica wafer, dehydrated by an ethanol-series and preserved using 

critical point drying for SEM [D-F]. Bar corresponds to 100 nm [C], 500 nm [A, B, E, F] or 1 µm [D].  

TEM observations were confirmed in SEM images of stationary cells showing cells 

dehydrated with ethanol and dried at the critical point (Fig. 1 D-F, Suppl. Fig. S2). Cell 

protuberances were seen as up to 2 µm long chains of vesicles. Chains contained up to 20 

vesicles, with sizes of 100-140 nm in length and 70-100 nm in diameter. Single vesicles 

and detached tubes and chains of vesicles were also present. More vesicles and chains 

were detached in samples that had undergone mechanical stress (centrifugation and 

resuspension) indicating a fragility of the cellular protrusions (data not shown).  
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For a high-resolution insight into the vesicle systems, stationary cells were high pressure 

frozen, freeze-substituted and cut into thin sections of 70 nm thickness. In TEM 

micrographs of these sections, the extracellular structures were predominantly vesicle 

chains with one membrane and a length of up to 1.8 µm. The chains were found connected 

to cells or in close proximity (Fig. 2 A, C, J; Suppl. Fig. S3 D). Detached chains were 

rarely observed (Fig. 2 B; Suppl. Fig. S3 C) and membrane tubes were scarcely detected 

(Fig. 2 J). The presence of one membrane in the abundant vesicles suggested an origin 

from the outer membrane (Fig. 2 A-C, J). These outer membrane vesicles (OMV) had a 

length of 80 to 120 nm and a diameter in the range from 50 to 80 nm. Larger vesicles with 

two membranes were present as minor fraction, with sizes of 120 to 200 nm in length and 

90 to 160 nm in diameter (Fig. 2 D-F; Suppl. Fig. S3 A, B, D, E; S6 A). These outer and 

inner membrane vesicles (O-IMVs) (according to Pérez-Cruz et al., 2013) were mostly 

present as one double membrane vesicle in a chain of OMVs, but sometimes as single O-

IMV.  

The periplasm between the outer and inner membranes of many cells appeared as a large 

space in TEM thin section micrographs. It often had a span of 15 - 20 nm and was 

enlarged in the area of cellular protrusion (Fig. 2 G, F, I; Suppl. Fig. S3 A). Several cells 

showed an onset of a protrusion forming OMVs or O-IMVs (Fig. 2 G-I). This argues that 

the vesicles are extrusions of the outer membrane of strain Hel3_A1_48 cells. 

Peptidoglycan is covalently linked to the outer membrane by lipoprotein(s) (Braun & 

Rehn, 1969; Mizuno, 1981) and therefore can be expected to be extruded together with the 

outer membrane. This hypothesis was supported by peptidoglycan-like structures that 

were detected in the periplasm close to the outer membrane (Fig. 2 D, Suppl. Fig. S4) as 

well as within OMVs (Fig. 2 D; Suppl. Fig. S3 C) and O-IMVs (Fig. 2 D).  
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Fig. 2: Thin sections of strain Hel3_A1_48 in transmission electron micrographs. Cells grown in 

HaHa_100V medium at 21°C to stationary phase were pelleted and prepared by high-pressure freezing, 

freeze-substitution and sectioning into 70 nm thin sections for TEM. Bar corresponds to 50 nm [G, H], 

100 nm [B, D, I], 200 nm [C, E, F] or 250 nm [A, J]. 

TEM graphs of thin sections also revealed a specialized structure within the cells that was 

heavily stained with either osmium tetroxide or uranyl acetate (Fig. 2 H; Suppl. Fig. S3 A, 

B). Element analyses of the cellular content by energy-dispersive X-ray analysis (EDX) 

identified elevated concentrations of magnesium, potassium, calcium, uranium 
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(originating from the stain), oxygen and phosphorus for the heavily stained structure 

(Suppl. Fig. S5). This composition suggested a polyphosphate granule. Small 

polyphosphate granules were also observed in O-IMVs (Suppl. Fig. S3 B).  

 

Fig. 3: Cryo-electron micrographs of stationary phase cells of strain Hel3_A1_48. Cells grown in 

HaHa_100V medium were directly frozen on the grid in liquid ethane and observed in a frozen state. Bars 

correspond to 100 nm.   

The large periplasmatic space of the cells was also detected in cryo electron micrographs, 

a technique known for the visualization of cellular compounds in a nearly undisturbed 

native state. The cells had besides a large periplasm (Fig. 3 A, E; Suppl. Fig. S6 B), chains 

of vesicles (Fig. 3 A; Suppl. Fig. S6 B) and membrane tubes (Fig. 3 D, E). These 

structures had one membrane (Fig. 3 A, C, D, E; Suppl. Fig. S6 B). On the inner side of 

the membrane an electron dense layer was visible (Fig. 3 C), likely the peptidoglycan. The 

outer surface had a fuzzy layer (Fig. 3 C), similar to the lipid-anchored protein layer on the 

outer membrane of other Bacteroidetes (Liu et al., 2007; Veith et al., 2014; Veith et al., 
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2017). A transition from a tubular appendage to a vesicle chain was observed at the end of 

an appendage structure (Fig. 3 D). The cells appeared polymorph, with protrusions of the 

cytoplasm (Fig. 3 B) or even forming an inner membrane vesicle, both still enclosed by 

the outer membrane of the cell (Suppl. Fig. S6 A).  

In summary, all EM techniques showed the appending structures as vesicle chains, 

sometimes as elongated tubes and single vesicles, suggesting that they are no artifact of 

preparation.  

 

Biosynthesis of vesicle chains 

Formation of the extracellular structures was investigated under different growth 

conditions to detect factors influencing the vesicle chain formation. Strain Hel3_A1_48 is 

unable to grow on plates and in liquid media rich in organic substances (Hahnke et al., 

2015). The standard medium HaHa_100V for growing cells had 17 mM organic carbon, 

15 µM ammonium and 160 µM phosphate and supported growth at 21°C to an optical 

density of 0.14 at 600 nm within 10 days from an inoculum of 1% (v/v) culture of freshly 

grown cells in the same medium (Fig. 4). Including the nitrogen sources in the organic 

compounds, this medium provides nutrition balanced in carbon and nitrogen with a small 

surplus of phosphate. The latter was used by the cells to store polyphosphate granules as 

shown by SEM-EDX (Suppl. Fig. S5). In this medium, cells possessed no or very short 

appendages in the early exponential phase (Fig. 4 A, B). Tubes were observed at the end 

of the exponential growth phase (Fig. 4 C). The early stationary phase showed cells with 

tubes (Fig. 4 D) and some tubes had undergone a twist into chains of vesicles (Fig. 4 E). 

Cells sampled later in the stationary phase had more and longer vesicle chains (Fig. 1). 

Thus, the TEM graphs of different growth phases suggested a protrusion of a tube that in a 

later stage was twisted into a chain of vesicles.          
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Fig. 4: Appendage formation during growth of strain Hel3_A1_48 cells. The cells were grown in 

HaHa_100V medium  at 21°C and sampled at different time points for TEM analyses. Cells were fixed and 

negatively stained with 1% uranyl acetate. Bar corresponds to 500 nm [A-C, E] and 1 µm [D].  

The influence of growth conditions on the formation of appendages was tested by 

changing the carbon to nitrogen ratio in the medium. Deletion of oligopeptides (casamino 

acids) in the medium suppressed growth, although sugars and ammonium were present as 

carbon and nitrogen source (data not shown). The strain grew on casamino acids or 

peptone in the absence of sugars, representing a nitrogen surplus medium. We tested 

different sulfur sources: HaHa_100V medium was complemented with 50 or 250 µM 

dimethyl disulfide, 0.25 or 0.5 mM cysteine, 0.25 or 0.5 mM methionine, or 0.25 or 

0.5 mM alanine. Growth was not affected by dimethyl disulfide, but the amino acids 

slightly inhibited growth speed and biomass formation (Suppl. Fig. S7, S8). Modifications 

in the vitamin or trace element concentration did not influence the growth behavior. 

Electron micrographs revealed that the appendages were formed under all tested 

conditions (partially shown in Suppl. Fig. S9). 
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Proteins in membranes and vesicles 

EM graphs had revealed the presence of non-attached vesicles in the cultures, with the 

same size as the vesicles in the protruding chains on the cells. Therefore we tested 

different vesicle preparations (described in detail in Suppl. methods) to include a vesicle 

fraction in the proteome analyses. The vesicle fraction was defined as pellet after cell 

removal, filtration through a 0.2 µm-filter and ultracentrifugation (Møller et al., 2005; 

Shetty et al., 2011; McCaig et al., 2013; Kulkarni et al., 2014; Remis et al., 2014), with 

some preparations including an initial mechanical stress to shear the vesicles off the cell 

surface (Shetty et al., 2011; Kulkarni et al., 2014; Remis et al., 2014). Outer membrane 

preparations (described in detail in Suppl. methods) used the solubilization of inner 

membranes by sarkosyl (Møller et al., 2005; Thein et al., 2010 (method 1); Shetty et al., 

2011), density differences of outer and inner membranes in sucrose gradients (Kulkarni et 

al., 2014), the stability in carbonate buffer at pH 11.0 or a combination of the techniques 

to obtain pure membranes (Thein et al., 2010 (method 2); Koßmehl et al., 2013). SDS-

PAGE and MALDI-TOF-MS analyses (both described in detail in Suppl. methods) of the 

outer membrane preparations (Suppl. Fig. S10 A) and the vesicle fractions (Suppl. Fig. 

S10 B) revealed a range of outer membrane proteins, mainly porins and outer membrane 

transporters, known as TonB-dependent receptors (Suppl. Table S1). Most abundant was a 

putative OmpL-like beta-barrel porin (NCBI: AOR25254) with a calculated mass of 

34 kDa. Proteins of the flavobacterial type IX secretion system (T9SS) were detected in 

the vesicle fraction: the gliding motility-associated protein GldN and lipoproteins GldJ 

and GldK and a LTD domain-containing protein (AOR25680) with the C-terminal sorting 

domain of the T9SS, formerly the Por secretion system. Although the predicted size of the 

protein AOR25680 was 61 kDa, it appeared at 220 and 240 kDa on the SDS gels, 

suggesting a covalent modification.  

These initial studies prompted an in-depth comparison of the membrane proteins present 

in a total membrane preparation from cells and in isolated vesicles (43 Svedberg (S) 

pellet) during different growth stages (exponential and stationary phase). The different 

fractions (Suppl. Table S2, Suppl. Fig. 12) were visualized using SEM (Suppl. Fig. S11), 

and the vesicle fraction was additionally visualized with TEM to confirm that it was 

largely devoid of cells (Suppl. Fig. S11 D). One dimensional SDS-PAGE (Suppl. Fig. 

S13) was combined with enzymatic digestion and LC-MS/MS analyses of the 

oligopeptides to identify also proteins with minor abundances. Of 1866 protein coding 
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sequences present in the genome, 1310 proteins were detected in the membrane fraction 

originating from growing cells in the exponential phase, whereas 1075 proteins were 

detected in membranes representing stationary cells. Fewer proteins were found in vesicle 

fractions: 374 proteins represented vesicles found in the exponential phase, but only 285 

proteins were discovered in vesicles of the stationary phase (Suppl. Table S3).  

Using a PSORTb 3.0.2 (Yu et al., 2010) subcellular localization prediction, we grouped 

the proteins and analyzed the detection rate of proteins originating from different cellular 

localizations. Outer membrane proteins were detected in all four samples, cell membranes 

and vesicles from exponential and stationary cultures covering 78-89% of all predicted 

outer membrane proteins. Proteins of the inner membrane were abundantly present in the 

membrane fraction (43% and 60% detection coverage), but underrepresented in the 

vesicles (4% and 11%) (Suppl. Table S4). This supported an origin of the vesicles from 

the outer membrane. Cytosolic, periplasmic and extracellular proteins had detection 

coverages of 8-84, 47-82 and 44-72%, respectively (Suppl. Table S5). The membrane 

fractions contained many cytosolic proteins, because we did not wash the membrane 

fraction to avoid losses. 

We also used a set of marker proteins (Suppl. Table S6) and their abundance (NSAF%) to 

compare the portion of the cellular compartments in the preparations. The portion of 

periplasmic and outer membrane proteins increased from the exponential to the stationary 

phase (Suppl. Table S7), coinciding with the increase in appendage numbers and sizes on 

the cells. These proteins were also more abundant in the vesicles, whereas proteins from 

the cytosol and the inner membrane were less abundant in vesicles in comparison to the 

membrane preparation. Vesicles and membranes were prepared as 43 Svedberg pellet by 

ultracentrifugation. This force precipitates also proteins and protein complexes larger than 

1.3 MDa molecular mass, e.g. chaperone or glutamin synthetase complexes. In addition, 

proteins binding to membranes are expected to be sampled in our approach. During the 

generation of outer membrane vesicles, inner membrane proteins of large complexes that 

include proteins in the outer and in the inner membrane may also be exported into the 

vesicles. This has to be considered in the interpretation of the abundance of individual 

proteins. Eighty-eight proteins had a normalized spectral abundance factor (NSAF%) of    

> 0.4 in one of the samples and were manually annotated, in addition to the automatic 

annotation (Table 1). Twenty-nine proteins were outer membrane proteins or associated 

with the OM according to PSORTb or as indicated by manual annotation with a focus on 
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the T9SS complex. The automated prediction of PSORTb relies strongly on the detection 

of beta-barrels and transmembrane alpha-helices for the identification of outer and inner 

membrane proteins, respectively. A lack of predicted beta-barrels will assign other 

locations to the proteins. In this study, proteins of the T9SS complex and proteins 

possessing a peptidoglycan binding domain similar to that of OmpA were not always 

identified by PSORTb as outer membrane proteins. GldB, J, K, L, M, N, SprA, E, F, T and 

PorV, U of the T9SS were detected in membranes and in vesicles (Suppl. Table S8), 

together with 20 proteins (five with NSAF% > 0.4) possessing the T9SS C-terminal target 

domain directing an export via T9SS and a covalent modification with an anionic 

lipopolysaccharide (TIGRfam04131 and 04183) (Suppl. Table S9). Catalytic activities of 

these enzymes which are expected to be located as lipoproteins on the surface of the outer 

membrane include endonucleases, peptidases and glycoside hydrolases for the degradation 

of biogenic polymers. Transport through the outer membrane may occur by porins for the 

passive transport as well as by active transport systems with ExbD/TolR and TonB-

dependent receptor. Both were abundant in the membrane and vesicle fractions. One 

cytoplasmic protein was 34-fold more present in the membrane fraction of the exponential 

phase: the O-acetylhomoserine aminocarboxypropyltransferase (EC 2.5.1.49) captures 

methanethiol for the synthesis of methionine. We found that dimethyl disulfide as 

methanethiol precursor did not improve growth of the strain (Suppl. Fig. S8). However, in 

nature methanethiol may be the sulfur source for the species. In summary, our detailed 

proteomic analyses of vesicles and membranes indicated a dominant presence of outer 

membrane proteins in the vesicles.  

Table 1: Most abundant proteins (with NSAF% ≥ 0.4 in one of the samples) from the vesicle and the 
membrane fraction of the exponential and stationary growth phase cells of strain Hel3_A1_48. VE= vesicle 

fraction exponential phase, VS= vesicle fraction stationary phase, ME= membrane fraction exponential 

phase, MS= membrane fraction stationary phase 

Protein ID Annotation  MW 

[kDa] 

VE VS ME MS Localization 

PSORTb 

3.0.2 

Localization 

manually 

annotated 

AOR25254 OmpL-like OM-

channel, beta-barrel 

porin-2 

35 8.330 6.719 2.611 4.150 Unknown Outer 

membrane 

AOR25288 Protein with 

peptidoglycan 

binding domain 

similar to OmpA 

31 5.689 4.695 1.144 2.003 Cytoplasmic 

membrane 

Periplasm 

AOR25736 Gliding motility 

lipoprotein GldJ 

64 3.687 3.168 0.182 0.196 Outer 

membrane 

OM + 

periplasm 
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AOR26642 Gliding motility 

lipoprotein GldK 

52 3.347 2.605 0.198 0.189 Cytoplasmic OM + 

periplasm 

AOR26723 OmpL-like OM-

channel, beta-barrel 

porin-2 

35 3.186 1.464 1.408 1.581 Outer 

membrane 

 

AOR26645 Gliding motility 

protein GldN 

41 2.615 2.859 0.156 0.145 Cytoplasmic OM + 

periplasm 

AOR26575 Protein with 

domain of unknown 

function (DUF5017) 

52 2.503 0.870 0.712 0.658 Outer 

membrane 

 

AOR25738 PorV( T9SS) 47 2.179 3.286 0.288 0.212 Outer 

Membrane 

 

AOR25966 TonB-dependent 

outer membrane 

protein of 

SusC/RagA family 

112 1.852 3.622 1.712 1.805 Outer 

membrane 

 

AOR25585 Conserved protein 

(DUF4136) of 

bacterial 

lipoproteins 

19 1.803 4.161 0.831 1.285 Unknown  

AOR26486 Protein with 

unknown function 

21 1.702 3.537 0.379 0.299 Outer 

membrane 

 

AOR26716 DUF1573 domain-

containing protein 

17 1.324 2.463 0.553 0.955 Unknown  

AOR25720 Protein with 

unknown function 

35 1.217 2.147 0.099 0.056 Unknown  

AOR26448 TonB-dependent 

outer membrane 

protein of 

SusC/RagA family 

105 1.001 2.390 0.641 1.386 Outer 

membrane 

 

AOR25874 PorT family protein 

in outer membrane  

28 0.975 0.432 0.051 0.060 Unknown Outer 

membrane 

AOR26302 OmpA family 

protein, with 

peptidoglycan 

binding domain  

50 0.972 2.576 1.343 1.389 Outer 

membrane 

 

AOR25767 FKBP-type peptidyl-

prolyl cis-trans 

isomerase 

38 0.893 0.324 0.127 0.074 Unknown  

AOR26643 Gliding motility 

protein GldL 

22 0.874 0.256 1.545 2.432 Unknown CM + 

periplasm 

AOR26876 C-terminal 

processing 

peptidase_S41_CPP 

53 0.794 1.065 0.145 0.144 Outer 

membrane 

 

AOR26784 DUF541 domain-

containing protein 

(YggE), kinase-

interacting SIMPL 

domain 

26 0.760 0.564 0.279 0.505 Unknown  

AOR25680 T9SS C-terminal 

target domain- 

protein with Lamin 

Tail Domain  

61 0.693 1.875 0.406 0.465 Unknown OM + 

extracellular 

AOR25530 Elongation factor Tu 43 0.692 0.109 0.648 1.197 Cytoplasmic  

AOR26574 TonB-dependent 

receptor  

103 0.622 0.656 0.297 0.393 Outer 

membrane 
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AOR26993 T9SS C-terminal 

target domain-

containing protein 

40 0.620 0.317 0.117 0 Extracellular  

AOR26505 Protein with 

unknown function 

42 0.606 3.895 0.037 0.410 Unknown  

AOR26632 Chaperonin GroEL 57 0.603 0.090 0.999 1.073 Cytoplasmic  

AOR26184 T9SS membrane 

protein PorP/SprF 

38 0.592 1.131 0.110 0.064 Outer 

membrane 

 

AOR26178 Protein with 

unknown function 

26 0.584 0.388 0.083 0.037 Unknown  

AOR26182 OmpH-like outer 

membrane protein  

19 0.550 1.089 0.202 0.256 Unknown Outer 

membrane 

AOR26484 T9SS C-terminal 

target domain-

containing protein 

with 

sodium/calcium 

exchanger  

378 0.536 0.284 0.060 0.017 Unknown OM + 

extracellular 

AOR26594 Protein with 

unknown function 

48 0.535 0.389 0.014 0.016 Outer 

membrane 

 

AOR25578 Glutamine 

synthetase 

38 0.532 0.097 1.091 1.824 Cytoplasmic  

AOR25822 DUF1573 domain 

containing protein  

15 0.523 0.271 0.073 0.039 Unknown  

AOR26504 TonB-dependent 

outer membrane 

protein of 

SusC/RagA family 

105 0.521 0.648 0.277 0.310 Outer 

membrane 

 

AOR25487 T9SS C-terminal 

target domain-

containing protein 

with Fibronectin 

type III domain 

96 0.510 0.538 0.124 0.104 Extracellular  

AOR26551 MotA/TolQ/ExbB 

proton channel 

family protein for 

biopolymer 

transport  

28 0.500 0.102 1.095 1.220 Cytoplasmic 

membrane 

 

AOR26233 DUF2490 domain-

containing protein, 

outer membrane 

beta barrel protein 

28 0.499 1.263 0.034 0.027 Outer 

membrane 

 

AOR25413 DUF1566 domain-

containing protein 

30 0.473 0.330 0.013 0.009 Extracellular  

AOR26870 Cytochrome c 

superfamily 

13 0.470 0.678 0.079 0.099 Unknown  

AOR26555 Biopolymer 

transporter 

ExbD/TolR 

18 0.464 0.061 0.469 0.683 Unknown Cytoplasmic 

membrane 

AOR25345 Protein with 

unknown function 

38 0.450 0.514 0.099 0.079 Outer 

membrane 

 

AOR25794 YceI family protein 21 0.448 0.363 0.273 0.096 Unknown  

AOR26879 DUF4252 domain-

containing protein 

21 0.438 0.570 0.107 0.138 Cytoplasmic  
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AOR26556 Outer membrane 

protein with beta-

barrel domain (porT 

family protein) 

25 0.436 0.576 0.064 0.011 Outer 

membrane 

 

AOR25309 TPR 6 superfamily 

(tol-pal system 

protein YbgF) 

28 0.409 0.096 0.543 0.589 Unknown  

AOR26266 TonB-dependent 

outer membrane 

cobalamin receptor 

protein  

67 0.409 0.296 0.320 0.248 Outer 

membrane 

 

AOR26066 Protein with 

unknown function 

22 0.408 2.147 0.047 0.030 Cytoplasmic 

membrane 

 

AOR25967 RagB/SusD family 

nutrient uptake 

outer membrane 

protein 

52 0.398 0.710 0.348 0.637 Extracellular  

AOR27028 Prohibitin family in 

SPFH superfamily, 

regulator of 

protease activity 

HflC 

30 0.394 0.101 0.743 0.679 Cytoplasmic  

AOR26810 Transporter in 

putative MetA-

pathway of phenol 

degradation 

37 0.373 0.654 0.081 0.076 Outer 

membrane 

 

AOR26085 Zn-dependent 

peptidase of M16_C 

superfamily  

76 0.363 1.018 0.173 0.259 Unknown  

AOR26098 Protein with 

peptidoglycan 

binding domain 

similar to OmpA 

35 0.352 0.682 0.229 0.537 Cytoplasmic 

membrane 

 

AOR25407 T9SS C-terminal 

target domain-

containing protein 

49 0.350 0.785 0.080 0.094 Unknown  

AOR26761 Periplasmic protein 

involved in 

polysaccharide 

biosynthesis/export 

28 0.336 0.237 0.198 0.445 Unknown Periplasmic 

AOR25464 Tetratricopeptide 

(TPR) repeat 

protein  

47 0.335 0.472 0.147 0.173 Unknown  

AOR25606 Tetratricopeptide 

(TPR) repeat 

protein  

55 0.326 0.426 0.178 0.304 Unknown  

AOR25974 Protein with 

unknown function 

31 0.306 0.631 0.080 0.089 Unknown  

AOR25945 50S ribosomal 

protein L5 

20 0.271 0 0.601 0.339 Cytoplasmic  

AOR25710 Protein with 

unknown function 

38 0.257 0.532 0.148 0.362 Unknown  

AOR26447 F0F1 ATP synthase 

subunit beta 

54 0.235 0.017 0.462 0.310 Cytoplasmic  

AOR26084 Zn-dependent 

peptidase of family 

M16 

50 0.231 0.416 0.106 0.158 Periplasmic  
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AOR25320 Amidohydrolase 

superfamily  

48 0.223 0.496 0.048 0.095 Unknown Cytoplasmic 

AOR26257 30S ribosomal 

protein S2 

29 0.219 0 0.568 0.323 Cytoplasmic  

AOR26083 50S ribosomal 

protein L21 

19 0.212 0 0.509 0.329 Cytoplasmic  

AOR26932 Molecular 

chaperone DnaK, 

HSP 70 

68 0.211 0 0.437 0.305 Cytoplasmic  

AOR26975 Peroxiredoxin (PRX) 

family 

24 0.208 0.092 0.338 0.416 Cytoplasmic  

AOR26152 Argininosuccinate 

synthase 

44 0.204 0.031 0.631 0.324 Cytoplasmic  

AOR26449 DUF4270 domain-

containing protein 

61 0.202 0.428 0.139 0.137 Unknown  

AOR26407 ATP synthase F0 

subunit B 

18 0.194 0.096 0.460 0.768 Cytoplasmic 

membrane 

 

AOR25488 Enoyl-ACP 

reductase 

30 0.182 0.084 0.243 0.440 Cytoplasmic 

membrane 

 

AOR25526 50S ribosomal 

protein L1 

24 0.181 0 0.456 0.223 Cytoplasmic  

AOR26149 Pyrroline-5-

carboxylate 

reductase 

29 0.179 0.041 0.463 0.366 Cytoplasmic  

AOR26577 Protein with 

peptidoglycan 

binding domain 

similar to OmpA 

and TolB  

69 0.164 0.591 0.184 0.244 Cytoplasmic 

membrane 

 

AOR25631 DUF3347 domain-

containing protein 

22 0.162 0.424 0.075 0.079 Cytoplasmic  

AOR25933 30S ribosomal 

protein S4 

23 0.147 0 0.684 0.421 Cytoplasmic  

AOR26554 Biopolymer 

transporter 

ExbD/TolR 

23 0.136 0 0.461 0.555 Cytoplasmic  

AOR25718 Bifunctional 

preprotein 

translocase subunit 

SecD/SecF 

107 0.130 0.026 0.483 0.368 Cytoplasmic 

membrane 

 

AOR26774 Type I 

glyceraldehyde-3-

phosphate 

dehydrogenase 

36 0.111 0.042 0.175 0.471 Cytoplasmic  

AOR26106 3-deoxy-7-

phosphoheptulonat

e synthase, 

chorismate mutase 

type II domain 

41 0.101 0 0.672 0.388 Cytoplasmic  

AOR26764 DUF3575 domain-

containing protein 

23 0.086 0.478 0.036 0 Unknown  

AOR26610 O-acetylhomoserine 

aminocarboxypropy

l transferase 

46 0.085 0 1.382 0.040 Cytoplasmic  
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AOR26842 Copper/zinc 

superoxide 

dismutase (SODC) 

family protein 

20 0.073 0.930 0.112 0.321 Periplasmic  

AOR26578 T9SS membrane 

protein PorP/SprF  

34 0 0.472 0.166 0.041 Unknown OM + 

periplasm 

AOR25918 Division/cell wall 

cluster 

transcriptional 

repressor MraZ 

17 0 0.067 0.204 0.612 Cytoplasmic  

AOR25956 50S ribosomal 

protein L4 

23 0 0 0.618 0.361 Cytoplasmic  

AOR25649 Ammonia channel 

protein AmtB  

43 0 0 0.521 0.040 Cytoplasmic 

membrane 

 

AOR25940 30S ribosomal 

protein S5 

18 0 0 0.448 0.305 Cytoplasmic  

AOR26305 Superoxide 

dismutase 

22 0 0 0.123 0.414 Periplasmic  

According to the proteomic results and in line with the EM micrographs, the vesicle 

chains mainly consist of outer membrane and associated proteins (porins, transporters and 

T9SS related proteins), periplasm and a small portion of inner membrane and cytoplasm 

present in O-IMVs. 

Uptake of laminarin 

Strain Hel3_A1_48 has a small genome with three large operons coding for laminarin 

degradation (Unfried et al., in review). Fluorescein-labeled laminarin was shown to be 

imported into the periplasmic space of flavobacteria by an active transport mechanism, 

likely as labeled oligosaccharide after hydrolysis by a surface attached 

endoglycosylhydrolase (Reintjes et al., 2017). We investigated whether the label also 

accumulated in the vesicle chains. Structured illumination micrographs detected the 

fluorescent label in the periplasm of cells and also to a less extent in the appendages 

(Fig. 5). The labeling of the cells demonstrated a ´selfish´ substrate uptake mechanism 

whereby a high molecular weight substrate is bound to the cell surface, gets partially 

hydrolyzed into large oligosaccharides, and then taken up into the periplasm via a TonB-

dependent transporter system (Cuskin et al., 2015; Reintjes et al., 2017). The staining of 

the vesicle chains proved connectivity of the vesicle lumen to the periplasm of the cell, 

because the uptake occurs with a transporter system that has an energy-consuming protein 

complex located in the inner membrane. Alternatively, the vesicles may perform a passive 

uptake of the substrate through porins and have a periplasmatic binding protein for 

oligosaccharide accumulation. However, such a protein has so far not been described.  
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Eukaryotic cells collapse after destruction of actin. In this process, pearling of the 

biological membranes formed chains of vesicles ranging from 0.22-3 µm in diameter 

(Heinrich et al., 2014). In contrast to these chains of 'microvesicles', the 80-100 nm long 

and 50-80 nm wide vesicles formed by strain Hel3_A1_48 represent 'nanovesicles'. We 

suggest naming the formation process 'biopearling' (Fig. 6).  

 

Fig. 6: Model of formation of the two types of vesicle chains by biopearling. [A] shows the formation of an 

extension of the outer membrane, which elongates as tube-like structure and then transforms into a vesicle 

chain by pearling. [B] shows the formation of an inner membrane vesicle which remains enclosed by the 

outer membrane and gets transported away from the cell due to the elongation of the outer membrane tube. 

This explains different types of vesicles (O-IMVs and OMVs) in one vesicle chain and also the phenomenon 

that the end of the vesicle chain has a larger vesicle (Suppl. Fig. S1 A, D, G). 

Very recently, chains of 100 nm vesicles were observed on the gammaproteobacterium 

Shewanella oneidensis using cryo-EM and pearling was suggested as source of the chains 

(Subramanian et al., 2018). Electron micrographs also showed membrane tubes on the 

gammaproteobacterium Francisella novidica (50-300 nm in diameter) (McCaig et al., 

2013) and vesicle chains on Myxococcus xanthus (30-60 nm in width) (Remis et al., 

2014), and the flavobacteria Flavobacterium columnare (200 nm in diameter) (Laanto et 

al., 2014) and Flavobacterium psychrophilum (100 nm wide) (Møller et al., 2005). In 

addition, an appendage structure with a larger vesicle at the distal end has been reported 

for the flavobacteria Muricauda ruestringensis (Bruns et al., 2001) and Flavobacterium 

columnare (200 nm in diameter) (Laanto et al., 2014). Vesicle chains termed “nanotubes” 

were also reported for the Gram-positive Bacillus subtilis (Dubey et al., 2016). These few 

examples from different phyla demonstrate that biological pearling is not limited to 

Hel3_A1_48 and related strains. Thin-section TEM or cryo-EM images showed only one 

membrane as origin for the vesicles in the chain (Møller et al., 2005; McCaig et al., 2013; 

Laanto et al., 2014; Remis et al., 2014; Subramanian et al., 2018; and this study). The 

mechanosensitivity of the chains was also noticed for other flavobacteria (Møller et al., 

2005). 
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Shewanella vesiculosa produced OMVs (25-200 nm in size) and larger O-IMVs (100-

250 nm in size) as a small fraction (Pérez-Cruz et al., 2013). This new type of vesicle was 

also formed by Neisseria gonorrhoeae, Pseudomonas aeruginosa and Acinetobacter 

baumannii (Pérez-Cruz et al., 2015). In our study, we also observed a small fraction of 90-

150 nm large O-IMVs and proposed a small protrusion of the cytosol for their formation 

(Fig. 6 B). 

We now described the first thin-section TEM micrographs showing outer membrane 

vesicle chains and O-IMVs within the chain. The membrane of the vesicles originated 

from the outer membrane, as evidenced by the proteomic analyses and micrographs, i.e. 

the staining behavior of the vesicle lumen is identical to that of the periplasm, whereas the 

cytoplasm is stained more. Other studies have also proposed the outer membrane as only 

lipid source for the extracellular structures (Bruns et al., 2001; McCaig et al., 2013; Remis 

et al., 2014; Pirbadian et al., 2014; Subramanian et al., 2018). 

Although vesicles have been described to be released from bacteria by a range of 

processes (Kulp & Kuehn, 2010; Roier et al., 2015; Jan, 2017), so far it is unclear if the 

same processes lead to membrane tube and subsequently vesicle chain formation. The 

vesicle chains enlarge the surface of strain Hel3_A1_48 and thus allow a larger amount of 

enzymes on the cell surface. The proteomic analyses indicated the presence of degradative 

enzymes linked to the LPS of the outer membrane (e.g. glycoside hydrolases, peptidases 

and endonucleases), which are exported and anchored to the LPS by the T9SS (Veith et 

al., 2017). The extracellular location of these proteins is more practical in oligotrophic 

habitats than the excretion of these enzymes into the environment and inherent loss. 

Surface proteins involved in the binding and degradation of polymers and the active 

uptake of oligomers into the periplasm comprise polymer binding domains, hydrolytic 

depolymerases, group transferases and TonB-dependent transporters, which obtain their 

energy from proteins in the cytoplasmic membrane. This 'selfish'-uptake mechanism 

(Cuskin et al., 2015; Reintjes et al., 2017) gives the microorganism a non-competitive 

access to nutrients once the polymer is bound to the cell surface. Still, active transport is 

expected to be limited to the outer membranes of the cell, because the complexes in the 

vesicle chains likely have no connectivity to the proteins in the inner membrane that 

energize the active transport. The uptake of fluorescently labeled laminarin-derived 

oligosaccharides demonstrated either a continuum between vesicle lumen and periplasm or 

diffusive uptake through porins in combination with binding proteins. If the latter 
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hypothesis is correct, it still requires access to the uptake systems in the inner membrane 

for utilization of the compound by the cell. It could also be possible that the highly 

dynamic vesicle chain system retracts at some point (as shown by Subramanian et al., 

2018) or that the vesicles at least partially fuse again with the cell (Kadurugamuwa & 

Beveridge, 1996) and then the surface bound or luminal nutrients would become 

accessible to the cell. Thus we suggest that the lumen of the vesicles and the periplasm 

diffusively exchange soluble compounds.   
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Supplementary methods:  

Preparation of outer membranes 

For outer membrane preparation following Shetty et al. (2011), the cell pellet was 

resuspended in 5 ml of KCl/Tris buffer (100 mM KCl, 50 mM Tris, pH 7.5) and sonicated 

for 6 min on ice (6 pulses of 1 min, 30 W, Bandelin Sonoplus HD70, Bandelin, Berlin, 

Germany). The lysate was centrifuged at 10 000x g for 10 min in a Beckman 70.1 Ti rotor 

(Beckman L-70 ultracentrifuge, Beckman Coulter, Brea, USA) and the supernatant was 

filtered through a 0.2 µm filter. The filtrate was centrifuged at 40 000x g (Beckman 70.1 

Ti rotor) for 60 min. The pellet was resuspended in 1 ml 2% (w/v) sarkosyl, incubated at 

21 °C for 30 min and centrifuged at 40 000x g (Beckman 70.1 Ti rotor) for 90 min. The 

OM pellet was dissolved in the aforementioned KCl/Tris buffer. After Møller et al. (2005) 

a whole cell pellet was resuspended in 6 ml buffer (20 mM Tris/HCl, 16 mM EDTA, pH 

8) and disrupted by sonication (4 pulses of 1 min, 30 W). Undisrupted cells were removed 

by centrifugation at 8000x g for 10 min (Beckman 70.1 Ti rotor) and the supernatant was 

centrifuged at 20 590x g for 1.5 h. The pellet containing both membranes was resuspended 

in 1 ml 0.5% (w/v) sarkosyl in 20 mM Tris/HCl (pH 7.2) and kept on ice for 20 min until 

centrifugation at 20 590x g for 1 h. This step was repeated, before the OM pellet was 

washed twice in the aforementioned KCl/Tris buffer. OM isolation after Koßmehl et al. 

(2013) was performed by resuspending whole cells in 1 ml lysis buffer (100 mM Tris/HCl 

(pH 7.5), 10% glycerol, 0.5 mM DDT) and 250 units DNase I and disrupting the cells 

using a One shot (Constant systems, Daventry, UK). Cell debris was removed by 

centrifugation 4390x g for 15 min. The supernatant received 20 ml of ice-cold 100 mM 

Na2CO3 and was incubated stirring on ice for 1.5 h. The total membrane fraction was 

collected by ultracentrifugation at 200 000x g for 1 h (Beckman 70.1 Ti rotor). The 

membrane pellet was resuspended in 1 ml lysis buffer (see above) and ultracentrifuged at 

104 000x g for 1 h. The pellet was resuspended in 600 µl 1% sarkosyl (w/v) in the 

KCl/Tris buffer and incubated 40 min at 1400 rpm and 22 °C. The suspension was 

ultracentrifuged at 104 000x g for 1 h. The OM pellet was resuspended in 200 µl IEF 

buffer (7 M urea, 2M thiourea, 4% w/v CHAPS, 30 mM Tris pH 8) to solubilize OM 

proteins. Insoluble material was removed by centrifugation at 20 000x g for 30 min. 

According to McCaig et al. (2013) a cell pellet was resuspended in 20 ml of the above 

mentioned KCl/Tris buffer and the suspension was centrifuged at 5000x g for 30 min. The 

pellet was resuspended in 10 ml 20 mM Tris/HCl (pH 8) and centrifuged at 10 000x g for 
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20 min. Then the pellet was resuspended in 1 ml of a mixture of 20 mM Tris, 20% (w/v) 

sucrose, 15 mM EDTA and 200 µg lysozyme and incubated on ice for 40 min before 

26 mM MgCl2 x 6 H20 and 200 units DNase I were added and incubated 20 min on ice. 

Spheroblasted bacteria were pelleted at 10 000x g for 20 min and afterwards resuspended 

in 1 ml KCl/Tris buffer and sonicated (4 pulses, 1 min each, 30 W). The suspension was 

centrifuged at 8000x g for 10 min to remove unbroken cells. The supernatant was 

ultracentrifuged at 100 000x g (Beckman 70.1 Ti rotor) for 1 h to pellet the membranes. 

The membrane pellet was resuspended in 20 mM Tris/HCl pH 8 with 0.5% sarkosyl (w/v) 

to solubilize the cytoplasmic membrane. The suspension was ultracentrifuged at 100 000x 

g for 1 h to pellet the OM.  After method 1 of Thein et al. (2010) a whole cell pellet was 

resuspended in 500 µl 0.2 M Tris/HCl (pH 8), 1 M sucrose, 1 mM EDTA and 100 µl of 

lysozyme (5 mg/ml). The mixture was vortexed and incubated for 5 min at 21 °C, and then 

2 ml water was added and incubated for 20 min to generate spheroblasts.  A solution of 

3 ml 50 mM Tris/HCl pH 8, 2% sarkosyl, 10 mM MgCl2 and 150 units DNase I were 

added and incubated for 20 min. Ultracentrifugation at 85 000x g (Beckman 70.1 Ti rotor) 

for 30 min yielded the OM pellet, which was washed in 750 µl 50 mM Tris/HCl (pH 8), 

2% w/v sarkosyl, 10 mM MgCl2 and centrifuged as aforementioned. The pellet was 

washed three times with 500 µl water and the final OM pellet was resuspended in 500 µl 

of the KCl/Tris buffer. Following method 2 of Thein et al. (2010) whole cells were 

resuspended in 6 ml 0.1 M Tris/HCl (pH 7.3) and 150 units DNase I. Cells were lysed by 

French
TM

 pressing (SLM Aminco R FA-078, SLM instruments, Urbana, USA) three times 

at 8.6 MPa and the cell lysate was centrifuged at 4390x g for 15 min. Seven milliliter 

supernatant were mixed with ice-cold 0.1 M Na2CO3 (pH 11) to a final volume of 70 ml 

and stirred for 1 h at 4 °C. The OM was obtained by ultracentrifugation at 120 000x g 

(Beckman 70.1 Ti rotor) for 1 h. The OM fraction was washed three times by an 

ultracentrifugation at 85 000x g for 20 min and suspension in 500 µl water. Finally the 

OM was suspended in 500 µl KCl/Tris buffer. OM after Kulkarni et al. (2014) was 

obtained by cell lysis: a cell pellet was dissolved in 5 ml of 20% w/v sucrose and 30 mM 

Tris (pH 8.0), 0.3 mg lysozyme and 50 units DNase I. The suspension was sonicated for 

6 min on ice (6 pulses of 1min, 30 W, Bandelin Sonoplus HD70). Cell debris was 

removed by centrifugation (4390x g, 10 min). The supernatant was applied on a sucrose 

gradient (20-70% w/v) and centrifuged at 158 000x g for 5 h (Beckman 70.1 Ti rotor).  
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Preparation of vesicle fractions 

Vesicles were prepared by several techniques. Following Kulkarni et al. (2014), cultures 

were shaken by hand for 10 s and then cells were pelleted in 50ml-tubes for 15 min at 

4390x g and 4 °C. The supernatant was filtered through a 0.2 µm syringe filter and 

ultracentrifuged at 142 019x g for 2 h at 4 °C in a Beckman 70.1 Ti rotor. Pelleted vesicles 

were resuspended in the KCl/Tris buffer. According to Shetty et al. (2011) cultures were 

shaken for 30 s and cells removed by centrifugation with 4390x g for 20 min. The 

supernatant was filtered twice through a 0.2 µm filter and was centrifuged for 60 min at 

15 000x g (Beckman 70.1 Ti rotor). The vesicles were obtained by ultracentrifugation at 

140 000x g for 2 h. For the method according to Møller et al. (2005), vesicles were 

removed from a cell pellet by resuspension in the KCl/Tris buffer. After removal of the 

cells by centrifugation at 6000x g for 15 min (method1) or 8000x g, 10 min (Beckman 

70.1 Ti rotor) (method 2), the supernatant was filtered through a 0.2 µm filter and 

centrifuged at 20 590x g for 100 min (Beckman 70.1 Ti rotor). The pellet was washed 

twice with the KCl/Tris buffer. Vortexing for 30 s was the mechanical stress to resolve 

vesicles according to Remis et al. (2014), followed by cell removal (5000x g, 10 min), 

filtration through a 0.2 µm filter and ultracentrifugation at 140 000x g for 1 h (Beckman 

70.1 Ti rotor). McCaig et al. (2013) included after cell pelleting a clarification at 7500x g 

for 20 min (Beckman 70.1Ti rotor) before filtration through a 0.2 µm filter and 

ultracentrifugation at 100 000x g for 1h (Beckman 70.1 Ti rotor). The pellet was washed 

twice with 1 ml of the KCl/Tris buffer. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was conducted to visualize protein patterns of different samples of outer 

membrane and vesicle preparations. Proteins were separated in a 12% separation gel (1.75 

ml water, 1.25 ml 4x separation buffer (1.5 mol/L TRIS pH 8.8, 0.4% w/v SDS), 2 ml 

30% acrylamide/bis-acrylamide solution 19:1, 50 µl 10% (w/v) ammoniumpersulfate 

(APS), 5 µl tetramethylethylenediamine (TEMED)) and a 4% stacking gel (1.41 ml water, 

0.75 ml 4x stacking buffer (0.5 mol/L Tris pH 8.8, 0.4% w/v SDS), 0.33 ml 30% 

acrylamide/bis-acrylamide solution 19:1, 30 µl 10% (w/v) ammoniumpersulfate (APS), 

3µl tetramethyl-ethylenediamine (TEMED)) using the Bio-Rad (Bio-Rad, Munich, 

Germany) system. Prior to loading on the gel, 20 µl of sample was mixed with 6.5 µl 

loading buffer (0.2 M Tris/HCl pH 6.8, 10% w/v SDS, 10 mM DTT, 20% w/v glycerol, 

0.05% w/v bromophenol blue), heated to 95°C for 5 minutes and centrifuged shortly 
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(13817x g, 1 min). The PageRuler Unstained Protein Ladder (Fermentas, Burlington, 

Canada) was used to calibrate the size of the protein bands. Gel electrophoresis was 

performed for 20 minutes at 70 V to obtain a uniform front and a voltage of 110 V was 

applied until the front reached the end of the gel. The gel was stained for 1.5 h with 

Coomassie staining solution (0. 025% (w/v) Coomassie G 250; 10% (v/v) glacial acetic 

acid; 40% (v/v) ethanol) and excess color was removed with 20% ethanol for several 

hours. The gel was washed in water for 1h before it was documented using a scanner 

(Image Scanner, Amersham Biosciences). 

Matrix-assisted laser desorption/ionization - time of flight - mass spectroscopy 

(MALDI-TOF-MS) 

Protein bands of interest were cut out of an SDS-gel and placed into an Eppendorf tube 

containing 20 µl PCR-water. The proteins in the gel were digested with trypsin and 

applied onto a MALDI-target (Ettan Spot Handling Workstation, GE Healthcare, Little 

Chalfont, UK). The analysis using tandem mass spectrometry (MS/MS) was conducted 

with a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems, Darmstadt, Germany). 

Masses from 900 to 3700 Da were detected. The detected peptides were matched onto the 

in silico predicted peptides from the genome of strain Hel3_A1_48. Open reading frames 

were predicted by RAST (Aziz et al., 2008). The sequences of the detected ORFs were 

blasted with PSIBLAST (Altschul et al., 1990) using the BLOSUM 80 matrix against the 

NCBI database of non-redundant protein sequences and cross-checked with the pfam 

database (Punta et al., 2012). 
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Supplementary tables:  

Supplementary Table S1: MALDI-TOF-MS protein identification of strain Hel3_A1_48 

initial OM [A] and vesicle/appendage preparations [B]. Numbers on the left are 

corresponding to the numbered, excised and analyzed protein bands of the SDS-PAGE 

(Fig. S10). Annotation according to NCBI and Blast.  

Band Protein ID Annotation 

A   

1 AOR25966 TonB-dependent receptor 

2 AOR26448 TonB-dependent receptor 

3 AOR25288 Protein with peptidoglycan binding domain similar to OmpA 

4 AOR25711 Transporter 

5 AOR25254 OM-channels superfamily, putative beta-barrel porin-2 

6 AOR26266 TonB-dependent receptor 

7 AOR25738 Protein with unknown function 

8 AOR25929 Phosphopyruvate hydratase (enolase) 

9 AOR26723 OM-channels superfamily, putative beta-barrel porin-2 

10 AOR25530 Elongation factor Tu 

11 AOR26932 Molecular chaperone Dnak, HSP 70 

   

B   

1 AOR25966 TonB-dependent receptor 

2 AOR26448 TonB-dependent receptor 

4 AOR25711 Transporter 

5 AOR25254 OM-channels superfamily, putative beta-barrel porin-2 

6 AOR26266 TonB-dependent receptor 

7 AOR25738 Protein with unknown function 

9 AOR26723 OM-channels superfamily, putative beta-barrel porin-2 

12 AOR25680 T9SS C-terminal target domain-containing protein with lamin tail 

domain 

13 AOR25736 Gliding motility protein GldJ 

14 AOR26642 Gliding motility protein GldK 

15 AOR26575 DUF5017 domain protein 

16 AOR26645 Gliding motility protein GldN 

17 AOR25720 Hypothetical protein 

18 AOR26233 DUF2490 domain-containing protein, outer membrane beta barrel 

superfamily 

19 AOR26075 TonB-dependent receptor 

20 AOR26302 Protein with peptidoglycan binding domain similar to OmpA 

21 AOR26574 TonB-dependent receptor 

22 AOR26571 TonB-dependent receptor 

23 AOR25658 Peptidase M1 family containing bacterial aminopeptidase N 
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Supplementary Table S2: Overview of the optical density of the cultures at harvest, their 

wet weight and protein yields (determined with Bradford protein assay, see methods) for 

each sample after differential centrifugation.  

Exponential cultures E1 E2 E3 

OD 600 harvest [nm] 0.115 0.134 0.108 

Samples E1.1 E1.2 E1.3 E2.1 E2.2 E2.3 E3.1 E3.2 E3.3 

Wet weight [g] 0.37 - - 0.37 - - 0.33 - - 

Total protein [µg] 6084 4054 14 6200 3146 18 6415 2201 5 

 

Stationary cultures S1 S2 S3 

OD 600 harvest [nm] 0.112 (max 0.145 ) 0.099 (max 0.141) 0.098 (max 0.143) 

Samples S1.1 S1.2 S1.3 S2.1 S2.2 S2.3 S3.1 S3.2 S3.3 

Wet weight [g] 0.21 - - 0.28 - - 0.33 - - 

Total protein [µg] 6381 5544 333 5663 6281 226 6012 6431 122 

 

 

Supplementary Table S3: Protein identification statistics: Detected proteins after 

applying a 1% FDR filter in Scaffold (described in the methods). Proteins detected in only 

one of the three replicates were removed from the dataset. Only the proteins identified in 

two or three replicates were considered for the semi-quantitative analysis. VE= vesicle 

fraction exponential phase, VS= vesicle fraction stationary phase, ME= membrane 

fraction exponential phase, MS= membrane fraction stationary phase; all with their three 

replicates.   

Sample Detected 

proteins 

Unique proteins Proteins only 

detected once  

Proteins 

detected ≥ 2  
VE 1 681  

755 

 

381 

 

374 VE 2 379 

VE 3 311 

VS 1 305  

403 

 

118 

 

285 VS 2 280 

VS 3 332 

ME 1 1319  

1482 

 

172 

 

1310 ME 2 1327 

ME 3 1301 

MS 1 1019  

1262 

 

187 

 

1075 MS 2 1111 

MS 3 1100 
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Supplementary Table S4: Subcellular localization of proteins of strain Hel3_A1_48 

based on PSORTb predictions using the amino acid sequences encoded in the genome and 

the numbers of identified proteins in the four different fractions analyzed in this study. 

VE= vesicle fraction exponential phase, VS= vesicle fraction stationary phase, ME= 

membrane fraction exponential phase, MS= membrane fraction stationary phase. 

 Genome VE VS ME MS 

Total 

proteins 

1866 374 285 1310 1075 

Cytoplasm 895 136 73 748 642 

Cytoplasmic 

membrane 

319 34 14 190 136 

Extracellular 29 14 13 21 14 

Outer 

membrane 

74 59 58 66 65 

Periplasm 17 8 9 14 12 

Unknown 532 123 118 271 206 

 

 

Supplementary Table S5: Abundant proteins of strain Hel3_A1_48. Relative protein 

abundance (NSAF%) values for proteins of for each of the four fractions. The sum of 

NSAF% values for all proteins in each fraction, for proteins with an NSAF% ≥ 0.4 per 

fraction and the localization of these proteins (NSAF% ≥ 0.4) according to PSORTb 3.0.2. 

Other percentages were calculated based on the abundant proteins (NSAF% ≥ 0.4) 

representing 100%. VE= vesicle fraction exponential phase, VS= vesicle fraction 

stationary phase, ME= membrane fraction exponential phase, MS= membrane fraction 

stationary phase. 

 VE  % VS  % ME  % MS  % 

All proteins 96.11  99.27  99.98  99.82  

Proteins NSAF  ≥ 0.4 59.83 100 74.34 100 28.35 100 32.00 100 

Cytoplasm 8.23 13.8 6.46 8.7 11.87 41.9 7.25 22.7 

Cytoplasmic membrane 6.60 11.0 8.11 10.9 3.70 13.1 4.97 15.5 

Extracellular 1.60 2.7 1.25 1.7 0 0 0.64 2 

Outer membrane 21.94 36.7 27.42 36.9 5.82 20.5 6.82 21.3 

Periplasm 0 0 1.35 1.8 0 0 0.41 1.3 

Unknown 21.46 35.9 29.76 40.0 6.96 24.6 11.92 37.3 
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Supplementary Table S6: Selected marker proteins for subcellular localizations: 

Detected proteins from the proteome were analyzed with PSORTb to predict their 

localization. From that, a minimum of 10 proteins for each localization were picked and 

literature search was performed to confirm the localization. The sums of the NSAF% 

values of the marker proteins for each localization were calculated for all four samples. 

They were used to calculate the ratios for the abundance of proteins from each localization 

in the four samples (presented in table S7). VE= vesicle fraction exponential phase, VS= 

vesicle fraction stationary phase, ME= membrane fraction exponential phase, MS= 

membrane fraction stationary phase. 

Accession 

Number 

Annotation VE VS ME MS Localization 

PSORTb 

AOR25932 DNA-directed RNA polymerase subunit 

alpha 

0.142 0 0.254 0.225 Cytoplasmic 

AOR26673 Glutaminyl-tRNA synthetase 0.106 0.170 0.129 0.229 Cytoplasmic 

AOR25523 DNA-directed RNA polymerase subunit 

beta 

0.083 0 0.225 0.218 Cytoplasmic 

AOR25522 DNA-directed RNA polymerase subunit 

beta prime 

0.077 0.010 0.335 0.215 Cytoplasmic 

AOR26332 Phenylalanyl-tRNA synthetase subunit 

alpha 

0.048 0 0.114 0.093 Cytoplasmic 

AOR26899 Histidyl-tRNA synthetase 0.044 0 0.068 0.105 Cytoplasmic 

AOR26378 Methionyl-tRNA formyltransferase 0.031 0 0.028 0.088 Cytoplasmic 

AOR26094 Glycyl-tRNA synthetase 0.027 0 0.038 0.112 Cytoplasmic 

AOR25945 50S ribosomal protein L5 0.271 0 0.601 0.339 Cytoplasmic 

AOR25961 30S ribosomal protein S7 0.267 0 0.271 0.151 Cytoplasmic 

AOR26257 30S ribosomal protein S2 0.219 0 0.568 0.323 Cytoplasmic 

AOR25943 30S ribosomal protein S8 0.214 0 0.187 0.160 Cytoplasmic 

AOR26083 50S ribosomal protein L21 0.212 0 0.509 0.329 Cytoplasmic 

AOR25935 30S ribosomal protein S13 0.201 0 0.204 0.100 Cytoplasmic 

AOR25756 50S ribosomal protein L20 0.190 0.038 0.242 0.224 Cytoplasmic 

AOR25526 50S ribosomal protein L1 0.181 0 0.456 0.223 Cytoplasmic 

AOR25933 30S ribosomal protein S4 0.147 0 0.684 0.421 Cytoplasmic 

AOR25525 50S ribosomal protein L10 0.135 0 0.120 0.120 Cytoplasmic 

AOR25947 50S ribosomal protein L14 0.120 0 0.191 0.062 Cytoplasmic 

AOR25515 50S ribosomal protein L19 0.118 0.039 0.263 0.114 Cytoplasmic 

AOR26255 50S ribosomal protein L13 0.115 0 0.168 0.139 Cytoplasmic 

AOR25242 30S ribosomal protein S1 0.096 0 0.264 0.103 Cytoplasmic 

AOR26010 50S ribosomal protein L25 0.094 0 0.116 0.180 Cytoplasmic 

AOR25957 50S ribosomal protein L3 0.091 0 0.211 0.249 Cytoplasmic 

AOR25942 50S ribosomal protein L6 0.078 0 0.266 0.276 Cytoplasmic 

AOR25941 50S ribosomal protein L18 0.073 0 0.123 0.125 Cytoplasmic 

AOR25954 50S ribosomal protein L2 0.038 0 0.198 0.084 Cytoplasmic 

Sum of NSAF% 3.419 0.257 6.834 5.007 Cytoplasmic 
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AOR26407 ATP F0F1 synthase subunit B 0.194 0.096 0.460 0.768 Cytoplasmic 

membrane 

AOR25548 Cell division transporter, ATP-binding 

protein FtsE 

0.100 0 0.090 0.092 Cytoplasmic 

membrane 

AOR25815 Cell division protein FtsH 0.063 0 0.244 0.163 Cytoplasmic 

membrane 

AOR26062 Cell division protein FtsX 0.051 0 0.068 0.063 Cytoplasmic 

membrane 

AOR26972 Cell division protein FtsK 0.025 0 0.113 0.099 Cytoplasmic 

membrane 

AOR25746 Biopolymer transporter ExbB 0.033 0 0.065 0.072 Cytoplasmic 

membrane 

AOR26532 Cytochrome C 0.031 0.016 0.094 0.073 Cytoplasmic 

membrane 

AOR26856 Lipid A export ATP-binding/permease 

protein MsbA 

0.041 0 0.179 0.125 Cytoplasmic 

membrane 

AOR25922 Methionine ABC transporter ATP-

binding protein 

0 0.017 0.075 0.117 Cytoplasmic 

membrane 

AOR26714 ABC transporter, transmembrane 

region 

0 0 0.043 0.012 Cytoplasmic 

membrane 

AOR25703 ABC transporter, ATP-binding protein 0 0 0.044 0.011 Cytoplasmic 

membrane 

AOR25921 ABC transporter, permease 0 0 0.045 0.019 Cytoplasmic 

membrane 

AOR25559 ABC transporter, permease 0 0 0.040 0.057 Cytoplasmic 

membrane 

AOR25371 ABC transporter, ATP-binding protein 0 0 0.036 0.017 Cytoplasmic 

membrane 

AOR25233 Lipoprotein-releasing system ATP-

binding protein LolD 

0 0 0.117 0.130 Cytoplasmic 

membrane 

AOR26251 Cytochrome oxidase subunit III 0 0 0.147 0.104 Cytoplasmic 

membrane 

Sum of NSAF% 0.539 0.130 1.861 1.923 Cytoplasmic 

membrane 

       

AOR26993 T9SS C-terminal target domain-

containing protein 

0.620 0.317 0.117 0 Extracellular 

AOR25487 T9SS C-terminal target domain-

containing protein 

0.510 0.538 0.124 0.104 Extracellular 

AOR25970 Peptidase, S8 family 0.393 0.355 0.125 0.046 Extracellular 

AOR25255 Peptidase, M28 family 0.211 0.200 0.066 0.052 Extracellular 

AOR26853 Endonuclease I  0.201 0.140 0.027 0.016 Extracellular 

AOR25557 Peptidase, M28 family 0.104 0.085 0.020 0.033 Extracellular 

AOR25712 T9SS C-terminal target domain-

containing protein 

0.051 0.025 0.013 0.006 Extracellular 

AOR26095 T9SS C-terminal target domain-

containing protein 

0.048 0 0.005 0 Extracellular 

AOR26355 Peptidase, S8 family 0.047 0.078 0.037 0.019 Extracellular 

AOR26579 T9SS C-terminal target domain-

containing protein 

0 0 0.047 0.030 Extracellular 

AOR26771 Peptidase M22 0 0 0.011 0 Extracellular 

AOR25374 T9SS C-terminal target domain-

containing protein 

0 0 0.004 0 Extracellular 

Sum of NSAF% 2.185 1.738 0.596 0.305 Extracellular 
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AOR25897 TonB-dependent receptor 0.056 0.082 0.015 0.013 Outer 

membrane 

AOR25517 TonB-dependent receptor 0.048 0.043 0.014 0.016 Outer 

membrane 

AOR26137 TonB-dependent receptor 0.048 0.174 0.060 0.090 Outer 

membrane 

AOR26630 TonB-dependent receptor 0.044 0.039 0.036 0.052 Outer 

membrane 

AOR25546 TonB-dependent receptor 0.043 0.062 0.051 0.055 Outer 

membrane 

AOR25619 TonB-dependent receptor 0.036 0.018 0.008 0.011 Outer 

membrane 

AOR25452 TonB-dependent receptor 0.027 0.107 0.017 0.032 Outer 

membrane 

AOR26017 TonB-dependent receptor 0.020 0.033 0.003 0.003 Outer 

membrane 

AOR25900 TonB-dependent receptor 0.010 0.011 0.005 0.003 Outer 

membrane 

AOR25966 TonB-dependent receptor 1.852 3.622 1.712 1.805 Outer 

membrane 

AOR26448 TonB-dependent receptor 1.001 2.390 0.641 1.386 Outer 

membrane 

AOR26574 TonB-dependent receptor 0.622 0.656 0.297 0.393 Outer 

membrane 

AOR26504 TonB-dependent receptor 0.521 0.648 0.277 0.310 Outer 

membrane 

AOR26266 TonB-dependent receptor 0.409 0.296 0.320 0.248 Outer 

membrane 

AOR25782 TonB-dependent receptor 0.307 0.232 0.049 0.126 Outer 

membrane 

AOR26268 TonB-dependent receptor 0.225 0.221 0.090 0.117 Outer 

membrane 

AOR26075 TonB-dependent receptor 0.194 0.131 0.071 0.081 Outer 

membrane 

AOR26163 TonB-dependent receptor 0.179 0.251 0.106 0.103 Outer 

membrane 

AOR26960 TonB-dependent receptor 0.164 0.234 0.100 0.115 Outer 

membrane 

AOR26571 TonB-dependent receptor 0.140 0.321 0.101 0.178 Outer 

membrane 

AOR25403 TonB-dependent receptor 0.091 0.143 0.072 0.092 Outer 

membrane 

AOR26302 Cell envelope biogenesis protein OmpA 0.972 2.576 1.343 1.389 Outer 

membrane 

Sum of NSAF% 7.011 12.29 5.390 6.620 Outer 

membrane 

       

AOR26842 Superoxide dismutase [Cu-Zn] 0.073 0.930 0.112 0.321 Periplasmic 

AOR25498 Metallophosphatase 0 0 0.016 0.017 Periplasmic 

AOR25512 PDZ domain-containing protein 0.209 0.136 0.092 0.044 Periplasmic 

AOR25581 LysM peptidoglycan-binding domain-

containing protein 

0.339 0.099 0.065 0.016 Periplasmic 

AOR25888 Beta-glucosidase 0.011 0.051 0.012 0.018 Periplasmic 
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AOR26084 Insulinase family protein 0.231 0.416 0.106 0.158 Periplasmic 

AOR26305 Superoxide dismutase 0 0 0.123 0.414 Periplasmic 

AOR26519 Glycosylasparaginase 0 0 0.006 0 Periplasmic 

AOR26592 Cytochrome-c peroxidase 0.091 0.029 0.016 0 Periplasmic 

AOR26730 Alkaline phosphatase 0.036 0.027 0.039 0.042 Periplasmic 

AOR26806 S9 family peptidase 0 0 0.034 0.009 Periplasmic 

AOR26842 Superoxide dismutase family protein 0.073 0.930 0.112 0.321 Periplasmic 

AOR26862 ABC transporter substrate-binding 

protein 

0 0.008 0.017 0.012 Periplasmic 

Sum of NSAF% 1.065 2.625 0.748 1.372 Periplasmic 

 

 

Supplementary Table S7: Ratios between the four fractions for the different localizations 

were calculated based on NSAF% values of specific marker proteins (see supplementary 

table S6) for the localizations. VE= vesicle fraction exponential phase, VS= vesicle 

fraction stationary phase, ME= membrane fraction exponential phase, MS= membrane 

fraction stationary phase. 

PSORTb VE/VS ME/VE MS/VS ME/MS 

Cytoplasm 13.32 2.00 19.50 1.36 

Cytoplasmic 

membrane 

4.15 3.45 14.80 0.97 

Extracellular 1.26 0.27 0.18 1.96 

Outer 

membrane 

0.57 0.77 0.54 0.81 

Periplasm 0.41 0.70 0.52 0.55 
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Supplementary Table S8: Detection of type IX secretion system (T9SS) components: 

Proteins of the T9SS in the genome of strain Hel3_A1_48 and detection in the proteomic 

analysis. Localization was predicted by PSORTb 3.0.2 and the manual localization is 

based on the model proposed by McBride & Nakane (2015). VE= vesicle fraction 

exponential phase, VS= vesicle fraction stationary phase, ME= membrane fraction 

exponential phase, MS= membrane fraction stationary phase. 

Accession 

Number 

Annotation VE VS ME MS Localization PSORTb Localizatio

n model 

AOR25736 Gliding 

motility 

protein GldJ 

3.687 3.168 0.182 0.196 OuterMembrane OM + 

periplasm 

AOR26642 Gliding 

motility 

protein GldK 

3.347 2.605 0.198 0.189 Cytoplasmic OM + 

periplasm 

AOR26645 Gliding 

motility 

protein GldN 

2.615 2.859 0.156 0.145 Cytoplasmic OM + 

periplasm 

AOR25738 PorV 2.179 3.286 0.288 0.212 OuterMembrane OM 

AOR25874 SprT, similar 

to PorT family 

protein 

0.975 0.432 0.051 0.060 Unknown OM 

AOR26643 Gliding 

motility 

protein GldL 

0.874 0.256 1.545 2.432 Unknown CM + 

cytoplasm+ 

periplasm 

AOR26184 T9SS 

membrane 

protein 

PorP/SprF 

0.592 1.131 0.110 0.064 OuterMembrane OM 

AOR26556 Outer 

membrane 

protein beta-

barrel domain 

(porT family 

protein) 

0.436 0.576 0.064 0.011 OuterMembrane  OM 

AOR25784 T9SS 

membrane 

protein 

PorP/SprF 

0.325 0.140 0.020 0 Unknown OM 

AOR25737 PorU 0.188 0.216 0.042 0.040 Unknown OM 

AOR26644 Gliding 

motility 

protein GldM 

0.128 0.031 0.392 0.320 Unknown CM + 

periplasm 

AOR26400 SprE, similar 

to TPR 

domain 

protein 

0.088 0.037 0.038 0.027 OuterMembrane OM + 

periplasm 

AOR26544 Gliding 

motility-

related 

protein SprA 

0.055 0.032 0.078 0.076 Unknown OM 

AOR26618 Gliding 0.037 0.105 0.037 0.052 Cytoplasmic OM + 
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motility 

protein GldB 

periplasm 

AOR26578 T9SS 

membrane 

protein 

PorP/SprF 

0 0.472 0.166 0.041 Unknown OM 

AOR25315 Gliding 

motility 

protein GldI 

0 0 0.022 0 Unknown OM + 

periplasm 

AOR26597 Gliding 

motility 

protein GldD 

0 0 0.007 0 Unknown OM + 

periplasm 

AOR26185 SprB 

(adhesin) 

similar to PKD 

domain 

protein  

0 0 0 0 OuterMembrane OM 

AOR26428 Gliding 

motility 

lipoprotein 

GldH 

0 0 0 0 CytoplasmicMembrane OM + 

periplasm 

/ RemA 

(adhesin) 

        

/ SprC         

/ SprD         

/ GldG         

/ GldF         

/ GldA          

   13.16 11.84 3.067 3.612   

 

Supplementary Table S9: Detection of proteins of strain Hel3_A1_48 with a T9SS C-

terminal secretion tail (TIGR04183) or Bac_Flav_CTERM (TIGR04131) domain in the 

genome and the proteomic analysis. NSAF% values of the fractions are displayed, if the 

protein was identified in at least two replicates in one of the samples during proteomic 

analysis. VE= vesicle fraction exponential phase, VS= vesicle fraction stationary phase, 

ME= membrane fraction exponential phase, MS= membrane fraction stationary phase. 

Proteins with T9SS C-terminal domain: TIGR04183  VE VS ME MS 

AOR25680 LTD-domain protein 0.693 1.875 0.406 0.465 

AOR26993 T9SS C-terminal target domain-containing protein 0.620 0.317 0.117 0 

AOR26484 T9SS C-terminal target domain-containing protein  0.536 0.284 0.060 0.017 

AOR25487 Fibronectin type 3 domain protein 0.510 0.538 0.124 0.104 

AOR25970 Peptidase, S8 family 0.393 0.355 0.125 0.046 

AOR25407 T9SS C-terminal target domain-containing protein 0.350 0.785 0.080 0.094 

AOR25787 Endonuclease I  0.270 0.246 0.019 0.012 

AOR26027 T9SS C-terminal target domain-containing protein 0.203 0.239 0.033 0.022 

AOR26853 Endonuclease I  0.201 0.140 0.027 0.016 
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AOR25737 Peptidase, C25 family 0.188 0.216 0.042 0.040 

AOR25692 Zinc-dependent metalloprotease 0.083 0.021 0.006 0 

AOR25405 Endoglucanase, GH5 (cellulase) 0.065 0.042 0.007 0.004 

AOR25421 Phosphoenolpyruvate synthase 0.037 0.060 0.010 0.002 

AOR25447 T9SS C-terminal target domain-containing protein 0.029 0 0.003 0.004 

AOR26020 Glycoside hydrolase, GH5 family, CBM6 0.020 0.008 0 0 

AOR25397 Carbohydrate binding domain protein 0.016 0 0 0 

AOR26873 DOMON-domain containing protein  0 0 0.023 0.030 

AOR25723 T9SS C-terminal target domain-containing protein 0 0 0 0.013 

AOR25893 T9SS C-terminal target domain-containing protein 0 0 0 0 

AOR25438 T9SS C-terminal target domain-containing protein 0 0 0 0 

AOR26291 T9SS C-terminal target domain-containing protein 0 0 0 0 

AOR26016 PKD domain protein 0 0 0 0 

AOR26883 Peptidase, M43 family, (metalloprotease),  0 0 0 0 

AOR25889 Glycosyl hydrolase family  0 0 0 0 

AOR25401 Glycoside hydrolase family, GH 30  0 0 0 0 

AOR25645 DUF1501 domain-containing protein 0 0 0 0 

AOR26026 Sortilin domain containing protein 0 0 0 0 

 

Proteins with T9SS C-terminal domain: TIGR04131  VE VS ME MS 

AOR26617 Gliding motility-associated C-terminal domain 0.057 0.040 0.010 0.007 

AOR25712 Zinc-dependent metalloprotease 0.051 0.025 0.013 0.006 

AOR26095 L-type lectin 0.048 0 0.005 0 

AOR25373 Gliding motility-associated C-terminal domain 0.033 0.030 0.011 0.009 

AOR25785 PKD domain-containing protein 0.027 0 0.003 0.003 

AOR26729 Gliding motility-associated C-terminal domain 0 0.056 0.011 0.029 

AOR26579 Fibronectin type 3 domain-containing protein 0 0 0.047 0.030 

AOR25374 Gliding motility-associated C-terminal domain 0 0 0.004 0 

AOR26185 PKD and CUB domain-containing protein 0 0 0 0 
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Supplementary Fig. S2: SEM (SE) micrographs of strain Hel3_A1_48. Cells grown in 

HaHa_100V medium at 21°C to late exponential [A] or stationary phase [B] were settled 

on a silica wafer, dehydrated by an ethanol-series and preserved using critical point 

drying. Bars correspond to 4 µm [A] or 5 µm [B]. 
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Supplementary Fig. S3: TEM micrographs of 70 nm thin sections of strain Hel3_A1_48. 

Cells grown in HaHa_100V medium at 21°C were pelleted and fixed by high-pressure 

freezing, freeze-substitution and sectioning into 70 nm thin sections. TEM images showed 

cells with and without the storage compound [A, B], OM extensions [A-E], OMVs [A-E], 

O-IMVs [A, D, E] and vesicles with a storage compound [B]. Bars correspond to 100 nm 

[B, E], 200 nm [C] and 500 nm [A, D]. 
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Supplementary Fig. S6: Cryo-EM micrographs of stationary phase cells of strain 

Hel3_A1_48. Cells grown in HaHa_100V medium at 21°C were directly frozen on the 

grid in liquid ethane. Arrow in [A] points towards the IMV, still enclosed by the outer 

membrane of the cell. [B] shows the large periplasm of the cell and associated outer 

membrane vesicle chains. Bars represent 500 nm [A] and 100 nm [B].  
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Supplementary Fig. S9: TEM micrographs of strain Hel3_A1_48 cells in stationary 

growth phase. Cells were grown at 21°C in HaHa_100V medium with supplemented 

cysteine [A], methionine [B], DMDS [C] or with HaHa_minV only on glucose and 

casamino acids [D], plus additional sodium carbonate [E], with HaHa_minV only on 

casamino acids [F] or plus additional sodium carbonate [G].They were negatively stained 

with 1% uranyl acetate for TEM. Bar corresponds to 500 nm [C], 1 µm [A, B, D] or 2 µm 

[E, F].  

 

 

 

 

 

 

 

 



 Chapter II: Biopearling 

97 
 

 

Supplementary Fig. S10:  SDS-PAGE images of strain Hel3_A1_48 outer membrane 

(OM) preparations [A] and vesicle/appendage preparations [B]. [A1, B1] show whole cell 

extracts. OM fractions were prepared according to Shetty et al., (2011) [A2], Møller et al., 

(2005) [A3], Koßmehl et al., (2013) [A4], McCaig et al., (2013) [A5], Thein et al., (2010) 

method 1 [A6], Thein et al., (2010) method 2 [A7] and Kulkarni et al., (2014) [A8]. The 

vesicle/appendage fraction was performed as described by Kulkarni et al., (2014) with 

exponential phase cells [B2], Kulkarni et al., (2014) with stationary phase cells [B3], 

Shetty et al., (2011) [B4], Møller et al., (2005) method 1 [B5], Møller et al., (2005) 

method 2 [B6], Remis et al., (2014) [B7] and McCaig et al., (2013) [B8] (see methods for 

details). Marked bands were excised and analyzed by MALDI-TOF-MS. Results are 

presented in Suppl. Table S1.   
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Appendix Chapter II 

 

Antibodies 

Antibodies against two abundant proteins (protein AOR25254 (OmpL-like beta-barrel 

porin) and AOR25680 (lamin tail domain (LTD) protein with C-terminal sorting domain 

of the T9SS)) of the vesicle fraction were designed to investigate their localization and 

possible enrichment in the extracellular structures. Antibodies were ordered at Eurogentec 

(Liége, Belgium) in the 28 day rabbit program and aliquots were stored at - 80 °C. A 

working solution with 200 µl antibody solution mixed with 15 ml antibody buffer (1% 

bovine serum albumin (BSA) in TTBS (Tween 20 wash solution, 0.05 % in TBS)) was 

used for testing the antibody specificity in Dot- and Western-blots. As samples for the 

Dot- and Western-blots, cell lysate (sonicated cell pellets: (in KCl/Tris buffer (100 mM 

KCl, 50 mM Tris, pH 7.5), sonication on ice 3 x for 1 min, 1 min break) of strain 

Hel3_A1_48, strain Hel1_33_131 and Formosa agariphila (DSM 15362
T
). As comparison 

with denatured proteins, these samples were also investigated after they were boiled with 

10% SDS (w/v) for 15 min at 95 °C.  

Dot-blots were conducted on nitrocellulose membrane (Roti
®
-NC, Carl Roth GmbH & Co. 

KG, Karlsruhe, Germany). The membrane was wetted with 1 x TBS, samples were 

applied and allowed to soak in for 30 min or filtered through with a Bio-Dot
®

 

microfiltration apparatus (Bio-Rad) or Roth
®

 Dot-blotter, according to manufacturer´s 

instructions. The membrane was washed two times in 1 x TBS and was then blocked with 

1% BSA in TBS overnight. The membrane was washed twice with 1 x TTBS for 15 min 

each and incubated with the primary antibody solution for 2 h. After washing the 

membrane four times in 1 x TTBS, it was incubated with the secondary antibody (anti-

rabbit alkaline phosphatase coupled, 0.5 mg in 0.5 ml, dilution 1:5000 for working 

solution) for 90 min. The membrane was washed four times with 1 x TBS for 15 min each, 

before detection of the secondary antibody binding by incubation with NBT - BCIP 

solution for 15-30 min. To stop the reaction the membrane was washed three times in 

ultra-pure water.  

Western blots were performed by first running a 12% 1D SDS-PAGE (as described 

previously) with the samples of the cell lysate. Then the gel was washed shortly in ultra-

pure water before transfer to a nitrocellulose membrane (Roti
®

-NC). A Trans-Blot
®

 SD 
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Abstract 

Two flavobacterial strains designated Hel3_A1_48T and Hel1_33_131T were isolated by 

liquid dilution series from marine coastal water of the station ´Kabeltonne´ near the island 

Helgoland, North Sea, Germany, and characterized using a polyphasic approach. Optimal 

growth occurred at 22 °C and 15 °C, at pH 7.5 and with 2.5-3% and 3% (w/v) NaCl, 

respectively. The predominant fatty acids of strain Hel3_A1_48T were C14:0, iso-C13:0, iso-

C14:0, iso-C15:0, anteiso-C15:0, iso-C15:1 G and iso-C15:0 3-OH. Predominant fatty acids of 

strain Hel1_33_131T were similar, except for anteiso-C15:1 A and C17:0 2-OH. The DNA 

G+C content was 36.4 mol% (Hel3_A1_48T) and 36.6 mol% (Hel1_33_131T). The polar 

lipid profile of strain Hel3_A1_48T consisted of a mixture of phosphatidylethanolamine, 

unidentified lipids, one aminolipid, one phospholipid and one glycolipid. Strain 

Hel1_33_131T had a very different amount of one unidentified lipid and a 

phosphoaminolipid instead of a phospholipid. Phylogenetic analyses based on 16S rRNA 

gene sequences showed that the strains formed a distinct branch within the family 

Flavobacteriaceae and showed 93.9% and 95.4% identity to their closest type strains and 

96.8% identity to each other. This revealed that they are two distinct species, which are 

almost equidistant to the type strains of the type species of the genera of Formosa, 

Lacinutrix, Flaviramulus and Gaetbulibacter. On the basis of genotypic and phenotypic 

data, strains Hel3_A1_48T and Hel1_33_131T were different from the next relatives. They 

therefore represent two novel species in the novel genus Fragilitenera within the family 

Flavobacteriaceae, for which the names Fragilitenera margaritagerula gen. nov., sp. 

nov., with the type strain Hel3_A1_48T (= LMG S-29670T = DSM 29894T), and 

Fragilitenera forsetii sp. nov., with the type strain Hel1_33_131T (= LMG S-29671T = 

DSM 29901T), are proposed.   
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The family of Flavobacteriaceae (Reichenbach et al., 1992; emend. Bernardet et al., 

2002), first mentioned by Jooste (1985) and established by Reichenbach (1989), belongs 

to the class of Flavobacteriia (Bernardet, 2011) within the phylum Bacteroidetes (Krieg et 

al., 2010). It currently comprises 141 genera (LPSN, June 2018).   

This study investigates the taxonomic position of the strains Hel3_A1_48T and 

Hel1_33_131T which were isolated by Hahnke et al. (2015) during the decay of summer 

and spring phytoplankton blooms in 2010. The strains were isolated from coastal surface 

water at 1 m depth at high tide on the 2nd of September, 2010 (15.4°C, pH 7.9) 

(Hel3_A1_48T) and on the 20th of April, 2010 (6.4°C, pH 7.8) (Hel1_33_131T) at the 

sampling station ´Kabeltonne´, Helgoland Roads (54°11.3′ N; 7°54.0′ E) near the island of 

Helgoland in the North Sea. They were isolated by dilution cultivation in liquid HaHa 

medium and were incubated in the dark at 22°C (September seawater) or 11°C (April 

seawater) (Hahnke et al., 2015). In April 2010 Hel1_33_131T represented 1% of the total 

bacterioplankton community, while strain Hel3_A1_48T represented 2.2% of the total 

bacterial cells in September 2010 (Hahnke et al., 2015). Strain Hel1_33_131T represented 

a discrete bacterioplankton species present in spring 2009 (Teeling et al., 2012) and 2010 

(Hahnke et al., 2015) and strain Hel3_A1_48T represented a species with high abundances 

in summer, but not in spring (Hahnke et al., 2015). In other studies (Hahnke, 2013; 

Hahnke et al., 2015; Avcı et al., 2016; Unfried et al., in review; Kappelmann et al., in 

review) the strains have been named Formosa strain/clade A (Hel3_A1_48T) and Formosa 

strain/clade B (Hel1_33_131T) due to their next related sequences at time of isolation.  

Here we describe the strains Hel3_A1_48T and Hel1_33_131T in relation to previously 

published species of the next related genera using a polyphasic approach including 

phenotypic, chemotaxonomic and genomic characteristics, as well as 16S rRNA gene 

based phylogeny.  
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Strain Hel3_A1_48T was routinely cultivated at 21 °C in HaHa_100V medium (Hahnke et 

al., 2015) on a tilting shaker with 55 rpm, unless otherwise stated. Cells of strain 

Hel1_33_131T were grown at 12 °C in HaHa_100 medium (Hahnke et al., 2015) on a 

tilting shaker with 55 rpm, unless otherwise stated. 

Genomic DNA was extracted according to Zhou et al. (1996) and the genomes were 

previously described (Hahnke et al., 2015; Unfried et al., in review). The G+C contents of 

the chromosomal DNA were determined in silico from the genomes by using RAST (Aziz 

et al., 2008). The complete 16S rRNA sequences of both strains were retrieved from their 

genomes (Hel3_A1_48: NZ_CP017259; Hel1_33_131: NZ_CP017260). 16S rRNA 

sequence identities were calculated with the blastn algorithm against the reference RNA 

sequences of NCBI (Altschul et al., 1990). The phylogeny of 16S rRNA genes was 

calculated using ARB (Westram et al., 2011). Sequences of the next related type species 

from NCBI and the 16S rRNA gene sequences from the genomes were imported into the 

SILVA reference database (Ref128) (Quast et al., 2013) in ARB and aligned using the 

integrated SINA aligner (Pruesse et al., 2012). The alignment was manually refined. Trees 

were calculated with neighbor joining (NJ), maximum parsimony (MP) and maximum 

likelihood (ML) methods without and with a 30% column base frequency filter. The 

branching and the neighboring species were compared and as representative, a NJ tree 

with a 30% (minimal similarity) base frequency termini filter (from E.coli base 63 to 

1443) and bootstraps from 1000 replications was calculated.  

Cellular morphology was investigated using transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM). Preparation for TEM was performed by placing a 

400-mesh copper grid (Quantifoil® Q12205, 100 Formvar® film, Quantifoil, 

Großlöbichau, Germany) on 50 µl aliquots of freshly grown cultures for 3-5 minutes and 

cells were negatively stained with 1% (w/v) aqueous uranyl-acetate for 1 minute. The 

grids were washed three times in deionized water and air-dried. The cells were imaged 

with a Zeiss EM 902A transmission electron microscope (Carl Zeiss, Oberkochen, 

Germany) with 80 kV acceleration voltage and at calibrated magnifications. For SEM, 

50 µl of freshly grown cultures were spotted on a silica wafer (Ted Pella, Inc., Redding, 

CA, USA) and allowed to settle for 1 h without falling dry. The cells were dehydrated by 

incubation in ethanol series from 30%, 50%, 70%, 80% to 96% for 10 min each. Samples 

in 99% ethanol were dried using a critical point dryer (LEICA EM CPD 300, Leica, 

Vienna, Austria). After mounting the samples on an aluminum stub with sticky carbon 
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tape (PLANO GmbH, Wetzlar, Germany) the samples were examined in a scanning 

electron microscope (QuantaTM 250 FEG, FEI, Eindhoven, The Netherlands) with 2 or 

5 keV and secondary electron (SE) images were recorded. 

Oxidase activity was tested using filter paper soaked with a 1% solution of N,N,N’,N’-

tetramethyl-p-phenylenediamine (Sigma-Aldrich GmbH, Munich, Germany). 

Development of a blue-purple color after adding the cells indicated a positive test. 

Catalase activity was determined by adding drops of 3% H2O2 to the cells and the 

observation of small bubbles indicated a positive test. 

To detect flexirubin-type pigments according to Bernardet et al. (1996), 20% KOH was 

added to the cell biomass. A color shift from yellow to brownish/red/purple indicated a 

positive test (Fautz & Reichenbach, 1980). For pigment analysis, 40 ml of stationary phase 

cultures were centrifuged for 1 h at 4390x g, and the cell pellets were resuspended in 2 ml 

96% ethanol and incubated overnight. The suspensions were sonicated 6x for 1 min each 

on ice, and after settling down the supernatants were filtered through 0.2 µm filters 

(Minisart, Sartorius, Göttingen, Germany). The solutions were concentrated by 

evaporation for two days to half of the volume and the spectra were measured from 200-

1000 nm in a Spectrostar nano (BMG Labtech, Ortenberg, Germany) in QS 1000 cuvettes. 

Gliding motility was tested according to McBride & Zhu (2013) by using liquid-filled 

tunnel slides. Tunnel slides were prepared by attaching a glass coverslip to a glass slide 

with strips of double-sticky tape. In this chamber, freshly grown cells from liquid cultures 

in standard medium were added. Cells were examined near the edge (within 1 mm) of the 

coverslip or near the tape to avoid loss of motility as a result of depletion of O2 (McBride 

& Zhu, 2013). The temperature optima were determined in HaHa_100V (Hel3_A1_48T) 

or HaHa_100 (Hel1_33_131T) medium in the temperature range of 4-36 °C in a 

temperature gradient block (Sagemann et al., 1998). Growth of the duplicates was 

measured as turbidity at 600 nm in an UVmini-1240 spectrophotometer (Shimadzu, 

Kyoto, Japan). The pH optima were determined in a range from pH 5-11 at 22 °C or 12 °C 

and 55 rpm by using HaHa_100V or HaHa100 medium and adjusting the pH with sterile 

1 M HCl and 1M NaOH. The test was performed in triplicates; one replicate was used for 

pH measurement directly after inoculation with 2% (v/v) of a preculture. For the salinity 

optima, growth was tested in a range from 0-10% (w/v) NaCl in adjusted HaHa_100V 

medium (HaHa_100V without ASW was mixed with medium containing 2 x ASW and 

additional NaCl was added when necessary) at optimal temperature and 55 rpm. Growth 

was measured at 600 nm as described previously.   
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Utilization of specific substrates was tested in modified HaHa_100V medium without 

glucose and cellobiose, only with casamino acids, peptone and yeast extract 

(HaHa_minV). The mono-, di-, and trisaccharides were dissolved in ultra-pure water 

(100 g/L) and the pH was adjusted with 1M HCl or NaOH. The solutions were sterile 

filtered through a 0.2 µm filter (Minisart, Sartorius). For cellulose preparation, filter paper 

(Grade 595 1/2, Whatman™, GE Healthcare, Freiburg, Germany) was cut into pieces and 

washed three times with ultra-pure water followed by washing with 70% ethanol. Pieces 

were autoclaved in ultra-pure water at 121 °C for 21 min. Agar, xylan, and κ- and ι-

carrageenan were prepared according to the protocol of Widdel & Bak (1992). Ultra-pure 

water was mixed with 4% (w/v) agar (Bacto™, BD Biosciences, Sparks, MD, USA), 

xylan (Carl Roth), or κ- or ι-carrageenan (Sigma-Aldrich), and the solutions were 

autoclaved at 121 °C for 21 min. Double concentrated artificial sea water (ASW) and one 

of the polymer solutions were mixed 1:1 (v/v) by stirring at 80 °C. The mixture was 

adjusted to pH 7 and poured into sterile polypropylene Petri dishes. Gelatin powder (Carl 

Roth, Karlsruhe, Germany) was dissolved in 1 x ASW, autoclaved at 121 °C for 21 min, 

before it was poured into sterile polypropylene Petri dishes. A portion of the prepared 

sterile polysaccharides was placed into a 15 ml polystyrene tube (Greiner Bio-One, 

Kremsmünster, Austria) and filled up to a volume of 10 mL with HaHa_minV. Chitin 

(powdered crab shells, C-9213, Sigma-Aldrich) was washed three times in autoclaved 

ultra-pure water in order to remove easy soluble contaminating mono-, and 

oligosaccharides, pasteurized three times by incubation in ultra-pure water at 70 °C for 1 h 

and washed with autoclaved ultra-pure water. Glycogen (Sigma-Aldrich) was dissolved in 

autoclaved 1x ASW and pasteurized three times at 70 °C. Xanthan was sterilized by filling 

the desired weight into the growth tube and dry pasteurizing at 60 °C over night, before 

10 ml sterile HaHa_minV was added. Laminarin (L9634, Sigma-Aldrich) was dissolved in 

autoclaved ultra-pure water and pasteurized three times at 70 °C. All polysaccharides were 

incubated in HaHa_minV medium at 21 °C for one week to test for contaminating bacteria 

prior to inoculation. Cells were grown in triplicates at 12 °C, 55 rpm and 2 g/L substrate 

concentration with 1% inoculum. Growth was measured at 600 nm with an UVmini-1240 

spectrophotometer (Shimadzu) and compared with growth in HaHa_100V or HaHa_100, 

respectively, and HaHa_minV. Growth on plates was tested three times by inoculation of 

100 µl of liquid culture on HaHa_100 agar plates (Hahnke & Harder, 2013) and marine 

agar 2216 plates.  
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Standardized utilization of carbon compounds and enzymatic activity were determined 

using API 20NE and API ZYM strips (bioMérieux, Marcy-l'Étoile, France) according to 

the manufacturer´s instructions, with the following modifications. For API 20NE tests, 

each strip was inoculated with a liquid culture of strain Hel3_A1_48T and Hel1_33_131T 

(OD600 = 0.1) in HaHa_minV medium. Cells were washed before 3x in HaHa_minV 

medium and the strips were incubated at 21 °C for 1-3 days. The API ZYM strips were 

inoculated with cell suspensions (OD600 = 0.1) of prewashed cells in 0.85% (w/v) NaCl 

solution and incubated for 4 h in the dark. Afterwards, the visual evaluation and the 

addition of required solutions were performed according to the manufacturer´s 

instructions.  

Susceptibility to antibiotics was tested in HaHa_100V medium in a 96 well microtiter 

plate for photometric measurement (Spectrostar nano, BMG Labtech). The following 

antibiotics were tested in duplicates in the concentrations 20, 50 and 100 µg ml-1: 

amoxicillin, ampicillin, chloramphenicol, cycloserine, erythromycin, gentamycin, 

kanamycin, nalidixic acid, rifampicin, streptomycin and tetracycline. Antibiotic stock 

solutions of 1 mg ml-1 were prepared and sterile filtered through a 0.2 µm filter (Minisart, 

Sartorius). The solutions for amoxicillin, ampicillin and cycloserine were directly 

prepared before usage. The wells were inoculated with 10% (v/v) inocula of precultures, 

the plates were sealed with a breathable foil, and the growth was monitored by OD 

measurement at 600 nm with a Spectrostar nano (BMG Labtech). Cells were resistant, 

when the growth was comparable to the control; sensitive, when growth was reduced, and 

susceptible, when no growth occurred. 

For whole cell protein fingerprints, cells were pelleted (4390x g, 20 min) and analyzed 

using SDS-PAGE. Proteins were separated in a 12% SDS-gel using a Bio-Rad system 

(Bio-Rad, Munich, Germany). Prior to loading on the gel, 20 µl samples were mixed with 

6.5 µl loading buffer (0.2 M TRIS/HCl pH 6.8, 10% (w/v) SDS, 10 mM DTT, 20% (w/v) 

glycerol, 0.05% (w/v) bromophenol blue), heated to 95°C for 5 minutes and centrifuged 

shortly (13817x g, 1 min). The PageRuler Unstained Protein Ladder (Fermentas, 

Burlington, Canada) was used to calibrate the size of the protein bands. Gel 

electrophoresis was performed for 20 minutes at 70 V to obtain a uniform front. Then, a 

voltage of 110 V was applied until the front reached the end of the gel. The gel was 

stained for 1.5 h with Coomassie staining solution (0. 025% (w/v) Coomassie G 250; 10% 

(v/v) glacial acetic acid; 40% (v/v) ethanol) and excess color was removed with 20% 
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(Nedashkovskaya et al., 2006), 94.9% with Flaviramulus ichthyoenteri Th78T (Zhang et 

al., 2013) and 94.9% with Lacinutrix algicola AKS293T
 (Nedashkovskaya et al., 2008). 

The 16S rRNA gene sequence identity of 96.8% between strain Hel3_A1_48T and 

Hel1_33_131T shows that they are two distinct species of the same new genus, because the 

identity is below the species threshold of 98.7% (Rosselló-Móra & Amann, 2015; 

Stackebrandt & Ebers, 2006).  

The phylogenetic analysis showed that the two strains are monophyletic in all tree 

calculations. They form a distinct branch next to the genus Flavivirga (Fig. 3), that is 

nearly equidistant to the type strains of the type species of the next related genera. This 

supported a new genus distinct from all described genera in the family Flavobacteriaceae. 

 

Fig. 3: Phylogenetic tree of the strains Hel3_A1_48T and Hel1_33_131T and closely related species of the 
family Flavobacteriaceae. The neighbor joining 16S rRNA tree with a 30% (minimal similarity) base 
frequency termini filter was calculated with 1000 bootstraps using ARB (Westram et al., 2011) as described 
in the methods section. The tree was rooted using the genera Cytophaga and Flexibacter. 

Both strains have a rather small genome compared to known genomes of related species. 

The 2,016,454 bp genome of strain Hel3_A1_48T and the 2,735,158 bp genome of strain 

Hel1_33_131T are considerably smaller than the genomes of Formosa agariphila 

(4,228,350 bp), Formosa haliotis (4,305,801 bp) and Flaviramulus ichtyenterobacterium 
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(3,944,211 bp). Supplementary table 2 summarized the differences in genome properties 

of the two strains and most complete genomes of related species, annotated by RAST 

(Aziz et al., 2008; Overbeek et al., 2014). All strains possessed polyphosphate genes; 

polyphosphate storage compounds were experimentally verified for Hel3_A1_48T cells 

(Fischer et al., in prep.). The presence of proteorhodopsin and the absence of inorganic 

sulfur assimilation genes differentiated strain Hel3_A1_48T from all other strains. The 

absence of genes for the Entner-Doudoroff pathway differentiated strain Hel3_A1_48T 

and Hel1_33_131T from the other genera Formosa and Flaviramulus.  

The major (> 5% of total) cellular fatty acids of strain Hel3_A1_48T were the branched-

chain saturated fatty acids iso-C13:0 (5.2%), iso-C14:0 (9.2%), iso-C15:0 (18.5%) and anteiso-

C15:0 (9.8%), the branched-chain mono-unsaturated fatty acid iso-C15:1 G (22.1%), the 

hydroxy fatty acid iso-C15:0 3-OH (15.9%) and the straight-chain saturated fatty acid C14:0 

(5.1%). The major fatty acids of strain Hel1_33_131T were the branched-chain mono-

unsaturated fatty acid iso-C15:1 G (34.3%) and anteiso-C15:1 A (7.1%), the branched-chain 

saturated fatty acids iso-C15:0 (17.3%) and anteiso-C15:0 (11.4%) and the hydroxy fatty 

acids iso-C15:0 3-OH (10.0%) and C17:0 2-OH (5.9%). The full analysis and comparison 

with the next related type species are summarized in table 1. The fatty acid profile is 

typical for the marine clade of Flavobacteriaceae which generally contain a high 

proportion of branched chain fatty acids (Bowman, 2006). Comparison to the next related 

type species revealed differences in the occurrence and relative abundance of many fatty 

acids, differentiating the two strains from each other and the next related species. 

Table 1:  Fatty acid profiles of strains Hel3_A1_48T and Hel1_33_131T and their closest type strains. 1: 
strain Hel3_A1_48T; 2: strain Hel1_33_131T; 3: Formosa undariae WS-MY3T (Park et al., 2013); 4: 
Lacinutrix algicola AKS293T (Nedashkovskaya et al., 2008); 5: Gaetbulibacter lutimaris D1-y4T (Yoon et 

al., 2013), 6: Ichtyenterobacterium magnum Th6T (Shakeela et al., 2015b), 7: Formosa arctica IMCC9485T 
(Kwon et al., 2014); 8: Formosa agariphila KMM 3901T (Nedashkovskaya et al., 2006); 9: Flaviramulus 
ichthyoenteri Th78T

 (Zhang et al., 2013). Data left out when only traces detected. Major fatty acids > 5% of 
total in bold. §Data from this study. TR, < 1%; -, not detected. 

Fatty Acid 1§ 2§ 3 4 5 6 7 8 9 

Saturated 

C13:0 2.7 - - - - - - - - 

C14:0 5.1 TR - TR - - - - TR 

C15:0 - - - 6.7 6.1 - 3.6  8.7 - 

C16:0 - 2.0 TR 1.0 1 2.1 1.6  1.6   5.7 

C18:0 - - TR - - - - - 4.3 
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Branched saturated 

iso-C13:0 5.2 TR - - TR - - - TR 

iso-C14:0 9.2 - 1 4.1 1.8 TR TR  - 1.1 

iso-C15:0 18.5 17.3 12.9 12.5 17.8 21 12.3  12.7 8.6 

iso-C16:0 - - 1.9 3.4 1.5 1.3 -  2.1 1.3 

anteiso-C15:0 9.8 11.4 7.3 4.6 12.9 TR 10.8  3.4  3 

Branched mono-unsaturated 

iso-C15:1 G 22.1 34.3 10.5 7.2 15.9 18.4 13.7  6.5 14.9 

iso-C16:1 G - - - - - - - - 1.5 

iso-C16:1 H - - 3.6 - 1.3 - 1.2 2.5 - 

anteiso-C15:1 A 2.8 7.1 1.6 1.2 3.5 TR 3.3  TR 1.2 

Hydroxy 

C12:0 3-OH 2.4 - - - - - - - - 

C15:0 2-OH - 2.0 1.7 1.9 2.3 1 2.6  1.8 1.6 

C15:0 3-OH - - 2.9 1.1 - TR - 2.4 1.3 

C16:0 3-OH - TR 1.7 TR TR 1.3 2.1  2.1 1.5 

C17:0 2-OH - 5.9 1.7 TR 1.7 TR 3.1  TR 1.1 

iso-C14:0 3-OH - - - 1.0 - -  - - 

iso-C15:0 3-OH 15.9 10.0 8.7 10.0 7 13 9.6  7.7 17.9 

iso-C16:0 3-OH 2.7 1.3 12.2 14.4 2.4 3 4.1  8.9 6.5 

iso-C17:0 3-OH 1.1 4.8 9.3 3.6 8.6 14 10.9  8.5 13.1 

Unsaturated 

C15:1 ω6c - - 5.2 2.7 1  1.3  6.0 TR 

C17:1 ω6c - - 3.1 1.8 TR TR -  3.2 TR 

C17:1 ω8c - - 1.1 - - - - - - 

iso-C17:1 ω9c - - 1.4 1.1 2.2 - -  1.4 TR 

anteiso-C17:1 

ω9c 
- - - - 1.5 - 2.1  - - 

Not resolved 

Summed feature 
3: C16:1 ω7c/ 
C16:1 ω6c  

TR TR 10.2 9.2 4.2 18 13.4  15.8 9.4 

Summed feature 
9: iso-C17:1 ω9c 
; 10-methyl 
C16:0 

- - - - 

 

 2 1.7  - - 

Br-C16:1 - - - 7.2 - - - - - 
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The polar lipid profile of strain Hel3_A1_48T showed phosphatidylethanolamine, four 

unidentified lipids, one unidentified aminolipid, phospholipid and glycolipid 

(Supplementary Fig. S1). The profile of strain Hel1_33_131T showed different amounts of 

unidentified lipids and, instead of a phospholipid, a phosphoaminolipid (Supplementary 

Fig. S1). These differences to each other and more pronounced to the other species of 

related genera show the separation of this new genus (Supplementary table S1).   

The only respiratory quinone for strain Hel3_A1_48T was MK-6 and it was also the major 

one for strain Hel1_33_131T (98% MK-6 and 2% MK-5), typical for the family 

Flavobacteriaceae (Bernardet, 2002). The DNA G+C content of strain Hel3_A1_48T was 

36.4 mol% and strain Hel1_33_131T had a G+C content of 36.6 mol%, which is in the 

range of Flavobacteriaceae from 27-56 mol% (Bernardet, 2011). 

Cells of both strains were non-flagellated short to moderately long rods with longer 

(Hel3_A1_48T) and shorter (Hel1_33_131T) extracellular structures (Fig. 1).  

The two strains were resistant against [µg ml-1] gentamycin (100) and kanamycin (100), 

but only strain Hel3_A1_48T was resistant against tetracycline (100); and only strain 

Hel1_33_131T was resistant against streptomycin (100). Both strains were susceptible to 

ampicillin (20), amoxicillin (20), chloramphenicol (20), cycloserin (50/20), erythromycin 

(20) and nalidixic acid (100/50). Strain Hel1_33_131T was additionally susceptible to 

tetracycline (50). While both strains were sensitive to rifampicin (20), strain Hel3_A1_48T 

was sensitive to streptomycin (100).  

Flexirubin-type pigments were absent, typical for marine Flavobacteriaceae 

(Reichenbach, 1989). The major absorbance peak of the extracted pigment of 

Hel3_A1_48T was at 446 nm, with minor peaks at 339 nm, 424 nm and 473 nm. The 

major absorbance peak of strain Hel1_33_131T was at 444 nm, with minor peaks at 

338 nm, 422 nm and 473 nm. These results, the yellow color and previous literature 

suggest the presence of carotenoids (Reichenbach, 1989).  

In HaHa_minV or HaHa_min medium both strains were able to grow on gelatin,             

D-mannose, D-glucose, D-cellobiose and laminarin, weak on starch; but not on               

D-fructose, D-mannitol, D-xylose, L-arabinose, D-trehalose, agar and ι-carrageenan. 

Additionally strain Hel3_A1_48T was able to grow in HaHa_minV medium on                 

D-galactose, D-mannose, L-rhamnose, D-arabinose, D-sucrose, D-maltose, L-raffinose, 

N-acetylglucosamine, cellulose, xanthan, к-carrageenan, xylan, glycerol and D-lactose; 

weak on glycogen and chitin. In HaHa_min medium, cells of strain Hel1_33_131T were 

able to grow on chitin; but not on D-galactose, L-rhamnose, D-arabinose, D-sucrose,       
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D-maltose, L-raffinose, N-acetylglucosamine, cellulose, xanthan, к-carrageenan, 

glycogen, xylan, glycerol and D-lactose.                   

Additional morphological, physiological and biochemical properties are given in the genus 

and species descriptions. A comparison of some properties of the strains with their closest 

related type strains, allowing the differentiation of the genus, is shown in table 2. 

Table 2: Phenotypic characteristics that significantly differentiate strain Hel3_A1_48T from Hel1_33_131T 
and both from the closest related genera. 1: strain Hel3_A1_48T; 2: strain Hel1_33_131T; 3: Formosa genus 
(F. algae (Ivanova et al., 2004); F. agariphila (Nedashkovskaya et al., 2006); F. spongicola (Yoon & Oh, 
2011); F. undariae (Park et al., 2013); F. arctica (Kwon et al., 2014); F. haliotis (Tanaka et al., 2015)); 4: 
Lacinutrix genus (L. copepodicola (Bowman & Nichols 2005); L. algicola, L. mariniflava (Nedashkovskaya 
et al., 2008); L. himadriensis (Srinivas et al., 2013); L. jangbogonensis (Lee et al., 2014); L. undariae (Park 
et al., 2015); L. cladophorae, L. iliipiscaria (Shakeela et al., 2015a; Nedashkovskaya et al., 2016); L. 

gracilariae (Huang et al., 2016)); 5: Gaetbulibacter genus (G. lutimaris (Yoon et al., 2013); G. 

saemankumensis (Jung et al., 2005); G. marinus (Yang & Cho, 2008); G. aestuarii (Park et al., 2012); G. 

aquiaggeris (Jung et al., 2016)); 6: Ichthyenterobacterium magnum (Shakeela et al., 2015b), 7: 
Flaviramulus genus (F. basaltis (Einen & Øvreås, 2006); F. ichthyoenteri (Zhang et al., 2013); F. 

aquimarinus (Lee et al., 2015); F. aestuariivivens (Park et al., 2017)). All strains were isolated from a 
marine habitat, were aerobic and had MK-6 as major respiratory quinone. All strains were negative for 
flagella and flexirubin type-pigments.  +, positive; -, negative; v, variable; nd, not determined. §Data from 
this study. 

 1
§
 2

§
 3 4 5 6 7 

Cell shape short rod-
shaped 

rod 
shaped 

rod-
shaped 

straight / 
slightly 
curved 
rods 

rod-
shaped 

pleomorp
hic rod 

rod-shaped 

Cell size [µm] 0.3-0.6 x 
0.5-1.1 

0.3-0.6 x 
0.5-1.2 

0.3-0.9 x 
0.6-3.0 

0.2-0.8 x 
0.3-3 

0.2-1.0 x 
0.8-4.5 

1.5-20 0.2-0.6 x 
1- >30) 

Colony size [mm] - - 0.4-4 0.5-4 0.2-3 1-1.5 0.5-2 

Colony shape - - circular, 
convex 

circular, 
convex 

circular, 
convex, 
entire 

margins 

convex, 
entire 

margins 

circular, 
convex, 
entire 

margins 

Color yellow-
orange 

yellow yellow yellow-
orange 

yellow light 
yellow 

yellow 

Gliding motility - - v v v - v 

Cytochrome 
Oxidase  

+ 
(genome) 

+ 
(genome) 

v v v - v 

Catalase - + + v + - + 

ß-galactosidase - - v v v  v 

Alkaline 
phosphatase 

- + + + + + + 
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Carotenoids yes (max. 
446 nm) 

yes (max. 
444 nm) 

yes (max. 
433 to 

455 nm) 

nd yes (max. 
478, 451 

nm) 

nd + 

Nitrate reduction +  + v - - + - 

Fermentation of 
Glucose 

- - + - nd / - + nd / - 

Degradation agar - - v v nd + - 

Degradation 
cellulose 

+ - - nd / - nd / - - nd / - 

Degradation 
chitin 

- + - nd / - nd / - - nd / - 

Degradation 
starch 

weak weak v v v + v 

Degradation 
gelatin 

+ + v v v + v 

Degradation 
casein 

nd nd - v v - - 

Temp. range [°C] 8-25 4-19 4-36 - 2-32 3-40 16-32 - 2-37 

Temp. Optimum 
[°C] 

22 15 21-30   28  

pH range  7-7.5 6.5-7.5 5-11 5-9.5 5.5-11 6-8 6-9 

pH optimum 7.5 7.5    7  

NaCl range [%] 2-5 2-5 0-9 0-12 0-9 0-8 0.5-6 

NaCl optimum 
[%] 

2.5-3 3 1.5-3   2-3  

Growth on 2216 
MA plates  

- - + + + + + 

DNA G+C 
content [mol%] 

36.4 36.6 34-37.6 29-37 32.4-36 29 31.4-33.4 

 

Based on the phylogenetic analysis of the 16S rRNA gene sequences, genomic, 

phenotypic and chemotaxonomic characteristics of strain Hel3_A1_48T and strain 

Hel1_33_131T, they represent two novel species of a novel genus, for which the names 

Fragilitenera margaritagerula gen. nov., sp. nov. and Fragilitenera forsetii sp. nov. are 

proposed.  
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Description of Fragilitenera gen. nov.  

Fragilitenera (Fra.gi.li´te.ne.ra. N.L. fem. from fragilis L. masc./fem., fragile, in relation 

to the easily broken appendages; and tenera N.L. fem. substantive from L. fem. adj. 

tenera, delicate, in relation to the mechanosensitive cells). 

Cells are Gram-staining negative, non-flagellated, non-motile, non-spore-forming, aerobic 

rods. They require salt for growth and have extracellular surface structures.  

Flexirubin type pigments are absent. Predominant fatty acids include iso-C15:0, anteiso-

C15:0, iso-C15:1 G and iso-C15:0 3-OH. Major polar lipids include phosphatidylethanolamine, 

one unidentified aminolipid and lipid. The major respiratory quinone is MK-6. The genus 

belongs to the family Flavobacteriaceae in the class Flavobacteriia. The type species is 

Fragilitenera margaritagerula.  

 

Description of Fragilitenera margaritagerula sp. nov. 

Fragilitenera margaritagerula (mar.ga.ri.ta´ge.ru.la. N.L. fem. margarita L. fem. pearl; 

gerula L. fem. carrier, pearl-carrier derived from the chain of ´pearl´ appendages on the 

cell surface). 

The description is as for the genus plus the following characteristics. Cells are catalase- 

negative and oxidase-positive, short to moderately long rods (0.5-1.1 µm long and 0.3-

0.6 µm wide) when grown in liquid HaHa_100V medium for about 2 weeks. Sometimes 

longer cell filaments are present. Appendages are mostly up to 10 µm long vesicle chains 

composed of 50-80 nm wide nm and 80-100 nm long vesicles. Did not grow on marine 

agar 2216 or HaHa marine agar plates. Cells are sensitive to mechanical stress and require 

vitamins for growth. Yellow-orange cell pellets formed from liquid culture. The major 

absorbance peak of the extracted pigment at 446 nm, with minor peaks at 339 nm, 424 nm 

and 473 nm. Gliding motility is not observed. Grows at 8-25 °C (optimum at 22 °C), at pH 

7-7.5 (optimum at pH 7.5) and with 2-5% NaCl (optimum with 2.5-3%).  

Grows in HaHa_minV with N-acetylglucosamine, D-arabinose, к-carrageenan,               

D-cellobiose, cellulose, D-galactose, gelatin, D-glucose, glycerol, D-lactose, laminarin,  

D-maltose, D-mannose, L-raffinose, L-rhamnose, D-sucrose, xanthan and xylan. Weak 

growth was observed with chitin, glycogen, and starch. Cells did not grow with agar,       

L-arabinose, ι-carrageenan, D-fructose, D-mannitol, D-trehalose and D-xylose. According 
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to the API ZYM test, positive for esterase lipase, leucine arylamidase, valine arylamidase, 

acid phosphatase and naphthol-AS-BI-phosphohydrolase. In API20NE only positive for 

nitrate reduction. Cells are resistant against tetracycline (100), gentamycin (100) and 

kanamycin (100), but sensitive to rifampicin (20) and streptomycin (100); and susceptible 

to ampicillin (20), amoxicillin (20), chloramphenicol (20), cycloserin (50), erythromycin 

(20) and nalidixic acid (100).  The major (> 5% of total) fatty acids are iso-C15:1 G, iso-

C15:0, iso-C15:0 3-OH, anteiso-C15:0, iso-C14:0, iso-C13:0 and C14:0. The polar lipid profile 

comprises phosphatidylethanolamine, four unidentified lipids, one unidentified 

aminolipid, phospholipid and glycolipid. MK-6 is the only respiratory lipoquinone.  

The type strain is Hel3_A1_48T (= LMG S-29670T = DSM 29894T), isolated from 

seawater of station ´Kabeltonne´ (54°11.3′ N; 7°54.0′ E) Helgoland Roads, North Sea, 

Germany. The G+C content of the genome of the type strain is 36.4 mol%.  

 

Description of Fragilitenera forsetii sp. nov. 

Fragilitenera forsetii (for.set´ti.i. N.L. gen. fem. n. forsetii, of Forseti, a god in 

Scandinavian mytology that lived on Helgoland, the island from where the bacterium was 

isolated).  

The description is as for the genus plus the following characteristics. Cells are catalase- 

and oxidase-positive, short rods (0.3-0.5 µm long, 0.5-1.2 µm wide) when grown in liquid 

HaHa_100V medium for about 2 weeks. Extracellular structures were shorter pearl-chain-

like appendages and single vesicles. Did not grow on marine agar 2216 or HaHa marine 

agar. Cells are sensitive to mechanical stress. Does not require vitamins for growth. 

Yellow cell pellets formed from liquid culture. The major absorbance peak of the 

extracted pigment was at 444 nm, with minor peaks at 338 nm, 422 nm and 473 nm. 

Gliding motility is not observed. Grows at 4-19 °C (optimum at 15 °C), at pH 6.5-7.5 

(optimum at pH 7.5) and with 2-5% NaCl (optimum with 3%). With HaHa_min medium, 

growth occurs on D-cellobiose, chitin, gelatine, D-glucose, laminarin and D-mannose. 

Weak growth on starch. No growth on N-acetylglucosamine, agar, D-arabinose,               

L-arabinose, ι-carrageenan, к-carrageenan, cellulose, D-fructose, D-galactose, glycerol, 

glycogen, D-lactose, D-maltose, D-mannitol, L-raffinose, L-rhamnose, D-sucrose,           

D-trehalose, xanthan, xylan and D-xylose. According to the API ZYM test positive for 

esterase lipase, leucine arylamidase, valine arylamidase, acid phosphatase, naphthol-AS-
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BI-phosphohydrolase, alkaline phosphatase, cystine arylamidase, ß-glucosidase and         

N-acetyl-ß-glucosaminidase. In API20NE only positive for nitrate reduction. Cells are 

resistant against gentamycin (100), kanamycin (100) and streptomycin (100), but sensitive 

to rifampicin (200); and susceptible to ampicillin (20), amoxicillin (20), chloramphenicol 

(20), cycloserin (20), erythromycin (20), nalidixic acid (50) and tetracycline (50).  The 

major (> 5% of the total) fatty acids are iso-C15:1 G, anteiso-C15:1 A, iso-C15:0, anteiso-C15:0, 

iso-C15:0 3-OH and C17:0 2-OH. The polar lipid profile comprises 

phosphatidylethanolamine, four unidentified lipids, one unidentified aminolipid, 

phosphoaminolipid and glycolipid. The major respiratory quinone is 98% MK-6 with 2% 

MK-5. 

The type strain is Hel1_33_131T (= LMG S-29671T = DSM 29901T), isolated from 

seawater of station ´Kabeltonne´ (54°11.3′ N; 7°54.0′ E) Helgoland Roads, North Sea, 

Germany. The G+C content of the genome of the type strain is 36.6 mol%.  

Acknowledgements 

We thank Ingrid Kunze, Daniela Tienken and Swantje Lilienthal for technical assistance. 

The study was financed by the Max Planck Society.    

Conflict of interest 

The authors declare no conflict of interest. 

References 

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., Lipman, D. J. (1990). Basic local 
alignment search tool. J Mol Biol 215: 403-410 

Avcı, B., Hahnke, R. L., Chafee, M., Fischer, T., Gruber‐Vodicka, H., Tegetmeyer, H. E., 
et al. (2017). Genomic and physiological analyses of ´Reinekea forsetii´ reveal a 
versatile opportunistic lifestyle during spring algae blooms. Environ Microbiol 19: 
1209-1221 

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al. (2008). 
The RAST Server: rapid annotations using subsystems technology. BMC 

Genomics 9: 75 

Bernardet, J.-F., Segers, P., Vancanneyt, M., Berthe, F., Kersters, K., Vandamme, P. 
(1996). Cutting a Gordian Knot: Emended classification and description of the 
genus Flavobacterium, emended description of the family Flavobacteriaceae, and 
proposal of Flavobacterium hydatis nom. nov. (Basonym, Cytophaga aquatilis 

Strohl and Tait 1978). Int J Syst Evol Micr 46: 128-148 



 Chapter III: 3.1 Fragilitenera 

121 

 

Bernardet, J. F., Nakagawa, Y., Holmes, B. (2002). Proposed minimal standards for 
describing new taxa of the family Flavobacteriaceae and emended description of 
the family. Int J Syst Evol Micr 52: 1049-1070 

Bernardet, J. F. (2011). Family I. Flavobacteriaceae Reichenbach 1992b, 327VP 
(Effective publication: Reichenbach 1989b, 2013.) emend. Bernardet, Segers, 
Vancanneyt, Berthe, Kersters, and Vandamme 1996, 145 emend. Bernardet, 
Nakagawa and Holmes 2002, 1057. Bergey’s Manual of Systematic Bacteriology, 
(eds.) Krieg, J. T., Staley, N. R. (NY: Springer, New York), 106-314 

Bernardet, J. F. (2011). Class II Flavobacteriia class nov. In Krieg, N.R., Staley, J.T., 
Brown, D.R., Hedlund, B.P., Paster, B.J., Ward, N.L., Ludwig, W., Whitman, 
W.B. (eds), Bergey's Manual of Systematic Bacteriology 4: 105 

Bligh, E. G., Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. 
Can J Biochem Phys 37: 911-917 

Bowman, J.P. (2006). The marine clade of the family Flavobacteriaceae: The genera 
Aequorivita, Arenibacter, Cellulophaga, Croceibacter, Formosa, Gelidibacter, 
Gillisia, Maribacter, Mesonia, Muricauda, Polaribacter, Psychroflexus, 
Psychroserpens, Robiginitalea, Salegentibacter, Tenacibaculum, Ulvibacter, 
Vitellibacter and Zobellia. Prokaryotes 7: 677-694 

 
Bowman, J. P., Nichols, D. S. (2005). Novel members of the family Flavobacteriaceae 

from Antarctic maritime habitats including Subsaximicrobium wynnwilliamsii gen. 
nov., sp. nov., Subsaximicrobium saxinquilinus sp. nov., Subsaxibacter broadyi 
gen. nov., sp. nov., Lacinutrix copepodicola gen. nov., sp. nov., and novel species 
of the genera Bizionia, Gelidibacter and Gillisia. Int J Syst Evol Micr 55: 1471-
1486 

 
Einen, J., Øvreås, L. (2006). Flaviramulus basaltis gen. nov., sp. nov., a novel member of 

the family Flavobacteriaceae isolated from seafloor basalt Int J Syst Evol Micr  56: 
2455-2461 

 
Fautz, E., Reichenbach, H. (1980). A simple test for flexirubin‐type pigments. FEMS 

Microbiol Lett 8: 87-91 
 
Fischer, T., Schorb, M., Mellwig, R., Reintjes, G., Markert, S., Rhiel, E., et al. (in 

preparation). Biopearling of outer membrane vesicle chains by a marine 
flavobacterium.  

 
Hahnke, R.L., Harder, J. (2013). Phylogenetic diversity of Flavobacteria isolated from the 

North Sea on solid media. Syst Appl Microbiol 36: 497-504 
 



Chapter III: 3.1 Fragilitenera 
 

122 
 

Hahnke, R. (2013). Cultivation of Flavobacteria and other in situ abundant bacteria from 
the North Sea. PhD thesis, University Bremen  

 
Hahnke, R. L., Bennke, C. M., Fuchs, B. M., Mann, A. J., Rhiel, E., Teeling, H., et al. 

(2015). Dilution cultivation of marine heterotrophic bacteria abundant after a 
spring phytoplankton bloom in the North Sea. Environ Microbiol 17: 3515-3526 

 
Hameed, A., Shahina, M., Lin, S. Y., Lai, W. A., Hsu, Y. H., Liu, Y. C., Young, C. C. 

(2014). Aquibacter zeaxanthinifaciens gen. nov., sp. nov., a zeaxanthin-producing 
bacterium of the family Flavobacteriaceae isolated from surface seawater, and 
emended descriptions of the genera Aestuariibaculum and Gaetbulibacter. Int J 

Syst Evol Micr 64: 138-145 
 
Huang, Z., Li, G., Lai, Q., Gu, L., Shao, Z. (2016). Lacinutrix gracilariae sp. nov., 

isolated from the surface of a marine red alga Gracilaria sp Int J Syst Evol 

Micr 66: 587-591 
 
Ivanova, E. P., Alexeeva, Y. V., Flavier, S., Wright, J. P., Zhukova, N. V., Gorshkova, N. 

M., et al. (2004). Formosa algae gen. nov., sp. nov., a novel member of the family 
Flavobacteriaceae. Int J Syst Evol Micr 54: 705-711 

 
Jooste, P. J. (1985). The taxonomy and significance of Flavobacterium-Cytophaga strains 

from dairy sources. Ph.D. Study Department of Microbiology, University of the 
Orange Free State, Bloemfontein, South Africa. 

Jung, S. Y., Kang, S. J., Lee, M. H., Lee, S. Y., Oh, T. K., Yoon, J. H. (2005). 
Gaetbulibacter saemankumensis gen. nov., sp. nov., a novel member of the family 
Flavobacteriaceae isolated from a tidal flat sediment in Korea. Int J Syst Evol Micr 

55: 1845-1849 

Jung, Y. T., Lee, J. S., Yoon, J. H. (2016). Gaetbulibacter aquiaggeris sp. nov., a member 
of the Flavobacteriaceae isolated from seawater. Int J Syst Evol Micr 66: 1131-
1137 

Kappelmann, L., Krüger, K., Hehemann, J.-H., Harder, J., Markert, S., Unfried, F., et al. 
(in review). Polysaccharide utilization loci of 53 North Sea Flavobacteriia as basis 
for using SusC/D-protein expression for predicting major phytoplankton glycans. 

Kämpfer, P., Kroppenstedt, R. M. (1996). Numerical analysis of fatty acid patterns of 
coryneform bacteria and related taxa. Can J Microbiol 42: 989-1005 

Krieg, N. R., Ludwig, W., Euzéby, J., Whitman, W. (2010). The Bacteroidetes, 

Spirochaetes, Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres, 

Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, 

Chlamydiae, and Planctomycetes. In: Krieg N., Staley J.T., Brown D.R., Hedlund 



 Chapter III: 3.1 Fragilitenera 

123 

 

B.P., Paster B.J., Ward N.L., Ludwig W., Whitman W.B. (eds), Bergey’s Manual 
of Systematic Bacteriology: Vol 4, 2nd Edn, chapter Phylum XIV. Bacteroidetes 
phyl. nov. Springer, New York. pp. 25-469 

Kwon, T., Baek, K., Lee, K., Kang, I., Cho, J. C. (2014). Formosa arctica sp. nov., 
isolated from Arctic seawater. Int J Syst Evol Micr 64: 78-82 

Lee, Y. M., Hwang, C. Y., Lee, I., Jung, Y. J., Cho, Y., Baek, K., et al. (2014). Lacinutrix 
jangbogonensis sp. nov., a psychrophilic bacterium isolated from Antarctic marine 
sediment and emended description of the genus Lacinutrix. Anton Van Leeuw 106: 
527-533 

Lee, J. H., Baik, K. S., Seong, C. N. (2015). Flaviramulus aquimarinus sp. nov., isolated 
from seawater. Int J Syst Evol Micr 65: 644-649 

McBride, M. J., Zhu, Y. (2013). Gliding motility and Por secretion system genes are 
widespread among members of the phylum Bacteroidetes. J Bacteriol 195: 270-
278 

Nedashkovskaya, O. I., Kim, S. B., Vancanneyt, M., Snauwaert, C., Lysenko, A. M., 
Rohde, M., et al. (2006). Formosa agariphila sp. nov., a budding bacterium of the 
family Flavobacteriaceae isolated from marine environments, and emended 
description of the genus Formosa. Int J Syst Evol Micr 56: 161-167 

Nedashkovskaya, O. I., Kwon, K. K., Yang, S. H., Lee, H. S., Chung, K. H., Kim, S. J. 
(2008). Lacinutrix algicola sp. nov. and Lacinutrix mariniflava sp. nov., two novel 
marine alga-associated bacteria and emended description of the genus 
Lacinutrix. Int J Syst Evol Micr 58: 2694-2698 

Nedashkovskaya, O. I., Kim, S. G., Zhukova, N. V., Lee, J. S., Mikhailov, V. V. (2016). 
Lacinutrix cladophorae sp. nov., a flavobacterium isolated from the green alga 
Cladophora stimpsonii, transfer of Flavirhabdus iliipiscaria Shakeela et al. 2015 
to the genus Lacinutrix as Lacinutrix iliipiscaria comb. nov. and emended 
description of the genus Lacinutrix. Int J Syst Evol Micr 66: 4339-4346 

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2013). 
The SEED and the Rapid Annotation of microbial genomes using Subsystems 
Technology (RAST). Nucleic Acids Res 42: D206-D214 

Park, S. C., Choe, H. N., Baik, K. S., Lee, K. H., Seong, C. N. (2012). Gaetbulibacter 

aestuarii sp. nov., isolated from shallow coastal seawater, and emended description 
of the genus Gaetbulibacter. Int J Syst Evol Micr 62: 150-154 

Park, S., Lee, J. S., Lee, K. C., Yoon, J. H. (2013). Formosa undariae sp. nov., isolated 
from a reservoir containing the brown algae Undaria pinnatifida. Int J Syst Evol 

Micr 63: 4130-4135 



Chapter III: 3.1 Fragilitenera 
 

124 
 

Park, S., Park, J. M., Jung, Y. T., Kang, C. H., Yoon, J. H. (2015). Lacinutrix undariae sp. 
nov., isolated from a brown algae reservoir. Int J Syst Evol Micr 65: 2696-2701 

Park, S., Ha, M. J., Yoon, S. Y., Yoon, J. H. (2017). Flaviramulus aestuariivivens sp. 
nov., isolated from a tidal flat. Int J Syst Evol Micr 67: 2337-2342 

Pruesse, E., Peplies, J., Glöckner, F. O. (2012). SINA: accurate high-throughput multiple 
sequence alignment of ribosomal RNA genes. Bioinformatics 28: 1823-1829 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The 
SILVA ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res 41: D590-D596 

Reichenbach, H. (1989). Order I. Cytophagales Leadbetter 1974. Bergey’s Manual of 
Systematic Bacteriology. Staley, J. T., Bryant, M. P., Pfennig, N. and Holt, J. G. 
(Eds. Williams and Wilkins, Baltimore, MD. 3: 2011-2013 

Reichenbach, H. (1992). Flavobacteriaceae fam. nov.: Validation of the publication of 
new names and new combinations previously effectively published outside the 
IJSB, List no. 41. Int J Syst Bacteriol 42: 327-329 

Rosselló-Móra, R., Amann, R. (2015). Past and future species definitions for Bacteria and 
Archaea. Syst Appl Microbiol 38: 209-216 

Sagemann, J., Jørgensen, B. B., Greeff, O. (1998). Temperature dependence and rates of 
sulfate reduction in cold sediments of Svalbard, Arctic Ocean. Geomicrobiol J 15: 
85-100 

Shakeela, Q., Shehzad, A., Zhang, Y., Tang, K., Zhang, X. H. (2015a). Flavirhabdus 

iliipiscaria gen. nov., sp. nov., isolated from intestine of flounder (Paralichthys 

olivaceus) and emended descriptions of the genera Flavivirga, Algibacter, Bizionia 
and Formosa. Int J Syst Evol Micr 65: 1347-1353 

Shakeela, Q., Shehzad, A., Tang, K., Zhang, Y., Zhang, X. H. (2015b). 
Ichthyenterobacterium magnum gen. nov., sp. nov., a member of the family 
Flavobacteriaceae isolated from olive flounder (Paralichthys olivaceus). Int J Syst 

Evol Micr 65: 1186-1192 

Srinivas, T. N. R., Prasad, S., Manasa, P., Sailaja, B., Begum, Z., Shivaji, S. (2013). 
Lacinutrix himadriensis sp. nov., a psychrophilic bacterium isolated from a marine 
sediment, and emended description of the genus Lacinutrix. Int J Syst Evol 

Micr 63: 729-734 

Stackebrandt, E., Ebers, J. (2006). Taxonomic parameters revisited: tarnished gold 
standards. Microbiol Today 33: 152-155 



 Chapter III: 3.1 Fragilitenera 

125 

 

Tanaka, R., Cleenwerck, I., Mizutani, Y., Iehata, S., Shibata, T., Miyake, H., et al. (2015). 
Formosa haliotis sp. nov., a brown-alga-degrading bacterium isolated from the gut 
of the abalone Haliotis gigantea. Int J Syst Evol Micr 65: 4388-4393 

Teeling, H., Fuchs, B. M., Becher, D., Klockow, C., Gardebrecht, A., Bennke, C., et al. 

(2012). Substrate-controlled succession of marine bacterioplankton populations 
induced by a phytoplankton bloom. Science 336: 608-611 

Tindall, B. J. (1990). A comparative study of the lipid composition of Halobacterium 

saccharovorum from various sources. Syst Appl Microbiol 13: 128-130 

Tindall, B. J., Sikorski, J., Smibert, R. A., Krieg, N. R. (2007). Phenotypic 
characterization and the principles of comparative systematics. In Methods for 

General and Molecular Microbiology, Third Edition. American Society of 
Microbiology. (pp. 330-393) 

Unfried, F., Becker, S., Robb, C. S.,  Hehemann, J.-H., Markert, S., Heiden, S. E., et al. 

(in review). Adaptive mechanisms that provide competitive advantages to marine 
Bacteroidetes during microalgal blooms. (Manuscript in appendix of the thesis) 

Westram, R., Bader, K., Prüsse, E., Kumar, Y., Meier, H., Glöckner, F. O., et al. (2011). 
ARB: a software environment for sequence data. In: de Bruijn, F., J., editor. 
Handbook of molecular microbial ecology I: metagenomics and complementary 

approaches. John Wiley & Sons, Inc., Hoboken, New Jersey. pp 399-406 

Widdel, F., Bak, F. (1992). Gram-negative mesophilic sulfate-reducing bacteria. The 

Prokaryotes. Springer, New York, NY. pp. 3352-3378 

Yang, S. J., Cho, J. C. (2008). Gaetbulibacter marinus sp. nov., isolated from coastal 
seawater, and emended description of the genus Gaetbulibacter. Int J Syst Evol 

Micr 58: 315-318 

Yarza, P., Yilmaz, P., Pruesse, E., Glöckner, F. O., Ludwig, W., Schleifer, K. H., et al. 
(2014). Uniting the classification of cultured and uncultured bacteria and archaea 
using 16S rRNA gene sequences. Nat Rev Microbiol 12: 635-645 

Yoon, B. J., Oh, D. C. (2011). Formosa spongicola sp. nov., isolated from the marine 
sponge Hymeniacidon flavia. Int J Syst Evol Micr 61: 330-333 

Yoon, J. H., Lee, S. Y., Oh, T. K. (2013). Gaetbulibacter lutimaris sp. nov., isolated from 
a tidal flat sediment. Int J Syst Evol Micr 63: 995-1000 

Zhang, Y., Tang, K., Shi, X., Zhang, X. H. (2013). Flaviramulus ichthyoenteri sp. nov., an 
N-acylhomoserine lactone-degrading bacterium isolated from the intestine of a 
flounder (Paralichthys olivaceus), and emended descriptions of the genus 
Flaviramulus and Flaviramulus basaltis. Int J Syst Evol Micr  63: 4477-4483 



Chapter III: 3.1 Fragilitenera 
 

126 
 

Zhou, J., Bruns, M. A., Tiedje, J. M. (1996). DNA recovery from soils of diverse 
composition. Appl Environ Microbiol 62: 316-322 



 Chapter III: 3.1 Fragilitenera 

127 
 

Supplementary material: 

 

Fragilitenera margaritagerula gen. nov., sp. nov. and Fragilitenera forsetii  

sp. nov., new members of the marine clade of Flavobacteriaceae isolated 

from the North Sea 

 

Tanja Fischer
1
, Richard L. Hahnke

2
, Erhard Rhiel

3
, Sten Littmann

4
, Jens Harder

1* 

 

1
Department of Microbiology, Max Planck Institute for Marine Microbiology, Bremen, 

Germany 

2
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, 

Braunschweig, Germany 

3
Institute for Chemistry and Biology of the Marine Environment, Carl von Ossietzky 

University Oldenburg, Germany 

4
Department of Biogeochemistry, Max Planck Institute for Marine Microbiology, Bremen, 

Germany 

 

 

 

*
 To whom correspondence should be addressed: Jens Harder, Max Planck Institute for 

Marine Microbiology, Celsiusstr. 1, D-28215 Bremen, Germany, Tel.: +49 421 2028-750; 

Fax: +49 421 2028-790; e-mail: jharder@mpi-bremen.de 

 

  







Chapter III: 3.1 Fragilitenera 
 

130 
 

Table S1: Comparison of polar lipids of strains Hel3_A1_48
T
 and Hel1_33_131

T
 and the 

next  related type strains. 1: strain Hel3_A1_48
T
; 2: strain Hel1_33_131

T
; 3: Formosa 

undariae WS-MY3
T
 (Park et al., 2013) 4: Lacinutrix algicola AKS293

T
 (data from Park et 

al., 2015), 5: Gaetbulibacter lutimaris D1-y4
T
 (Yoon et al., 2013), 6: 

Ichtyenterobacterium magnum Th6
T
 (Shakeela et al., 2015b), 7: Formosa arctica 

IMCC9485
T
 (Kwon et al., 2014); 8: Formosa agariphila KMM 3901

T
 (data from Park et 

al., 2013); 9: Flaviramulus ichthyoenteri Th78
T 

(Zhang et al., 2013). All: L1-3, 

uncharacterized lipid; PE, phosphatidylethanolamine; AL, aminolipid; PL, phospholipid; 

GL, glycolipid; PN, phosphoaminolipid; APL, aminophospholipid. 6:  G1, unidentified 

glycolipid; G, diglucosyl diacylglycerol; LPG, lysyl-phosphatidylglycerol. §Data from this 

study. 

Polar lipids 1 
§
 2 

§
 3 4 5 6 7 8 9 

Major L1 L2 L2 L1 PE LPG PE L1 PE 

2 nd largest PE L1 L1 PE L1 G L L2 L1 

3 rd largest AL PE PE L, L AL G1 AL2 PE L2 

4 th largest L2 AL L, AL1 AL, AL AL PL2, 

PL1 

AL1 PL3,L3 AL 

Minor  PL GL AL2, 

PL1,2 

APL L, L, L L1,L2 APL GL, 

AL1 

L3 

Minor  GL PN  L2, L    PL4, 

AL2, 

APL1-3 

 

 

  



 Chapter III: 3.1 Fragilitenera 

131 
 

Table S2: Genome features of strains Hel3_A1_48
T
 and Hel1_33_131

T
 and available 

genomes of related genera, annotated by the subsystem of RAST (Aziz et al., 2008; 

Overbeek et al., 2014). 1: strain Hel3_A1_48
T 

(NZ_CP017259) (Unfried et al., in review); 

2: strain Hel1_33_131
T
 (NZ_CP017260) (Unfried et al., in review); 3: Formosa 

agariphila KMM 3901
T
 (Nedashkovskaya et al., 2006), genome NCBI accession number 

NZ_HG315671 (Mann et al., 2013); 4: Formosa haliotis LMG 28520
T 

(Tanaka et al., 

2015), genome NCBI accession number NZ_BDEL00000000; 5: Flaviramulus 

ichthyoenteri Th78
T
 (Zhang et al., 2013), genome NCBI accession number 

NZ_AUYN00000000 (Zhang et al., 2015). All the strains have genes for persister cells, 

cytochrome C oxidases, polyphosphate, TCA cycle, pentose-phosphate pathway, 

glycolysis and gluconeogenesis and oxidative stress as major stress response; but no genes 

for spore-formation, motility and quorum sensing.  

Genes for: 1 2 3 4 5 

Proteorhodopsin 5 - - - - 

Denitrification - 1 3 13 18 

Entner-Doudoroff 

pathway 

- - 13 15 14 

Inorganic sulfur 

assimilation 

- 6 8 8 6 
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Abstract 

A flavobacterial strain designated Hel1_31_208T was isolated from marine coastal water 

of the station ´Kabeltonne´ near the island Helgoland, North Sea, Germany, and 

characterized using a polyphasic approach. Cells were Gram-staining negative, strictly 

aerobic, heterotrophic, non-motile, non-spore-forming, oxidase- and catalase-positive, 

rods (0.6-1.5 µm long, 0.3-0.8 µm wide) with a yellow color, but were negative for 

flexirubin-type pigments. Optimal growth occurred at 15-17 °C, at pH 8 and with 3-3.5% 

(w/v) NaCl. Strain Hel1_31_208T hydrolyzed the polysaccharides к-carrageenan,              

ι-carrageenan, starch and xylan. The major respiratory quinone was MK-6. The 

predominant fatty acids were C16:0, iso-C15:0, iso-C15:1 G, iso-C16:0 3-OH and summed 

feature 3 (C16:1 ω7c/ C16:1 ω6c). The polar lipids comprised a mixture of 

phosphatidylethanolamine, unidentified lipids and aminolipids, as well as a phospholipid 

and phosphoaminolipid. The G+C content of the genome was 34.9 mol%. Phylogenetic 

analysis based on 16S rRNA gene sequences showed that the strain belongs to the genus 

Arcticiflavibacter having 98.6% 16S rRNA gene sequence identity to the type strain 

SM1212T of the type species Arcticiflavibacter luteus. On the basis of chemotaxonomic 

and phenotypic characteristics, strain Hel1_31_208T represents a novel species of the 

genus Arcticiflavibacter in the family Flavobacteriaceae, for which the name 

Arcticiflavibacter funis sp. nov. is proposed. The type strain is Hel1_31_208T (= LMG S-

29672T = DSM 29897T).  
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The family of Flavobacteriaceae (Reichenbach et al., 1992; emend. Bernardet et al., 

2002) belongs to the class of Flavobacteriia (Bernardet, 2011) within the phylum 

Bacteroidetes (Krieg et al., 2010). It currently comprises 141 genera (LPSN, June 2018). 

A recently described member of the marine clade of Flavobacteriaceae is the genus 

Arcticiflavibacter with the type species Arcticiflavibacter luteus (Liu et al., 2016). The 

strain SM1212T was isolated from an Arctic intertidal sand sample collected from the 

littoral zone of Kongsfjorden, Svalbard, using the dilution-plating technique (Liu et al., 

2016).                        

This study investigates the taxonomic position of strain Hel1_31_208T which was isolated 

by Hahnke et al. (2015) during the decay of a spring phytoplankton bloom in 2010.  The 

strain was isolated from coastal surface water sampled at 1 m depth at high tide on the 20th 

of April, 2010 (6.4 °C, pH 7.8) at the long term ecological research station 'Kabeltonne', 

Helgoland Roads (54°11.3′N; 7°54.0′E) near the island of Helgoland in the North Sea. 

Isolation by dilution cultivation was performed in liquid HaHa medium at 11°C (Hahnke 

et al., 2015). In the first study (Hahnke et al., 2015) the strain has been named Formosa 

strain Hel1_31_27_208, a member of the Formosa clade C, due to the next related type 

strains at time of isolation. Here we describe the strain Hel1_31_208T in relation to the 

next related species using a polyphasic approach including phenotypic, chemotaxonomic 

and genomic characteristics, and 16S rRNA gene based phylogeny.  

Strain Hel1_31_208T was routinely cultivated at 12 °C in HaHa_100 medium (Hahnke et 

al., 2015) on a tilting shaker with 55 rpm, unless otherwise stated. Genomic DNA was 

extracted according to the protocol of Zhou et al. (1996). Sequencing and assembly of the 

genome was performed in the framework of the project Community Sequencing Project 

COGITO (CSP 998) at the Joint Genome Institute (JGI, Walnut Creek, California, USA). 

The genome is GOLD certified at level 3 (improved high-quality draft) and publicly 

available at the DOE-JGI Genomes OnLine Database (GOLD, (Reddy et al., 2015)) under 

the ID Go0113157. The G+C content of the chromosomal DNA was determined in silico 

from the genome by using RAST (Aziz et al., 2008). The complete 16S rRNA gene 

sequence of the strain was retrieved from its genome (NZ_LT629733). 16S rRNA gene 

sequence identities were calculated with the blastn algorithm against the reference RNA 

sequences of NCBI (Altschul et al., 1990). A phylogenetic 16S rRNA tree was calculated 

using ARB (Westram et al., 2011). Sequences of the next related type species from NCBI 

and the 16S rRNA gene sequence from the genome were imported into the SILVA 
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reference database (Ref128) (Quast et al., 2013) in ARB and aligned using the integrated 

SINA aligner (Pruesse et al., 2012). The alignment was manually refined. Trees were 

calculated with neighbor joining (NJ), maximum parsimony (MP) and maximum 

likelihood (ML) methods without and with a 30% column base frequency filter. The 

branching and the neighboring species were compared and as representative, a NJ tree 

with a 30% (minimal similarity) base frequency termini filter (from E.coli base 56 to 

1491) and bootstraps from 1000 replications was calculated.  

Cellular morphology was investigated using transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM). Preparation for TEM was performed by placing a 

400-mesh copper grid (Quantifoil® Q12205, 100 Formvar® film, Quantifoil, Quantifoil, 

Großlöbichau, Germany) on 50 µl of a freshly grown culture for 3-5 minutes and cells 

were negatively stained with 1% (w/v) aqueous uranyl-acetate for 1 minute. The grid was 

washed three times in deionized water and air-dried. The cells were imaged with a Zeiss 

EM 902A transmission electron microscope (Carl Zeiss, Oberkochen, Germany) with 

80 kV acceleration voltage and at calibrated magnifications. For SEM, 50 µl of a fresh 

culture were spotted on a silica wafer (Ted Pella, Inc., Redding, CA, USA) and allowed to 

settle for 1 h without falling dry. The cells were dehydrated by incubation in an ethanol 

series from 30%, 50%, 70%, 80% to 96% for 10 min each. Samples in 99% ethanol were 

dried using a critical point dryer (LEICA EM CPD 300, Leica, Vienna, Austria). After 

mounting the samples on an aluminum stub with sticky carbon tape (PLANO GmbH, 

Wetzlar, Germany) the samples were examined in a scanning electron microscope 

(QuantaTM 250 FEG, FEI, Eindhoven, The Netherlands) with 2 or 5 keV and secondary 

electron (SE) images were recorded. 

Oxidase activity was tested using filter paper soaked with a 1% solution of N,N,N’,N’-

tetramethyl-p-phenylenediamine (Sigma-Aldrich GmbH, Munich, Germany). 

Development of a blue-purple color after adding the cells indicated a positive test. 

Catalase activity was determined by adding drops of 3% H2O2 to the cells and the 

observation of small bubbles indicated a positive test. 

To detect flexirubin-type pigments according to Bernardet et al. (1996), 20% KOH was 

added to the cell biomass. A color shift from yellow to brownish/red/purple indicated a 

positive test (Fautz & Reichenbach, 1980). For pigment analysis, 40 ml of a stationary 

phase culture were centrifuged for 1 h at 4390x g, and the cell pellet was resuspended in 

2 ml 96% ethanol and incubated overnight. The suspension was sonicated 6x for 1 min 

each on ice, and after sedimentation of cells, the supernatant was filtered through a 0.2 µm 
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filter (Minisart, Sartorius, Göttingen, Germany). The solution was concentrated by 

evaporation for 2 days to half of the volume and the spectrum was measured from 200-

1000 nm in a Spectrostar nano (BMG Labtech, Ortenberg, Germany) in QS 1000 cuvettes. 

Gliding motility was tested according to McBride & Zhu (2013) by using liquid-filled 

tunnel slides. Tunnel slides were prepared by attaching a glass coverslip to a glass slide 

with strips of double-sticky tape. In this chamber, freshly grown cells from liquid culture 

in standard medium were added.  Cells were examined near the edge (within 1 mm) of the 

coverslip or near the tape to avoid loss of motility as a result of depletion of O2 (McBride 

& Zhu, 2013). The temperature optimum was determined in HaHa_100 medium between 

4 °C and 36 °C in a temperature gradient block (Sagemann et al., 1998) without shaking. 

Growth of the duplicates was measured as turbidity at 600 nm in an UVmini-1240 

spectrophotometer (Shimadzu, Kyoto, Japan). The pH optimum was determined in a range 

from pH 5-11 at 12 °C and 55 rpm by using HaHa100 medium with adjusted pH value. 

The test was performed in triplicates; one replicate was used for pH measurement directly 

after inoculation with 2% (v/v) of a preculture. For the salinity optimum, growth was 

tested in a range from 0-10% (w/v) NaCl in adjusted HaHa_100V medium (HaHa_100V 

without ASW was mixed with medium containing 2 x ASW and additional NaCl was 

added when necessary) at optimal temperature and 55 rpm. Growth was measured at 

600 nm as described previously.  

Utilization of specific substrates was tested in modified HaHa_100V medium (Hahnke et 

al., 2015) without glucose and cellobiose, only with casamino acids, peptone and yeast 

extract as carbohydrate source (HaHa_minV). The mono-, di-, and trisaccharides were 

dissolved in ultra-pure water (100 g/L) and the pH was adjusted with 1M HCl or NaOH. 

The solutions were sterile filtered through a 0.2 µm filter (Minisart, Sartorius). For 

cellulose preparation, filter paper (Grade 595 1/2, Whatman™, GE Healthcare, Freiburg, 

Germany) was cut into pieces and washed three times with ultra-pure water followed by 

washing with 70% ethanol. Pieces were autoclaved in ultra-pure water at 121 °C for 

21 min. Agar, xylan, and κ- and ι-carrageenan were prepared according to the protocol of 

Widdel & Bak (1992). Ultra-pure water was mixed with 4% (w/v) agar (Bacto™, BD 

Biosciences, Sparks, MD, USA), xylan (Carl Roth, Karlsruhe, Germany), or κ- or ι-

carrageenan (Sigma-Aldrich) and the solutions were autoclaved at 121 °C for 21 min. 

Double concentrated artificial sea water (ASW) and one of the polymer solutions were 

mixed 1:1 (v/v) by stirring at 80 °C. The mixture was adjusted to pH 7 and poured into 

sterile polypropylene Petri dishes. Gelatin powder (Carl Roth) was dissolved in 1 x ASW, 
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autoclaved at 121 °C for 21 min, before it was poured into sterile polypropylene Petri 

dishes. A portion of the prepared sterile polysaccharides was placed into a 15 ml 

polystyrene tube (Greiner Bio-One, Kremsmünster, Austria) and filled up to a volume of 

10 mL with HaHa_minV. Chitin (powdered crab shells, C-9213, Sigma-Aldrich) was 

washed three times in autoclaved ultra-pure water in order to remove easy soluble 

contaminating mono-, and oligosaccharides, pasteurized three times by incubation in ultra-

pure water at 70 °C for 1 h, and washed with autoclaved ultra-pure water. Glycogen 

(Sigma-Aldrich) was dissolved in autoclaved 1x ASW and pasteurized three times at 

70 °C.  Xanthan was sterilized by filling the desired weight into the growth tube and dry 

pasteurizing at 60 °C over night, before 10 ml sterile HaHa_minV was added. Laminarin 

(L9634, Sigma-Aldrich) was dissolved in autoclaved ultra-pure water and pasteurized 

three times at 70 °C. All polysaccharides were incubated in HaHa_minV medium at 21 °C 

for one week to test for contaminating bacteria prior to inoculation. Cells were grown in 

triplicates at 12 °C, 55 rpm and 2 g/L substrate concentration with 1% (v/v) inoculum. 

Growth was measured at 600 nm with an UVmini-1240 spectrophotometer (Shimadzu) 

and compared with growth in HaHa_100 and HaHa_minV.  

Standardized utilization of carbon compounds and enzymatic activity were determined 

using API 20NE and API ZYM strips (bioMérieux, Marcy-l'Étoile, France) according to 

the manufacturer´s instructions, with the following modifications. For API 20NE tests, 

each strip was inoculated with a liquid culture of the strain (OD600 = 0.1) in HaHa_minV 

medium. Cells were washed before 3x in HaHa_minV medium and the strips were 

incubated at RT for 1-3 days. The API ZYM strips were inoculated with a cell suspension 

(OD600 = 0.1) of prewashed cells in 0.85% (w/v) NaCl solution and incubated for 4 h in 

the dark. Afterwards, the visual evaluation and the addition of required solutions were 

performed according to the manufacturer´s instructions.  

Susceptibility to antibiotics was tested in HaHa_100 medium in a 96 well microtiter plate 

for photometric measurement (Spectrostar nano, BMG Labtech). The following antibiotics 

were tested in duplicates in the concentrations 20, 50 and 100 µg ml-1: amoxicillin, 

ampicillin, chloramphenicol, cycloserine, erythromycin, gentamycin, kanamycin, nalidixic 

acid, rifampicin, streptomycin and tetracycline. Antibiotic stock solutions of 1 mg ml-1 

were prepared and sterile filtered through a 0.2 µm filter (Minisart, Sartorius). The 

solutions for amoxicillin, ampicillin and cycloserine were directly prepared before usage. 

The wells were inoculated with 10% (v/v) inoculum of a preculture, the plate sealed with a 
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breathable foil and the growth monitored by OD measurement at 600 nm. Cells were 

resistant, when the growth was comparable to the control; sensitive, when growth was 

reduced, and susceptible, when no growth occurred.  

For a whole cell protein fingerprint, cells were pelleted (4390x g, 20 min) and analyzed 

using SDS-PAGE. Proteins were separated in a 12% SDS-gel using a Bio-Rad system 

(Bio-Rad). Prior to loading on the gel, 20 µl samples were mixed with 6.5 µl loading 

buffer (0.2 M TRIS/HCl pH 6.8, 10% (w/v) SDS, 10 mM DTT, 20% (w/v) glycerol, 

0.05% (w/v) bromophenol blue), heated to 95°C for 5 minutes and centrifuged shortly 

(13817x g, 1 min). The PageRuler Unstained Protein Ladder (Fermentas, Burlington, 

Canada) was used to calibrate the size of the protein bands. Gel electrophoresis was 

performed for 20 minutes at 70 V to obtain a uniform front. Then, a voltage of 110 V was 

applied until the front reached the end of the gel. The gel was stained for 1.5 h with 

Coomassie staining solution (0. 025% (w/v) Coomassie G 250; 10% (v/v) glacial acetic 

acid; 40% (v/v) ethanol) and excess color was removed with 20% ethanol for several 

hours. The gel was washed in water for 1 h before it was documented using a scanner 

(Image Scanner, Amersham Biosciences, Little Chalfont, UK). Analyses of respiratory 

quinones (Tindall, 1990), polar lipids (Bligh & Dyer, 1959; Tindall, 1990; Tindall et al., 

2007), and cellular fatty acids (Kämpfer & Kroppenstedt, 1996) (Sherlock MIS (MIDI Inc, 

Newark, USA) system) were carried out by the Identification Service, DSMZ 

(Braunschweig, Germany). Biomass for these analyses was grown at 12 °C with 55 rpm to 

late exponential growth phase, harvested at 83 000x g for 30 min (SW 28 rotor, Beckman 

L-70 ultracentrifuge, Beckman Coulter, Brea, USA), frozen with liquid nitrogen and 

stored at - 20 °C until analysis.  
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Fig. 1: TEM (A, B) and SEM (SE) (C, D) micrographs of strain Hel1_31_208T. Bars correspond to 250 nm 
(B) and 1 µm (A, C, D).  

Results 

The complete 16S rRNA gene sequence (1528 bp, two identical copies in genome) 

retrieved from the genome (NZ_LT629733) of strain Hel1_31_208T showed a 16S rRNA 

gene sequence identity of 98.6% with the type strain of the species Arcticiflavibacter 

luteus SM1212T (Liu et al., 2016) and thus belonged to the currently monospecies genus 

Arcticiflavibacter. It represents a new species in this genus, because the 16S rRNA gene 

sequence identity is below the proposed species border threshold of 98.7% (Rosselló-

Móra & Amann, 2015; Stackebrandt & Ebers, 2006). 16S rRNA gene sequence identities 

to other type strains of related type species are 96.2% with Ichthyenterobacterium 

magnum Th6T (Shakeela et al., 2015), 96.0% with Psychroserpens damuponensis F051-1T 

(Lee et al., 2013), 95.9% with Bizionia echini KMM 6177T (Nedashkovskaya et al., 2010) 

and 95.8% with Formosa spongicola A2T (Yoon et al., 2011). The phylogenetic analysis 

(Fig. 2) showed that strain Hel1_33_208T clusters together with Arcticiflavibacter luteus 

SM1212T, forming a separate branch which is almost equidistant to the other genera 

Ichthyenterobacterium, Psychroserpens, Bizionia and Formosa.   
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Fig. 2: Phylogenetic tree of strain Hel1_31_208T and members of closely related species of the family 
Flavobacteriaceae. The neighbor joining 16S rRNA tree with a 30% (minimal similarity) base frequency 
termini filter was calculated with 1000 bootstraps using ARB (Westram et al., 2011) as described in the 
methods section. The tree was rooted to Antarcticimonas flava. 

Strain Hel1_31_208T has a 3,098,671 bp genome and 2776 protein coding sequences. 

Interestingly, the genome shows the presence of proteorhodopsin. The major (> 5% of 

total) fatty acids of strain Hel1_31_208T were the branched-chain mono-unsaturated fatty 

acid iso-C15:1 G (18.7%), summed feature 3 (C16:1 ω7c/ C16:1 ω6c) (12.0%), the branched-

chain saturated fatty acids iso-C15:0 (11.1%), the hydroxy fatty acids iso-C16:0 3-OH (8.1%) 

and iso-C17:0 3-OH (5.8%) and the straight-chain saturated fatty acid C16:0 (5.9%). 

Comparison to the next related type strains of the type species (Table 1) revealed different 

amounts of anteiso-C15:0, anteiso-C15:1 A and summed feature 3 (C16:1 ω7c/ C16:1 ω6c) fatty 

acids, a broader spectrum of hydroxy fatty acids and the presence of iso-C14:0 and iso-

C16:1 G. The polar lipid profile showed phosphatidylethanolamine, three unidentified 

aminolipids and lipids, one unidentified phospholipid and phosphoaminolipid 

(Supplementary Fig. S1). This profile is similar to the one of Arcticiflavibacter luteus, 

only different in amounts of certain lipids and the absence of APL and separates the two 

from the other species. The only respiratory lipoquinone was MK-6, typical for the family 

Flavobacteriaceae (Bernardet, 2002). The DNA G+C content of the strain was 

34.9 mol%, which is a slightly lower than that of Arcticiflavibacter luteus (Liu et al., 

2016).                     

Cells of strain Hel1_31_208T were non-flagellated rods with long extracellular structures 

of two different types; long thin rope-like structures of 20-30 nm thickness and several 

micrometer in length and vesicle chain-like appendages with the individual vesicles being 

80-120 nm long and 60-100 nm wide in chains of up to 20-30 vesicles (Fig. 1).  
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Table 1:  Fatty acid profiles of strain Hel1_31_208T and the closest type strains. 1: strain Hel1_31_208T; 2: 
Arcticiflavibacter luteus SM1212T (Liu et al., 2016); 3: Ichthyenterobacterium magnum Th6T (Shakeela et 

al., 2015); 4: Psychroserpens damuponensis F051-1T (Lee et al., 2013); Bizionia echini KMM 6177T 
(Nedashkovskaya et al., 2010). Data left out when only traces detected. Major fatty acids > 5% of total in 
bold. §Data from this study. TR, < 1%; -, not detected 

Fatty Acid 1
§
 2 3 4 5 

Saturated      

C14:0 2.4 - - TR  - 

C15:0 - 1.9 - 6.2 3.8 

C16:0 5.9 1.3 2.1 TR  1.0 

Branched saturated      

iso-C14:0 2.0 - TR 1.0 - 

iso-C15:0 11.1 14.2 21 19.6  17.8 

iso-C16:0 - TR 1.3 3.6 1.1 

anteiso-C15:0 2.7 16 TR 7.4 - 

Branched mono-
unsaturated 

    

iso-C15:1 G 18.7 11.3 18.4 16.0 21.8 

iso-C16:1 G 3.7 - TR 5.2  1.2 

iso-C17:1 - - - - 1.5 

anteiso-C15:1 A 3.7 10.4 TR 5.6  - 

Hydroxy      

C15:0 2-OH 1.9 2.7 1 2.7  - 

C15:0 3-OH 1.5 - TR - - 

C16:0 3-OH 4.7 - 1.3 - - 
 

C17:0 2-OH 1.1 7.5 TR 2.4  - 

iso-C15:0 3-OH 3.5 8.2 13 5.3  5.4 

iso-C16:0 3-OH 8.1 3.3 3 5.9  3.4 

iso-C17:0 3-OH 5.8 6.5 14 5.3  13.2 

Unsaturated      

C17:1 ω6c TR - TR 1.0 1.2 

C18:1 ω5c TR 1.7 - 2.2 - 

iso-C17:1 ω9c - 4.7 - - 4.0 

anteiso-C17:1 ω9c - 1.2 - 1.0 - 

Not resolved       

Summed feature 3: 
C16:1 ω7c/ C16:1 ω6c  

12.0 2.2 18 4.8  12.3 

Summed feature 9: 
iso-C17:1 ω9c ; 10-
methyl C16:0 

1.5 - 2 7.0 - 
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The strain was resistant against [µg ml-1] nalidixic acid (100), gentamycin (100) and 

kanamycin (100); sensitive to tetracycline (100), rifampicin (50), streptomycin (100) and 

amoxicillin (100); susceptible to ampicillin (100), chloramphenicol (20), erythromycin 

(20) and cycloserin (50). In contrast Arcticiflavibacter luteus was susceptible to ampicillin 

(10), and tetracycline (30), but resistant against streptomycin (10) and rifampicin (50) (Liu 

et al., 2016). Flexirubin-type pigments were absent. The major absorbance peak of the 

extracted pigment of Hel1_31_208T was at 445 nm, with minor peaks at 338 nm, 425 nm 

and 474 nm. These results and the yellow color suggest the presence of carotenoids 

(Reichenbach, 1989).  

In HaHa_min medium strain Hel1_31_208T was able to grow on ι-carrageenan,                

D-cellobiose, cellulose, gelatin, D-glucose, D-mannitol, D-mannose and starch; weak on 

agar, к-carrageenan, L-rhamnose, D-sucrose, xylan, and D-xylose; but not on                  

N-acetylglucosamine, D-arabinose, L-arabinose, chitin, D-fructose, D-galactose, glycerol, 

glycogen, laminarin, D-lactose, D-maltose, D-mannitol, D-xylose, L-raffinose, D-sucrose, 

D-trehalose and xanthan. Additional morphological, physiological and biochemical 

properties are given in the species description. A comparison of some properties of the 

strain with their closest related type species, allowing the differentiation of the species, is 

shown in table 2. 

Table 2: Phenotypic characteristics that differentiate strain Hel1_31_208T from Arcticiflavibacter luteus 

SM1212T and other type strains of type species of the closely related genera. 1: strain Hel1_31_208T; 2:. 
Arcticiflavibacter luteus SM1212T (Liu et al., 2016); 3:. Ichtyenterobacterium magnum Th6T (Shakeela et 

al., 2015); 4: Psychroserpens damuponensis F051-1T (Lee et al., 2013); 5: Bizionia echini KMM 6177 
(Nedashkovskaya et al., 2010). All strains were isolated from a marine habitat, were aerobic and had MK-6 
as major respiratory quinone. All were positive for degradation of gelatin; in API ZYM for esterase lipase 
and naphthol-AS-BI-phosphohydrolase. All strains were negative for flagella, gliding motility, flexirubin 
and β-galactosidase.  +, positive; -, negative; nd, not determined. §Data from this study. 

1 § 2 3 4 5 

Isolation source coastal water 
Helgoland, North 

Sea , Germany 

intertidal 
sediment, 

Kongsfjorden, 
Svalbard 

intestine of 
cultured flounder 

seawater, 
Damupo beach, 
Pohang, Korea 

sea urchin 

Cell shape rod-shaped rod-shaped pleomorphic rod rod-shaped rod-shaped 

Cell size [µm] 0.6-1.5 x   
0.3-0.8  

0.9-2 x    
0.4-0.7  

1.5-5 (20) x  
0.5-0.6  

2 x 0.5  1.4-3.5 x       
0.4-0.5  

Colony size 
[mm] 

- 1-3  1-1.5  1-5  2-4  

Colony shape - round convex convex, 
transparent, 
glistening,  

circular, entire 
margins 

Circular, 
convex, smooth 

circular, mucoid, 
shiny 

Color yellow-
pigmented 

yellow-
pigmented 

light yellow yellow –orange 
pigmented 

orange 
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Cytochrome 
oxidase  

+ + - + + 

Catalase + + - + + 

Pigments [nm] 
(carotenoids) 

max. 445, minor 
338, 425, 474 

nd nd nd 
 

nd 

Nitrate 
reduction 

+ - + - - 

Degradation 
agar 

weak nd + nd - 

Degradation 
cellulose 

+ nd - - - 

Degradation 
starch 

+ + + - - 

Temperature 
range [°C] 

4-30 4-35  16-32  4-30  4-39  

Temperature 
optimum [°C] 

15-17  20-25  28  25  nd 

pH range  6.5-8.0 5.5-9.0 6.0-8.0 6-9 nd 

pH optimum 8.0 6.5-7.0 7.0 7-8 nd 

NaCl range [%] 1-6 0-6  0-8  1-6  1-8  

NaCl optimum 
[%] 

3-3.5 1.5  2-3  3  2-3  

Growth on MA 
agar plates  

- TYS marine agar + + + 

DNA G+C 
content [mol%] 

34.9  36.6  29  33.5  34.4  

      

API ZYM      

Alkaline 
phosphatase 

- + + + + 

α-glucosidase - - - + - 

α-chymotrypsin - + - + - 

Esterase C4 - + - + + 

Acid 
phosphatase 

- + - + + 

Leucine 
arylamidase 

- + + + + 

Valine 
arylamidase 

- + - + + 

Cysteine 
arylamidase 

- + - + + 

 

Based on the phylogenetic analysis of the 16S rRNA gene sequences and the phenotypic 

and chemotaxonomic characteristics, strain Hel1_31_208T represents a novel species in 

the genus Arcticiflavibacter, for which the name Arcticiflavibacter funis sp. nov. is 

proposed. 

Description of Arcticiflavibacter funis sp. nov. 

Arcticiflavibacter funis (fun.is L. m. rope, according to the very long extracellular 
structures). 

Cells are Gram-staining negative, non-motile, non-spore-forming, aerobic, oxidase- and 

catalase-positive 0.6-1.5 µm long and 0.3-0.8 μm wide rods, when grown in liquid 
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HaHa_100 medium for about 2 weeks. Extracellular structures were present as several 

micrometer long thin rope-like structures of 20-30 nm thickness and vesicle chain-like 

appendages with the individual vesicles being 80-120 nm long and 60-100 nm wide in 

chains of up to 20-30 vesicles.  

Did not grow on marine agar 2216. Yellow-orange cell pellets formed from liquid culture. 

The major absorbance peak of the extracted pigment was at 445 nm, with minor peaks at 

338 nm, 425 nm and 474 nm. Gliding motility was not observed. Grows at 4-30 °C 

(optimum at 15-17 °C), at pH 6.5-8 (optimum at pH 8) and with 1-6% (w/v) NaCl 

(optimum with 3-3.5%). Grows in HaHa_min medium with ι-carrageenan, D-cellobiose, 

cellulose, gelatin, D-glucose, D-mannitol, D-mannose and starch; weak on agar,               

к-carrageenan, L-rhamnose, D-sucrose, xylan, and D-xylose; but not on                           

N-acetylglucosamine, D-arabinose, L-arabinose, chitin, D-fructose, D-galactose, glycerol, 

glycogen, laminarin, D-lactose, D-maltose, D-mannitol, D-xylose, L-raffinose, D-sucrose, 

D-trehalose and xanthan. According to the API ZYM test positive for esterase lipase and 

naphthol-AS-BI-phosphohydrolase. In API20NE only positive for nitrate reduction.  

Cells are resistant against [µg ml-1] nalidixic acid (100), gentamycin (100) and kanamycin 

(100); sensitive to tetracycline (100), rifampicin (50), streptomycin (100) and amoxicillin 

(100); susceptible to ampicillin (100), chloramphenicol (20), erythromycin (20) and 

cycloserin (50). The major (> 5% of total) fatty acids of strain Hel1_31_208T are iso-C15:1 

G, summed feature 3 (C16:1 ω7c/ C16:1 ω6c), iso-C15:0, iso-C16:0 3-OH, iso-C17:0 3-OH and 

C16:0. The polar lipid profile comprises phosphatidylethanolamine, three unidentified 

aminolipids and lipids, one unidentified phospholipid and phosphoaminolipid. MK-6 is 

the only respiratory lipoquinone.  

The type strain is Hel1_31_208T (= Hel1_31_27_208 = LMG S-29672T = DSM 29897T), 

isolated from seawater of station ´Kabeltonne´ (54°11.3′ N; 7°54.0′ E) Helgoland Roads, 

North Sea, Germany. The G+C content of the genome of the type strain is 34.9 mol%.  
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Abstract 

A bacterial strain designated TFI002T was isolated from coastal seawater at the island 

Sylt, North Sea, Germany, and characterized using a polyphasic approach. Cells were 

Gram-staining negative, aerobic, heterotrophic, non-motile, non-spore-forming, oxidase- 

and catalase-positive, rods (0.9-3.5 µm long, 0.5-0.9 µm wide) with an orange-red color, 

but were negative for flexirubin-type pigments. Optimal growth occurred at 10-16 °C, at 

pH 7.5 and with 3-3.5% (w/v) NaCl. Strain TFI002T hydrolyzed the polysaccharides 

glycogen, к-carrageenan, laminarin, starch, xanthan and xylan. The major respiratory 

quinone was MK-7. The predominant fatty acids were summed feature 3 (C16:1 ω7c/ C16:1 

ω6c), C15:1 ω6c, C17:1 ω6c and iso-C15:0. The polar lipids were composed of 

phosphatidylethanolamine, one unidentified aminolipid, seven unidentified lipids, one 

unidentified phospholipid and glycolipid. The G+C content of the genome was 

37.4 mol%. Phylogenetic analysis based on 16S rRNA gene sequences showed that the 

strain formed a distinct branch within the family Cytophagaceae, almost equidistant to the 

type strains of the type species of the genera Jiulongibacter and Taeseokella. It had 95.1% 

16S rRNA gene sequence identity with its closest relative Jiulongibacter sediminis MCCC 

1A00733T and 94.1% with Taeseokella kangwonensis HME8275T
. On the basis of 

chemotaxonomic, phenotypic and genomic characteristics, strain TFI002T represents a 

novel genus and novel species within the family Cytophagaceae, for which the name 

Simonia syltensis gen. nov., sp. nov. is proposed.  The type strain is TFI002T (= LMG S-

29673T = DSM 105067T).  

 

 

The family Cytophagaceae, established by Stanier 1940, belongs to the order 

Cytophagales (Ludwig et al., 2010) within the phylum Bacteroidetes (Krieg et al., 2010) 

and was rearranged many times (Reichenbach, 1989; Nakagawa & Yamasato, 1993). The 

family Cytophagaceae currently comprises 31 genera (LPSN state June 2018). Among 

these are the two recently described genera Jiulongibacter (Liu et al., 2016) and 

Taeseokella (Joung et al., 2015) which were isolated from a transfer of surface sediment 

from the Jiulong River, China in an enrichment using estuarine seawater, and from 

freshwater of a reservoir in the Kangwon province, Republic of Korea, respectively. This 
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study investigates the taxonomic position of the strain TFI002T which was isolated from 

coastal surface water near List, Sylt (55°01'15.7"N 8°26'22.4"E) in the North Sea, 

Germany. The strain was isolated by dilution of coastal seawater sampled on the 23rd of 

September 2013 and plating on M13 plates (Schlesner & Stackebrandt, 1986). Strain 

TFI002T is described and discriminated from the type strains of the type species of the 

next related  genera using a polyphasic approach including phenotypic, chemotaxonomic 

and genomic characteristics as well as 16S rRNA gene based phylogeny.  

Strain TFI002T was routinely cultivated at 12 °C in HaHa_100 medium (Hahnke et al., 

2015) on a tilting shaker with 55 rpm, unless stated otherwise. Genomic DNA was 

extracted according to the protocol of Zhou et al., (1996). Sequencing and assembly of the 

genome was performed in the framework of the project Community Sequencing Project 

COGITO (CSP 998) at the Joint Genome Institute (JGI, Walnut Creek, California, USA). 

The genome is GOLD certified at level 3 (improved high-quality draft) and publicly 

available at the DOE-JGI Genomes OnLine Database (GOLD, (Reddy et al., 2015)) under 

the ID Go0113048. The G+C content of the chromosomal DNA was determined in silico 

from the genome using RAST (Aziz et al., 2008). The complete 16S rRNA gene sequence 

of the strain was retrieved from its genome (NZ_LT907983). 16S rRNA sequence 

identities were calculated with the blastn algorithm against the reference RNA sequences 

of NCBI (Altschul et al., 1990). The phylogenetic 16S rRNA tree was calculated using 

ARB (Westram et al., 2011). Sequences of the next related type species from NCBI and 

the 16S rRNA gene sequence from the genome were imported into the SILVA reference 

database (Ref128) (Quast et al., 2013) in ARB and aligned using the integrated SINA 

aligner (Pruesse et al., 2012). The alignment was manually refined. Trees were calculated 

with neighbor joining (NJ), maximum parsimony (MP) and maximum likelihood (ML) 

methods without and with a 30% column base frequency filter. The branching and the 

neighboring species were compared and as representative, a NJ tree with a 30% (minimal 

similarity) base frequency termini filter (from E.coli base 99 to 1140) was created and a 

bootstrap tree was calculated from 1000 replications. The tree was rooted using type 

strains of the genus Emtiticia. Cellular morphology was investigated using transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM). Preparation for 

TEM was performed by placing a 400-mesh copper grid (Quantifoil® Q12205, 100 

Formvar® film, Quantifoil Quantifoil, Großlöbichau, Germany) on 50 µl of a freshly 

grown culture for 3-5 minutes and cells were negatively stained with 1% (w/v) aqueous 
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uranyl-acetate for 1 minute. The grid was washed three times in deionized water and air-

dried. The cells were imaged with a Zeiss EM 902A transmission electron microscope 

(Zeiss, Oberkochen, Germany) with 80 kV acceleration voltage and at calibrated 

magnifications. For SEM, 50 µl of a freshly grown culture were spotted on a silica wafer 

(Ted Pella, Inc., Redding, CA, USA) and allowed to settle for 1 h without falling dry. The 

cells were dehydrated by incubation in an ethanol series from 30%, 50%, 70%, 80% to 

96% for 10 min each. Samples in 99% ethanol were dried using a critical point dryer 

(LEICA EM CPD 300, Leica, Vienna, Austria). After mounting the samples on an 

aluminum stub with sticky carbon tape (PLANO GmbH, Wetzlar, Germany) the samples 

were examined in a scanning electron microscope (QuantaTM 250 FEG, FEI, Eindhoven, 

The Netherlands) with 2 or 5 keV and secondary electron (SE) images were recorded. 

Oxidase activity was tested using filter paper soaked with a 1% solution of N,N,N’,N’-

tetramethyl-p-phenylenediamine (Sigma-Aldrich GmbH, Munich, Germany). 

Development of a blue-purple color after adding the cells indicated a positive test. 

Catalase activity was determined by adding drops of 3% H2O2 to the cells and the 

observation of small bubbles indicated a positive test. 

To detect flexirubin-type pigments according to Bernardet et al. (1996), 20% KOH was 

added to cell biomass and a color shift from yellow to brownish/red/purple indicated a 

positive test (Fautz & Reichenbach, 1980). For pigment analysis, 40 ml of a stationary 

phase culture were centrifuged for 1 h at 4390x g, and the cell pellet was resuspended in 

2 ml 96% ethanol and incubated overnight. The suspension was sonicated 6x for 1 min 

each on ice and after sedimentation of cells, the supernatant was filtered through a 0.2 µm 

filter (Minisart, Sartorius, Göttingen, Germany). The solution was concentrated by 

evaporation for 2 days to half of the volume and the spectrum was measured from 200-

1000 nm in a Spectrostar nano (BMG Labtech, Ortenberg, Germany) in QS 1000 cuvettes. 

Gliding motility was tested according to McBride & Zhu (2013) by using liquid-filled 

tunnel slides. Tunnel slides were prepared by attaching a glass coverslip to a glass slide 

with strips of double-sticky tape. In this chamber, freshly grown cells from liquid culture 

in standard medium were added. Cells were examined near the edge (within 1 mm) of the 

coverslip or near the tape to avoid loss of motility as a result of depletion of O2 (McBride 

& Zhu, 2013).                                    

The temperature optimum was determined in HaHa_100 medium in the temperature range 

of 4-36 °C in a temperature gradient block (Sagemann et al., 1998) without shaking. 
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Growth of the duplicates was measured as turbidity at 600 nm in an UVmini-1240 

spectrophotometer (Shimadzu, Kyoto, Japan). The pH optimum was determined in a range 

from pH 5-11 at 12 °C and 55 rpm by using HaHa_100 medium with adjusted pH value. 

The test was performed in triplicates; one replicate was used for pH measurement directly 

after inoculation with 2% (v/v) of a preculture. For the salinity optimum, growth was 

tested in a range from 0-10% (w/v) NaCl in adjusted HaHa_100V medium (HaHa_100V 

without ASW was mixed with medium containing 2x ASW and additional NaCl was 

added when necessary) in triplicates at optimal temperature and 55 rpm. Growth was 

measured at 600 nm as described previously.  

Utilization of specific substrates was tested in modified HaHa_100V medium without 

glucose and cellobiose, only with casamino acids, peptone and yeast extract 

(HaHa_minV). The mono-, di-, and trisaccharides were dissolved in ultra-pure water 

(100 g/L) and the pH was adjusted with 1M HCl or NaOH. The solutions were sterile 

filtered through a 0.2 µm filter (Minisart, Sartorius). For cellulose preparation, filter paper 

(Grade 595 1/2, Whatman™, GE Healthcare, Freiburg, Germany) was cut into pieces and 

washed three times with ultra-pure water followed by washing with 70% ethanol. Pieces 

were autoclaved in ultra-pure water at 121 °C for 21 min. Agar, xylan, and κ- and ι-

carrageenan were prepared according to the protocol of Widdel & Bak (1992). Ultra-pure 

water was mixed with 4% (w/v) agar (Bacto™, BD Biosciences, Sparks, MD, USA), 

xylan (Carl Roth, Karlsruhe, Germany), κ-carrageenan or ι-carrageenan (Sigma-Aldrich) 

and the solutions were autoclaved at 121 °C for 21 min. Double concentrated artificial sea 

water (ASW) and one of the polymer solutions were mixed 1:1 (v/v) by stirring at 80 °C. 

The mixture was adjusted to pH 7 and poured into sterile polypropylene Petri dishes. 

Gelatin powder (Carl Roth) was dissolved in 1x ASW, autoclaved at 121 °C for 21 min, 

before it was poured into sterile polypropylene Petri dishes. A portion of the prepared 

sterile polysaccharides was placed into a 15 ml polystyrene tube (Greiner Bio-One, 

Kremsmünster, Austria) and filled up to a volume of 10 ml with HaHa_minV. Chitin 

(powdered crab shells, C-9213, Sigma-Aldrich) was washed three times in autoclaved 

ultra-pure water in order to remove easy soluble compounds including mono- and 

oligosaccharides, pasteurized three times by incubation in ultra-pure water at 70 °C for 1 h 

and washed with autoclaved ultra-pure water. Glycogen (Sigma-Aldrich) was dissolved in 

autoclaved 1 x ASW and pasteurized three times at 70 °C.  Xanthan was sterilized by 

filling the desired weight into the growth tube and dry pasteurizing at 60 °C over night, 

before 10 ml sterile HaHa_minV was added. Laminarin (L9634, Sigma-Aldrich) was 
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dissolved in autoclaved ultra-pure water and pasteurized three times at 70 °C. All the 

polysaccharides were incubated in HaHa_minV medium at room temperature for one 

week to test for contaminating bacteria prior to inoculation. Cells were grown in triplicates 

at 12 °C, 55 rpm and 2 g/L substrate concentration with 1% (v/v) inoculum. Growth was 

measured at 600 nm with an UVmini-1240 spectrophotometer (Shimadzu) and compared 

with growth in HaHa_100 and HaHa_minV. Growth on plates was conducted on marine 

agar 2216 plates.  

Standardized utilization of carbon compounds and enzymatic activity were determined 

using API 20NE and API ZYM strips (bioMérieux, Marcy-l'Étoile, France) as well as the 

GN2 MicroPlatesTM and EcoPlateTM (Biolog, Hayward, CA, USA) according to the 

manufacturer´s instructions, with the following modifications. For API 20NE tests, each 

strip was inoculated with a liquid culture of the strain (OD600 = 0.1) in HaHa_minV 

medium. Cells were washed three times in HaHa_minV medium before inoculation and 

the strips were incubated at RT for 1-3 days. The API ZYM strips were inoculated with a 

cell suspension (OD600= 0.1) of prewashed cells in 0.85% NaCl solution and incubated for 

4 h in the dark. Afterwards, the visual evaluation and the addition of required solutions 

were performed according to the manufacturer´s instructions. The GN2 MicroPlatesTM and 

EcoPlateTM (Biolog) were prepared with cells washed twice with HaHa_minV medium 

and incubated with 150 μl bacterial solution per well.  Plates were incubated at 12 °C and 

checked for the formation of purple color after 1, 3 and 6 days.  

Susceptibility to antibiotics was tested in HaHa_100 medium in a 96 well microtiter plate 

for photometric measurement (Spectrostar nano, BMG Labtech). The following antibiotics 

were tested in duplicates in the concentrations 20, 50 and 100 µg ml-1: amoxicillin, 

ampicillin, chloramphenicol, cycloserine, erythromycin, gentamycin, kanamycin, nalidixic 

acid, rifampicin, streptomycin and tetracycline. Antibiotic stock solutions of 1 mg ml-1 

were prepared and sterile filtered through a 0.2 µm filter (Minisart, Sartorius). The 

solutions for amoxicillin, ampicillin and cycloserine were directly prepared before usage. 

The wells were inoculated with 10% (v/v) inoculum of a preculture, the plate sealed with a 

breathable foil, and the growth monitored by OD measurement at 600 nm. Cells were 

resistant, when the growth was comparable to the control; sensitive, when growth was 

reduced, and susceptible, when no growth occurred. 

For a whole cell protein fingerprint, cells were pelleted (4390x g, 20 min) and analyzed 

using SDS-PAGE. Proteins were separated in a 12% SDS-gel using a Bio-Rad system 
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(Bio-Rad). Prior to loading on the gel, 20 µl samples were mixed with 6.5 µl loading 

buffer (0.2 M TRIS/HCl pH 6.8, 10% (w/v) SDS, 10 mM DTT, 20% (w/v) glycerol, 

0.05% (w/v) bromophenol blue), heated to 95°C for 5 minutes and centrifuged shortly 

(13817x g, 1 min). The PageRuler Unstained Protein Ladder (Fermentas, Burlington, 

Canada) was used to calibrate the size of the protein bands. Gel electrophoresis was 

performed for 20 minutes at 70 V to obtain a uniform front. Then, a voltage of 110 V was 

applied until the front reached the end of the gel. The gel was stained for 1.5 h with 

Coomassie staining solution (0. 025% (w/v) Coomassie G 250; 10% (v/v) glacial acetic 

acid; 40% (v/v) ethanol) and excess color was removed with 20% ethanol for several 

hours. The gel was washed in water for 1h before it was documented using a scanner 

(Image Scanner, Amersham Biosciences, Little Chalfont, UK). Analyses of respiratory 

quinones (Tindall, 1990), polar lipids (Bligh & Dyer, 1959; Tindall, 1990; Tindall et al., 

2007), and cellular fatty acids (Kämpfer & Kroppenstedt, 1996) (Sherlock MIS (MIDI Inc, 

Newark, USA) system) were carried out by the Identification Service, DSMZ 

(Braunschweig, Germany).  Biomass for these analyses was grown at 12 °C with 55 rpm 

to late exponential growth phase, harvested at 83 000x g for 30 min (SW 28 rotor, 

Beckman L-70 ultracentrifuge, Beckman Coulter, Brea, USA), frozen with liquid nitrogen 

and stored at -20 °C until analysis.  

 

Fig. 1: TEM (A, B) and SEM (SE) (C, D) micrographs of strain TFI002T.  Bars correspond to 1 µm.  
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Results 

The complete 16S rRNA gene sequence (1519 bp, two identical copies in genome) was 

retrieved from the 5,461,465 bp genome (NZ_LT907983). Strain TFI002T showed a 16S 

rRNA gene sequence identity of 95.1% with Jiulongibacter sediminis MCCC 1A00733T 

(Liu et al., 2016), 94.1% with Taeseokella kangwonensis HME8275T (Joung et al., 2015), 

91.3% with Lacihabitans soyangensis HME6675T (Joung et al., 2014), 90.6% with 

Fluviimonas pallidilutea TQQ6T (Sheu et al., 2013) and 90.0% with Leadbetterella 

byssophila DSM 17132T (Weon et al., 2005). The dissimilarity of the 16S rRNA gene of 

strain TFI002T to the type strains of the neighboring genera supports a novel genus (Yarza 

et al., 2014). The phylogenetic tree calculations (Fig. 2) showed that strain TFI002T builds 

a cluster together with the genera Jiulongibacter and Taeseokella, always next to 

Fluviimonas. Within that cluster TFI002T forms a distinct branch, while Jiulongibacter 

and Taeseokella cluster together. 

 

Fig. 2: Phylogenetic tree of strain TFI002T and closely related species of the family Cytophagaceae. The 
neighbor joining 16S rRNA tree with a 30% (minimal similarity) base frequency termini filter was 
calculated with 1000 bootstraps using ARB (Westram et al., 2011) as described in the methods section. The 
tree was rooted using the genus Emtiticia. 

The major (> 5% of total) fatty acids of strain TFI002T were the branched-chain 

unsaturated fatty acids summed feature 3 (C16:1 ω7c/ C16:1 ω6c) (31.8%), C15:1 ω6c (6.7%), 

C17:1 ω6c (5.5%) and the branched-chain saturated fatty acid iso-C15:0 (32.1%). 

Comparison to the next related type strains of type species (Table 1) revealed different 

amounts of C15:1 ω6c, C16:1 ω5c and C17:1 ω6c fatty acids and the absence of iso-C17:0 

3-OH. The polar lipid profile showed phosphatidylethanolamine, one unidentified 

aminolipid, seven unidentified lipids, one unidentified phospholipid and glycolipid 

(Supplementary Fig. S1). The major polar lipid is the same for the closely related strains, 

but the other lipids differentiate the strain from the other genera (Suppl. Table S1). The 

only respiratory lipoquinone was MK-7, typical for Cytophagaceae (McBride, 2014). The 

DNA G+C content of the 5,461,465 bp genome with 4448 protein coding sequences was 

37.4 mol% which is in the range of 34.5 to 65 mol% for Cytophagaceae (reviewed in 

McBride, 2014).         
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Table 1:  Fatty acid profiles of strain TFI002T and the closest type strains. 1: strain TFI002T; 2: 
Jiulongibacter sediminis MCCC 1A00733T (Liu et al., 2016); 3: Taeseokella kangwonensis HME8275T 
(Joung et al., 2015); 4: Lacihabitans soyangensis HME6675T (Joung et al., 2014); 5: Fluviimonas 

pallidilutea TQQ6T (Sheu et al., 2013). Data left out when only traces detected. Major fatty acids > 5% of 
total in bold. §Data from this study. TR, < 1%; -, not detected 

Fatty Acid 1
§
 2 3 4 5 

Saturated      

C14:0 TR TR 1.3 1.4 1.3  

C16:0 1.3 2.6 14.6 6.7 6.4  

C18:0 1.8 1.3 - - - 

Branched saturated 

iso-C14:0 TR TR TR 1.4 -  

iso-C15:0 32.1 31 12.9 33.4 31.9  

anteiso-C15:0 4.1 TR 1 2.9 4.7 

Hydroxy      

C14:0 2-OH - - 1.5 - - 

C16:0 2-OH - - 1.4 - - 

C16:0 3-OH 1.2 2.4 4.5 - 4.3  

iso-C15:0 3-OH 2.5 1.3 - - 3.7  

iso-C16:0 3-OH 1.3 - - - - 

iso-C17:0 3-OH - 5.2 2 5.9 9.0  

Branched mono-unsaturated 

iso-C15:1 G - - - 2.9 2.7  

Unsaturated      

C15:1 ω6c 6.7 1.8 TR 4.4 3.1  

C16:1 ω5c 3.7 5.9 8.6 5.9 7.9  

C17:1 ω6c 5.5 TR TR TR 1.1  

Not resolved       

iso-C15:1 H/ 
C13:0 3-OH 

1.0 - - - - 

C16:1 ω7c/ C16:1 
ω6c  

31.8 39.6 49.3 31.3 14.9  

iso-C17:1 I/ 
anteiso-C17:1 B 

3.3 1.7 - - - 

iso-C17:1 ω9c ; 
10-methyl C16:0 

1.5 1.5 TR - -  

 

Cells of strain TFI002T were non-flagellated rods which seem to be in contact by thin 

fibers (Fig. 1). The strain was resistant against [µg ml-1] tetracycline (100), streptomycin 

(100) and rifampicin (100); sensitive to gentamycin (100) and kanamycin (100); 

susceptible to ampicillin (20), chloramphenicol (20), erythromycin (20), nalidixic acid 

(50), amoxicillin (50) and cycloserin (100). In contrast Taeseokella kangwonensis was 
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susceptible to rifampicin (30), streptomycin (101) and tetracycline (30), but resistant to 

ampicillin (10) and kanamycin (30) (Joung et al., 2015). Flexirubin-type pigments were 

absent. The major absorbance peak of the extracted pigment of TFI002T was at 466 nm, 

with minor peaks at 440 nm and 499 nm. These results and the yellow color suggest the 

presence of carotenoids (Reichenbach, 1989).  

In HaHa_min medium, TFI002T was able to grow on N-acetylglucosamine, L-arabinose, 

agar, к-carrageenan, D-cellobiose, D-fructose, D-galactose, gelatin, D-glucose, glycogen, 

D-lactose, laminarin, D-maltose, D-mannose, L-raffinose, L-rhamnose, starch, D-sucrose, 

D-trehalose, xanthan, xylan and D-xylose; but not on D-arabinose, ι-carrageenan, 

cellulose, chitin, glycerol and D-mannitol. Additional morphological, physiological and 

biochemical properties are given in the species description. A comparison of some 

properties of the strain with their closest related type strains, allowing the differentiation 

of the species and genus, is shown in table 2. 

Table 2: Phenotypic characteristics that significantly differentiate strain TFI002T from the other closely 
related species of the closely related genera. 1: strain TFI002T; 2: Jiulongibacter sediminis MCCC 
1A00733T (Liu et al., 2016); 3: Taeseokella kangwonensis HME8275T (Joung et al., 2015); 4: Lacihabitans 

soyangensis HME6675T (Joung et al., 2014); 5: Fluviimonas pallidilutea TQQ6T (Sheu et al., 2013). All 
strains were aerobic and had MK-7 as major respiratory quinone. They were positive for β-galactosidase, 
alkaline phosphatase and cytochrome oxidase. All strains were negative for flagella, gliding motility and 
flexirubin-type pigments.           +, positive; -, negative; nd, not determined. §Data from this study. 

 1
§
 2 3 4 5 

Isolation source marine 
sediment 

river sediment, 
incubated in 

estuarine 
seawater 

freshwater freshwater freshwater 
river 

Cell shape rod-shaped rod-shaped rod-shaped rod-shaped long rod-
shaped; thick 

capsule 
Cell size [µm] 0.9-3.5 x     

0.5-0.9  
0.5-0.6 x     
2.8-3.0 

0.3-0.6 x     
1.4-3.6 

0.5-0.6 x     
2.7-4 

0.3-0.5 x        
3-25 

Colony size 
[mm] 

1- 1.5 2 1 1 0.6-1.2 

Colony shape circular, 
convex 

circular, 
convex 

circular, 
convex 

circular, 
convex 

circular, 
convex 

Color orange-red orange yellow orange pale orange 

Catalase + + - - + 

Pigments [nm] 
(carotenoids) 

max. 466 nd nd max. 475, 505 max. 476, 508 

Nitrate 
reduction 

+  nd - - - 

Indole 
production 

- nd - + - 

Degradation 
agar 

+ nd - nd nd 
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Degradation 
starch 

+ - - - - 

Degradation 
gelatin 

+ - nd nd - 

Temp. range 
[°C] 

4-34 15-37 20-30 20-30 20-40 

Temp. optimum 
[°C] 

10-16 25-30 30 25 25 

pH range  6.5-8.5 7-8 7-8 7-8 7-9 

pH optimum 7.5 7 7 7 8 

NaCl range [%] 0-6 2-6 0-5 0 0-0.5 

NaCl optimum 
[%] 

3-3.5 3-4 1 0 0 

Growth on 2216 
MA plates  

+ + + - - 

DNA G+C 
content [mol%] 

37.4 41.6 37.6 37.7 42.2 

 

Table 3: Phenotypic characteristics of GN2 microplate and API ZYM tests that significantly differentiate 
strain TFI 002T from the other species of the closely related genera. 1: strain TFI 002T; 2: Jiulongibacter 

sediminis MCCC 1A00733T (Liu et al., 2016); 3: Taeseokella kangwonensis HME8275T (Joung et al., 
2015). In GN2 microplates all strains were positive for utilization of D-melibiose, β-methyl-D-glucoside,    
D-raffinose, α-D-glucose, sucrose, D-trehalose and succinic acid mono-methyl-ester. In API ZYM test all 
strains were positive for alkaline phosphatase, esterase C4, leucine arylamidase, valine arylamidase, acid 
phosphatase, β-glucosidase and N-acetyl-β-glucosaminidase.  +, positive; -, negative. §Data from this study. 

GN2 Microplate 1
§
 2 3 

D-fructose + + - 
dextrin + + - 
D-galactose + + - 
gentiobiose + + - 
L-rhamnose + weak - 
α-cyclodextrin - + - 
acetic acid - + - 
D-gluconic acid - + - 
D-glucose 6-phosphate - + - 
D,L-lactic acid + + - 
N-acetyl-D-glucosamine + + - 
α-D-lactose + + - 
lactulose + + - 
turanose + + - 
maltose + + - 
α-D-glucose-1-phosphate + + - 
D-cellobiose + + - 
D-mannose + + - 
D-mannitol - - + 
glycyl L-glutamic acid - - + 
L-proline - - + 
    
API ZYM    
esterase lipase C8 - + - 
cystine arylamidase + + - 
trypsin - + - 
α-chymotrypsin - + - 
α-galactosidase - + + 
β-galactosidase - + + 
β-glucuronidase - + - 
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α-glucosidase - + + 
α-mannosidase - + - 
lipase C14 - + - 

 

Based on the phylogenetic analysis of the 16S rRNA gene sequences, genomic, 

phenotypic and chemotaxonomic characteristics of strain TFI002T, it represents a novel 

species in a novel genus, for which the name Simonia syltensis gen. nov., sp. nov. is 

proposed. 

 

Description of Simonia gen.nov.  

Simonia (si.mon.ia  N. L. fem. n. referring to Meinhard Simon, a German microbiologist). 

Cells are Gram-staining negative, non-flagellated, non-motile, non-spore-forming, aerobic 

rods. Flexirubin type pigments are absent. Predominant fatty acids include C16:1 ω7c/ C16:1 

ω6c, C15:1 ω6c, C17:1 ω6c and iso-C15:0. The major respiratory quinone is MK-7. The genus 

belongs to the family Cytophagaceae in the phylum Bacteroidetes. The type species is 

Simonia syltensis TFI002T
. 

Description of Simonia syltensis sp. nov. 

Simonia syltensis (sylt.en.sis N.L. n. adj. sylt, pertaining to the insula Sylt, the region of 

origin). 

The description is as for the genus plus the following characteristics. Cells are catalase- 

and oxidase-positive rods with a length of 0.9-3.5 µm and a width of 0.5-0.9 µm, forming 

flocks when grown in liquid HaHa_100 medium for about 2 weeks. Colonies on marine 

2216 agar are circular with entire edges reach a diameter of 1-1.5 mm after two weeks at 

12 °C, and are of orange-red color.  

The major absorbance peak of the extracted pigment was at 466 nm, with minor peaks at 

440 nm and 499 nm. Gliding motility is not observed. Grows at 4-34 °C (optimum at 10-

16 °C), at pH 6.5-8 (optimum at pH 7.5) and with 0-6% NaCl (optimum with 3-3.5%). 

Grows in HaHa_min on N-acetylglucosamine, L-arabinose, agar, к-carrageenan,             

D-cellobiose, D-fructose, D-galactose, gelatin, D-glucose, glycogen, D-lactose, laminarin, 

D-maltose, D-mannose, L-raffinose, L-rhamnose, starch, D-sucrose, D-trehalose, xanthan, 

xylan and D-xylose; but not on D-arabinose, ι-carrageenan, cellulose, chitin, glycerol and 
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D-mannitol. In the GN2 MicroPlateTM uses D-melibiose, D-fructose, β-methyl-D-

glucoside, dextrin, D-galactose, D-raffinose, gentiobiose, L-rhamnose, α-D-glucose,      

D,L-lactic acid, sucrose, N-acetyl-D-glucosamine, α-D-lactose, D-trehalose, lactulose, 

turanose, maltose, α-D-glucose-1-phosphate, D-cellobiose, D-mannose and succinic acid 

mono-methyl-ester; weak utilization of L-fucose, D-psicose, D-galacturonic acid,            

N-acetyl-galactosamine, m-inositol, D-gluconic acid, D-glucosaminic acid, propionic acid, 

2,3-butanediol, D-glucuronic acid, glycerol, xylitol, D-mannitol and D-glucose-6-

phosphate. All other substrates are not utilized.  

In the ECOPLATETM, positive for D-cellobiose, α-D-lactose, β-methyl-D-glucoside, 

N-acetyl-D-glucosamine, D-glucosaminic acid, glucose-1-phosphate, D,L-α-glycerol 

phosphate, D-galacturonic acid, D-malic acid and glycyl-L-glutamic acid; weak positive 

for i-erythritol, D-mannitol and L-threonine. All other substrates are not utilized. 

According to the API ZYM test positive for alkaline phosphatase, esterase C4, leucine 

arylamidase, valine arylamidase, cystine arylamidase, acid phosphatase, naphthol-AS-BI-

phosphohydrolase, β-glucosidase and N-acetyl-β-glucosaminidase. In API20NE only 

positive for nitrate reduction, β-glucosidase and β-galactosidase. Cells are resistant against 

[µg ml-1] tetracycline (100), streptomycin (100) and rifampicin (100); sensitive to 

gentamycin (100) and kanamycin (100); susceptible to ampicillin (20), chloramphenicol 

(20), erythromycin (20), nalidixic acid (50), amoxicillin (50) and cycloserin (100). The 

major (>5% of total) fatty acids are summed feature 3 (C16:1 ω7c/ C16:1 ω6c), C15:1 ω6c, 

C17:1 ω6c and iso-C15:0. The polar lipid profile comprises phosphatidylethanolamine, one 

unidentified aminolipid, seven unidentified lipids, one unidentified phospholipid and 

glycolipid. MK-7 is the only respiratory lipoquinone.  

The type strain is TFI002T (= TFI 002 = DSM 105067T = LMG S-29673T), isolated from 

seawater near List, Sylt (55°01'15.7"N 8°26'22.4"E), North Sea, Germany. The G+C 

content of the genome of the type strain is 37.4 mol%.  
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Chapter IV: Discussion and outlook 

4.1    Outer membrane vesicle chains of Hel3_A1_48 

Chains of OMVs forming long appendages emanate from the cell surface of the marine 

flavobacterial strain Hel3_A1_48. Only few studies have shown the presence of such long 

bacterial membrane extensions. Therefore we applied different imaging techniques to 

provide a correct picture of the extracellular structures and proteomics to explore their 

function.  

 

4.1.1   Microscopy 

The first insight into bacterial morphology is provided by light microscopy, where bacteria 

can be studied alive and motion can be observed. The resolution of phase contrast light 

microscopy is maximum 200 nm, and this was not sufficient to study the ~500 nm small 

cells of strain Hel3_A1_48 in detail or detect the surface structures. As the resolution is 

diffraction-limited, other techniques with a higher resolution, like electron microscopy, 

were used. All electron microscopy methods observe dead cells. Transmission electron 

microscopy (TEM) produces a two dimensional image of whole cells, which are 

negatively stained with uranyl acetate or other heavy transition metal ions to gain contrast. 

Scanning electron microscopy (SEM) scans the surface and provides a three dimensional 

image of the cell. Dehydration in ethanol series and critical point drying is supposed to be 

the most reproducible drying method for SEM with minimal artifacts (Passey et al., 2007). 

Possible artifacts especially for TEM are air-drying effects, like cracking, shrinkage and 

swelling of fine structures (Passey et al., 2007). Fixation was mostly avoided, because it 

can introduce morphological changes or charge artifacts during imaging (Fischer et al., 

2012).  

To reduce a possible artifact formation even further, high pressure freezing and freeze 

substitution was performed prior embedding into a resin, and cutting into 70 nm thin 

sections (Dohnalkova et al., 2011). Visualization with cryo-EM was conducted, because 

the method is least artifact prone and allows observing the cells in a close-to-native state 

(Dohnalkova et al., 2011; Gan & Jensen, 2012). Unfixed cells get directly vitrified in 

liquid ethane before visualization in the frozen state.  

The reported structures are no artifacts of the preparation, because all applied electron 

microscopic imaging techniques showed the same structures, including cryo-EM and thin 

section TEM.   
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4.1.2 Size of the vesicle chains in comparison to other studies  

Applying different techniques, the sizes of the extracellular structures varied slightly, 

especially the length of the structures. Other studies reported similar vesicles, tubes or 

vesicle chains (Table 1). In general, structures visualized with SEM and TEM appeared 

larger than structures visualized on thin sections. Sizes and morphology of extracellular 

structures analyzed with cryo-EM and thin sections are likely most correct, as explained in 

the previous section. Other bacteria have larger single OMVs (Laanto et al., 2014; Peréz-

Cruz et al., 2013), but thinner and usually shorter vesicle chains or membrane tubes 

(Bruns et al., 2001; McCaig et al., 2013; Remis et al., 2014).  

 

Table 1: Comparison of sizes of vesicles in vesicle chains of strain Hel3_A1_48 from different techniques 

and with other species 

 
 Size OMV in chain or 

single [nm] 

Length of 

chain [µm] 

Tube 

diameter 

[nm] 

Tube 

length 

[µm] 

Size O-IMVs [nm] 

Hel3_A1_48 TEM 80-100 x 50-80 1-10  50-80  0.5-2  160-250 x 130-200  

Hel3_A1_48 SEM 100-140 x 70-100 up to 2  - - - 

Hel3_A1_48 Thin 

sections 

80-120 x 50-80 up to 1.8  100-110 0.9 120-200 x 90-160  

Hel3_A1_48 cryo-EM 75-125 x 88-150 1.1 40-150 0.8 180 x 300 

Shewanella oneidensis 

(Subramanian et al., 

2018) cryo-EM 

100 x 20-200 - - - - 

Myxococcus xanthus  

SEM, FIB-SEM, cryo-EM 

(Remis et al., 2011) 

30-60 width 0.5-5  - - - 

F. novidica TEM and 

TEM thin sections 

(McCaig et al., 2013) 

50-300  - 40  0.3-

1.5  

- 

F. psychrophilum 

TEM (Møller et al., 

2005) 

- - 100  0.1-

0.8  

- 

Flavobacterium 

columnare (Laanto et 

al., 2014) 

 

SEM: 200  

and 500-1000 

TEM: 60-350  

TEM thin sections: 

50-100  

- - - - 

Muricauda 

ruestringensis 

TEM and SEM 

(Bruns et al., 2001) 

100-200 - 20-35 5 - 

Shewanella vesiculosa 

TEM thin sections 

(Pérez-Cruz et al., 

2013) 

25-200  - - - 100-250  
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Morphologically most similar to the vesicle chains of Hel3_A1_48 were the vesicle chains 

reported for Myxococcus xanthus (Remis et al., 2014) and Shewanella oneidensis 

(Subramanian et al., 2018). The sizes of the vesicle chains for Myxococcus xanthus 

(Remis et al., 2014) were much smaller, also compared to the size of the cell. Vesicle 

chains of Shewanella oneidensis (Subramanian et al., 2018) were of comparable size than 

the Hel3_A1_48 vesicle chains. The O-IMVs detected in our study are of similar size as 

the O-IMVs reported for Shewanella vesiculosa (Pérez-Cruz et al., 2013), but their study 

did not show longer appendages or vesicle chains. Sometimes the appendages of strain 

Hel3_A1_48 possessed a larger vesicle at the distal end (Chapter II, Suppl. Fig. S1 A), 

which reminds of the structures reported for Muricauda ruestringensis (Bruns et al., 2001) 

or Flavobacterium columnare cells (Laanto et al., (2014). Appendages of these organisms 

have been described as tubes, with a vesicle-like structure at the distal end.  

In many EM images of strain Hel3_A1_48 the chains or tubes were found detached from 

the cells, suggesting that they easily break off by force. They may also be released 

naturally at some point, because unbound appendages were also observed in undisturbed 

cultures (Chapter II, Suppl. Fig. S1 A, B, D). Structures of F. psychrophilum broke off 

easily during centrifugation and only shorter tubes remained on the cell, while the 

supernatant contained single vesicles and tubes (Møller et al., 2005), similar to our 

observation.  

 

4.1.3 Model of appendage formation 

I investigated the morphology and the composition of these extracellular structures, but 

the question remains how longer vesicle chains and tubes are formed. Studies that have 

reported attached chains of vesicles do not provide a detailed theory of formation.  

The production of single vesicles and of tubes or vesicle chains may be a related process, 

because we observe both single vesicles and vesicle chains on one cell. The formation 

starts with an outward bulging of OM which elongates to a tube (Chapter II, Fig. 6).  At 

some point the tube gets instable and transforms into a chain of vesicles. Similar 

observations were found for Shewanella oneidensis (Subramanian et al., 2018), applying 

cryo-EM. Electron densities between the vesicles were observed and they proposed that 

these 'junction densities' stabilize the OMV chain and that the cells can adjust the densities 

to change the morphology of the structures. Such junction densities were not visible in the 

vesicle chains of strain Hel3_A1_48.                     

Our model for formation of the vesicle chains (Chapter II, Fig. 6 B) also describes the 
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formation of O-IMVs in the vesicle chain of OMVs. When a membrane tube is formed 

and simultaneously an IMV is generated, which stays inside of the tube, it may travel 

towards the distal end. Transformation of the tube into a chain of vesicles traps the IMV. 

Formation of the O-IMVs may be caused by interconnection of the two membranes by 

membrane spanning T9SS or TonB-dependent transport complexes. O-IMVs biogenesis 

seems to be more abundant in the exponential phase, as we detected more IM and 

cytoplasm related proteins in the exponential phase vesicle fraction, compared to the 

stationary phase vesicles. In the stationary growth phase the cells are reducing biomass 

formation, which may lead to a reduced cytoplasm size and less outward bulging of the 

inner membrane.  

Biological production of OM tubes which ultimately transform into vesicle chains was, 

independent of this study, linked to the physical process of 'pearling' (Subramanian et al., 

2018). This abiotic process describes the production of a tubular structure on a single-

component phospholipid membrane vesicle, which subsequently transforms into a chain of 

vesicles with thin tethers connecting the pearls (Fig. 1).             

The initial formation of long membrane tubes and subsequent pearling starting from the 

distal end, also with a larger vesicle at the end, seems to resemble appendage morphology 

and formation of strain Hel3_A1_48. Thus, formation of the vesicle chains of strain 

Hel3_A1_48 may be related to the physical pearling of the membrane tubes induced by 

tension building up on the membrane (Fygenson et al., 1997; Kantsler et al., 2008) or 

increased membrane curvature (Tsafrir et al., 2001, Sanborn et al., 2013). A similar 

mechanism may cause outer membrane vesicle production (Roier et al., 2015; Jan, 2017). 
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4.1.4 Peptidoglycan 

Thin sections of strain Hel3_A1_48 suggested the presence of peptidoglycan in the vesicle 

chains or tubes. A thin electron dense layer is visible between the OM and IM of the cell 

(Chapter II Fig. 2 D, Fig. 3 C) and it is also visible as electron density in the OMVs and in 

the O-IMV. Most of the appendage studies do not comment on the fate of the 

peptidoglycan during formation of these structures (Møller et al., 2005; Laanto et al., 

2014; Remis et al., 2014; Pirbadian et al., 2014; Subramanian et al., 2018). Studies that 

report about peptidoglycan suggest for proteobacteria that the peptidoglycan layer does 

not follow into the vesicles or extracellular structures (McCaig et al., 2013; Roier et al., 

2015; Jan, 2017). Even the formation of O-IMVs described by Pérez-Cruz et al. (2013) 

hypothesized a formation without peptidoglycan through “weakening of the peptidoglycan 

layer by autolysins at the point where the vesicles are generated”, similar to the 

mechanism proposed by Kadurugamuwa & Beveridge (1995). It is unsure if these findings 

for proteobacteria are also true for flavobacteria.  

The only appendage structure proven to contain a peptidoglycan layer, are prosthecae of 

e.g. Caulobacter, Hyphomonas and Pedomicrobium (Staley, 1968; Poindexter, 2006). 

They are an outgrowth of the whole cell also containing IM and cytoplasm. These are 

stable structures in contrast to the dynamic nature of the vesicle chains, as shown by 

(Subramanian et al., 2018). Based on this literature, I think it is rather unlikely that the 

peptidoglycan layer follows the OM into the appendages, but further experiments are 

needed to evaluate this. There may be some peptidoglycan pieces from cell wall turnover 

inside the OMVs, or the observed electron density is due to other proteins inside the 

vesicles.  

Literature reports a coupling of the peptidoglycan layer to the OM by Braun´s lipoproteins 

(Lpp) (Braun & Rehn, 1969) and interactions of the PG with OmpA and the Tol-Pal 

complex (reviewed in Schwechheimer & Kuehn, 2015). A BLAST search against the 

genome of strain Hel3_A1_48 in RAST (Aziz et al., 2008) revealed no Lpp protein, only 

one similar protein, annotated as choice of anker B-domain protein; but instead six 

peptidoglycan associated lipoproteins (Pal) (Mizuno, 1981) were detected. Proteomic 

analysis revealed four proteins with a peptidoglycan binding domain similar to OmpA and 

one protein of the Tol-Pal system (YbgF) (Chapter II, Table 1). All OmpA-like proteins 

had the highest relative abundance in the vesicle fraction of the stationary growth phase, 

while one was even the second most abundant protein in both vesicle fractions. This 

suggests a tight link between the OM and the PG layer of strain Hel3_A1_48 by the 
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peptidoglycan binding domain proteins, which may force at least part of the PG to follow 

into the OM extensions.  

 

4.1.5  Proteomic analyses 

OM proteins like porins, TonB-dependent receptors, OmpA-like proteins and T9SS 

related proteins (components and substrates) were detected with a high relative abundance 

in the vesicle fraction of strain Hel3_A1_48 (Chapter II, Table 1). These findings are 

similar to the proteins detected in other studies reporting on vesicle or appendage proteins. 

OM protein dominated vesicle fractions were detected for all described studies, regardless 

of proteobacterial or bacteroidetal origin (Møller et al., 2005; McCaig et al., 2013; Pérez-

Cruz et al., 2013; Laanto et al., 2014; Remis et al., 2014; Biller et al., 2014; Veith et al., 

2014, 2015). Porins, as well as transporters, i.e. TonB-dependent receptors, were detected 

among the most abundant proteins also by several studies (Pérez-Cruz et al., 2013; Biller 

et al., 2014; Veith et al., 2014, 2015). OmpA or OmpA-like proteins were detected in 

some of the studies (McCaig et al., 2013; Laanto et al., 2014; Veith et al., 2014, 2015). 

The detection of T9SS system related proteins was, not surprisingly, restricted to the 

Bacteroidetes (Laanto et al., 2014; Veith et al., 2014, 2015). Especially, the presence of 

SprF as a major protein in the vesicles of the gliding bacterium Flavobacterium columnare 

(Laanto et al., 2014) is interesting, because this protein seems to be necessary for secretion 

of the protein SprB (necessary for gliding motility) (Rhodes, 2011; Shrivastava et al., 

2012).  

 

The most abundant protein of strain Hel3_A1_48 in all four examined fractions and 

especially enriched in the vesicle fractions was a putative porin (protein AOR25254; 

Chapter II, Table 1). A very similar protein, also annotated as porin, was found to be 

highly expressed in strain Hel1_33_131 while growing on laminarin or glucose (Unfried 

et al., in review). It is suggested to be responsible for peptide uptake, because the adjacent 

nitrogen metabolism genes were also induced (Unfried et al., in review). Eight laminarin 

induced peptidases of strain Hel1_33_131 were found in the metaproteome of the spring 

phytoplankton bloom near Helgoland 2009, together with the highly expressed porin, 

suggesting an in situ importance of a laminarin and peptide coupled metabolism (Unfried 

et al., in review). Maybe this is also true for the porin of strain Hel3_A1_48, as also genes 

for the nitrogen metabolism are close to the porin in the genome. This undermines the 
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finding that both strains do not grow on sugars alone with only ammonium as nitrogen 

source, but they need peptides originating from casamino acids, peptone or yeast extract.  

 

4.1.6   Turgor pressure of bacteria 

Cell shape is maintained by the higher osmotic pressure inside the cytoplasm, compared to 

the external medium (Arnoldi et al., 2000). This turgor pressure is build up by the solutes 

in the cytoplasm, and in the Gram-negative cell the cytoplasm and periplasm are 

isoosmotic (Osawa & Erickson, 2018). Therefore turgor pressure is counterbalanced and 

sustained by the OM and the PG sacculus (Yao et al., 2002; Deng et al., 2011). Changes 

in turgor pressure may lead to membrane stress and it also influences certain transport 

systems (reviewed in Arnoldi et al., 2000).  

The currently widely used method to measure turgor is by atomic force microscopy 

(AFM), which applies a localized force to the surface of the cell and can quantify its 

stiffness. The measured force is proportional to the turgor pressure (Arnoldi et al., 2000; 

Deng, 2012). AFM can only estimate the turgor indirectly by determination of the Young's 

modulus (stiffness) (Boulbitch et al., 2000) of hydrated cells (Arnoldi et al., 2000). This 

value depends on the turgor pressure and the physical properties of the cell envelope 

(Deng, 2012). Turgor could be determined by changing the osmolarity of the medium 

while the cell is scanned with the AFM tip and observing changes in the Young´s 

modulus, assuming that the cell stays intact (Arnoldi et al., 2000; Alexander Khachikyan, 

personal communication). Varying values for turgor pressure were reported in the 

literature; 85-150 kPa for Magnetospirillum (Arnoldi et al., 2000), 80 kPa for 

cyanobacteria and 300-500 kPa for other bacteria (reviewed in Arnoldi et al., 2000), 100-

200 kPa for Pseudomonas aeruginosa, 300-500 kPa (Yao et al., 2002) or 30 kPa (Deng et 

al., 2011) for E. coli. 

Hel3_A1_48 cells have, according to cryo-EM and thin section TEM, a very large 

periplasm (15-20 nm and even more enlarged in areas of cellular protrusion), and the OM 

seems to be 'fluid' around the cell. If the cells have such a large periplasm, this may 

indicate a low turgor pressure which may influence the production of the OM and 

appendages. The Young's modulus of Hel3_A1_48 cells was measured with an NTEGRA 

Spectra atomic force microscope (NT-MDT, Eindhoven, Netherlands) combined with an 

inverted Olympus microscope. The living cells were measured in the growth medium 

HaHa_100V after their immobilization on a poly-l-lysine coated ultrathin glass slide (see 

Appendix Chapter IV for details).  
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4.1.7 Possible functions 

The function of extracellular structures is largely unknown, but several hypotheses have 

been developed. Most of the structures are thought to be involved in virulence by delivery 

of toxic compounds or enzymes  (Møller et al., 2005, McCaig et al., 2013, Laanto et al., 

2014), or attachment and aggregation of cells (Bruns et al., 2001, Nedashkovskaya et al., 

2005, Nedashkovskaya et al., 2006). Vesicle chains of F. columnare are hypothesized to 

aid in adhesion, due to their content of OmpA and a hypothesized eruption of the larger 

vesicle at the end of a chain and anchoring to a surface (Laanto et al., 2014). Remis et al. 

(2014) hypothesized that the OMV chains of Myxococcus xanthus are utilized in the 

coordination of social behavior and may function to mediate prey cell lysis. They propose 

a connection in the periplasmic space and thus a possible transfer of membrane proteins or 

other molecules. Recently the transfer of electrons by vesicle chains termed nanowires 

was proposed for Shewanella oneidensis, although this was only shown for dried 

nanowires (Gorby et al., 2006; Pirbadian et al., 2014; Subramanian et al., 2018). For the 

Gram-positive Bacillus subtilis Dubey et al. (2016) proposed that the extracellular 

structures increase the cell surface area almost three-fold, maybe scavenge for nutrients or 

might be used in nutrient delivery through cytoplasmic exchange of metabolites and 

proteins. Rapid movement observed for the structures lead to the hypothesis, that they use 

the appendages to “sense, respond and explore their surroundings” (Dubey et al., 2016).  

For strain Hel3_A1_48, the following hypotheses may be considered (Fig. 3).  
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Aggregation or Adhesion 

Strain Hel3_A1_48 is supposed to have a planktonic lifestyle, due to its small genome and 

its immobility. Still, it could be an advantage for the cells to be able to gather around food 

particles or form aggregates with each other to protect them from grazing e.g. by protozoa 

(Matz & Kjelleberg, 2005). The abundance of OmpA-like proteins, found in the proteome 

of strain Hel3_A1_48 (Chapter II, Table 1) can also suggest a function in adherence or 

virulence (Dumetz et al., 2007).  

Nutrient acquisition                  

The most probable hypothesis is the binding or storage of nutrients. Proteome data of the 

vesicle fraction showed an enrichment of porins and TonB-dependent receptors, as well as 

many carbohydrate binding proteins, degradative enzymes and T9SS substrates. By the 

T9SS excreted and surface attached proteins can aid in the degradation of larger molecules 

(Sato et al., 2010; Veith et al., 2017). SR-SIM showed staining of fluorescent-labeled 

laminarin in the periplasm of the cells and also in the appendages (Chapter II, Fig. 5), thus 

suggesting a selfish uptake mechanism (Cuskin et al., 2015; Reintjes et al., 2017). The 

staining of the vesicle chain suggests a connection between the vesicles themselves and to 

the cell at the periplasmatic level. A connection of the periplasmic space of cells to OMV 

chains was already proposed by Remis et al. (2014) and Subramanian et al. (2018). The 

periplasm in the appendages may be used as large reservoir of nutrients, which may be 

used later, as vesicles are able to fuse again with cells (Kadurugamuwa & Beveridge, 

1996).  

The presence of polyphosphate was shown for strain Hel3_A1_48 (in cells and vesicles; 

Chapter II, Suppl. Fig. S3 A, B; Fig. S5), this ´selfish´ storage of phosphate may be 

important for phases during the bloom, where the phosphate concentration is a low. 

It seems rather unlikely that the appendages function themselves in the uptake of the 

labeled laminarin, because the active uptake by the TonB-system is energy driven and 

usually requires a connection to the energized IM. The fluorescent label likely gets 

transported via the periplasm from the cell to the appendage. The large extracellular 

structures lead to an expansion of the membrane with an increase of the surface area. A 

better surface to volume ratio together with more degradative enzymes on the enlarged 

surface may increase passive nutrient uptake in an oligotrophic environment. Smaller cells 

already have a better surface to volume ratio and strain Hel3_A1_48 has only a mean 

diameter of 500 nm. The cell extensions may also be produced to reduce cell body size 
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under nutrient limitation, for a better surface to volume ratio, a possible way to reduce cell 

size without division. 

Phage defense 

During an algal bloom there are phages in the ocean specialized for certain taxa (Suttle, 

2005). The vesicles and vesicle chains could function in defense as deception for phages, 

when phages bind to them and not to the cells. A possible phage defense role of vesicles in 

the ocean was already proposed by Biller et al. (2014).  

Delivery of harmful compounds  

Another function could be the delivery of toxins or degrading enzymes to a target 

organism as attack or defense. The proteins of the vesicle/appendage fraction of 

Hel3_A1_48 were analyzed using proteomics to identify their potential cargo. The LC-

MS/MS results showed that the vesicle fraction was enriched with some peptidases and 

proteases. This trait may also be related to the nutrient acquisition, by delivery of toxins, 

peptidases or other hydrolyzing enzymes, to kill micro-algae or other bacteria.  

Exchange of molecules/DNA/proteins  

It is possible that the vesicle chains are used to transfer certain molecules, DNA or 

proteins between the cells of strain Hel3_A1_48 or with other bacteria. Some vesicle 

studies found DNA in vesicles (Lee et al., 2008; Biller et al., 2014), quorum sensing 

signals and exchange of proteins in Myxococcus xanthus (Remis et al., 2014). SR-SIM 

images of strain Hel3_A1_48 did not reveal DNA in the appendages, as no DAPI stain 

was visible.  

Reproduction                                                                                                                      

The process of vesicle or vesicle chain formation might be associated with reproduction, 

similar to the unequal cell division by budding. Formosa agariphila was proposed to be 

able to proliferate by budding (Nedashkovskaya et al., 2006). Muricauda ruestringensis 

appendages have been associated with its cell cycle (Müller et al., 2001). If vesicles can 

lead to growth was not tested, because the small cells may pass through the 0.2 µm filter. 

The prior discussed physical processes that lead to pearling of a membrane tube (Bar-Ziv 

& Moses, 2004; Yu & Granick, 2009) have also been investigated in the context of an 

ancient reproduction mechanism (Briers et al., 2012). The authors discussed the 

possibility that early protocells divided by means of physical vesiculation; cells might 

have formed an asymmetrical elongation, which was unstable at a certain length and then 
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got divided into single vesicles. Some of the vesicles by chance may have contained DNA 

and were able to proliferate (Briers et al., 2012). This hypothesis would be supported by 

the EM micrographs of strain Hel3_A1_48 showing some larger O-IMVs that could 

potentially contain DNA and start to grow once separated from the cell.   

Release of excess membrane or change in membrane composition          

Formation of the vesicle chains might also be a release of excess OM or used to alter the 

membrane composition to cope with changing environmental conditions. Release of 

OMVs has been shown to alter membrane composition to allow the organisms to adapt to 

other environmental conditions (Tashiro et al., 2012; Bonnington & Kuehn, 2014). 

 

The extracellular structures of strain Hel3_A1_48 may serve multiple of the above 

mentioned functions at the same time. While the other functions need more research for 

validation, it is highly likely that the vesicle chains are involved in nutrient acquisition by 

enlargement of the surface area. This provides more space for extracellular sugar binding 

proteins and extracellular enzymes for degradation.  

 

4.2 Species descriptions 

Taxonomy relies on characterization, classification and nomenclature of new organisms 

(Tindall et al., 2010). The 'polyphasic' species description (Vandamme et al., 1996) 

includes genomic (DNA similarity and G+C content) and phenotypic (morphological, 

physiological and biochemical) information (Rosselló-Móra & Amann, 2001; Tindall et 

al., 2010). The taxonomic resolution of the 16S rRNA gene is insufficient for species 

delineation above a threshold of 98.7% 16S rRNA gene sequence identity (Stackebrand & 

Ebers, 2006; Staley, 2009; Richter & Rosselló-Móra, 2009). Genome comparison 

techniques are required at high 16S rRNA gene identities (Rosselló-Móra & Amann, 

2015). These techniques include average nucleotide identity (ANI), average aminoacid 

identity (AAI) or in silico genome DNA-DNA hybridization (Richter & Rosselló-Móra, 

2009; Thompson et al., 2013). Strains belong to a known species at an ANI threshold of   

> 95% (Goris et al., 2007; Richter & Rosselló-Móra, 2009; Thompson et al., 2013). The 

conservative taxonomic threshold for genera is 94.5% 16S rRNA gene sequence identity 

and the median sequence identity of already described genera is 96.4% (Yarza et al., 

2014).  
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The species described in this study were differentiated from neighboring species or genera 

due to their 16S rRNA gene sequence identity and other genomic and phenotypic 

characteristics. All four strains were below the species border of 98.7% identity threshold 

and thus no ANI or AAI was necessary. Three isolates (Hel3_A1_48, Hel1_33_131 and 

TFI002) with an identity of < 96% 16S rRNA sequence identity to validly described type 

species were, due to their phylogenetic position and different phenotypic characteristics 

classified as new genus. Hel3_A1_48 and Hel1_33_131 shared 96.8% sequence identity 

and thus belonged to the same genus. The sequence identity threshold between genera 

(Yarza et al., 2014) together with the analysis of the biochemical and physiological 

characteristics validated the assignment of a new genus.  

ANI calculation to the next related type strain was not even possible, because the genome 

sequences of the other type species were not available. Thus it would be of immense value 

if every new species description would include at least a potential draft genome to better 

define a new species. This shift towards including full genome sequences in future 

bacterial taxonomy was previously proposed (Richter & Rosselló-Móra, 2009; Thompson 

et al., 2013; Vandamme & Peeters, 2014; Rosselló-Móra & Amann 2015; Chun et al., 

2018) and is realized in these species descriptions, as all four genomes are publically 

available on NCBI and the three flavobacterial genomes (Hel3_A1_48 and Hel1_33_131; 

Unfried et al., in review; Hel1_31_208 (Kappelmann et al., in review)) have already been 

analyzed bioinformatically.  

Species descriptions should include as many strains as possible and also the neighboring 

type species in the phenotypic and biochemical analysis in the author’s own lab (Rosselló-

Móra & Amann, 2001; Bernardet et al., 2002; Tindall et al., 2010; Thompson et al., 

2013). Biochemical analyses (lipoquinones, polar lipids and fatty acid methyl esters) of 

the four strains were performed under highly standardized conditions by the DSMZ and 

compared to published data of the next related type species. Due to time and money 

constraints in a doctoral thesis and the already proposed changes for future bacterial 

taxonomy it is important to work economically (Sutcliffe et al., 2012; Vandamme & 

Peeters, 2014) to increase the number of described species. Due to their ecological 

relevance and the available whole genome for these organisms it is worthwhile to describe 

them and make the strains available to a larger audience.  
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4.2.1 Genome prediction vs. growth experiments 

The genomes of the strains Hel3_A1_48 (2.02 Mbp), Hel1_33_131 (2.74 Mbp) and 

Hel1_31_208 (3.10 Mbp) are far the smallest of the studied four strains and available 

genomes of the neighboring type species. The genome of Hel3_A1_48 is only about half 

the size of e.g. TFI002 (5.46 Mbp), Formosa agariphila (4.20 Mbp) (Nedashkovskaya et 

al., 2006), Formosa haliotis (4.30 Mbp) (Tanaka et al., 2015) and Flaviramulus 

ichthyoenteri (3.94 Mbp) (Zhang et al., 2013). 

The three flavobacterial isolates from Helgoland have been investigated bioinformatically 

for the presence of substrate specific PULs (Kappelmann et al., in review). From its 

genome Hel3_A1_48 was predicted to utilize mannose, lactose and xylose by the RAST 

Seed annotation (Aziz et al., 2008, 2012). A putative β-xylose PUL, three PULs for 

laminarin, three unknown PULs and a PUL for sulfated, xylose containing 

polysaccharides were predicted for strain Hel3_A1_48 (Kappelmann et al., in review). 

Mannose, laminarin and lactose were also metabolized in growth experiments, but xylose 

was not. For Hel1_33_131, only mannose was predicted by RAST. Three PULs for 

laminarin, a putative α-mannan and a chitin PUL were predicted for Hel1_33_131 

(Kappelmann et al., in review). Mannose and laminarin were also metabolized in growth 

experiments, while chitin was difficult to assess, due to the particles and high turbidity in 

the optical density determination for the growth curve. Both strains are supposed to be 

streamlined for laminarin degradation and therefore have a reduced number of other 

utilized substrates (Unfried et al., in review), in contrast to bacteria with a larger genome. 

From the growth experiments strain Hel1_33_131 seems to be even more specialized than 

strain Hel3_A1_48.  

For Hel1_31_208, RAST predicted only mannose, and one laminarin PUL was predicted 

(Kappelmann et al., in review). Mannose was also metabolized in growth experiments but 

laminarin was not. This failure requests the test of a range of different laminarins in future 

studies.  

Strain TFI002 was predicted by RAST to degrade more substrates than the three strains 

with a smaller genome. The predictions for trehalose, lactose, galactose, mannose, 

glycogen, rhamnose, xylose and L-arabinose were confirmed in growth experiments.  

 

For most of the predicted substrates utilization was experimentally shown. Less substrates 

were predicted than utilized, which suggests that many unknown enzymes are involved in 

the degradation of the other carbohydrates. More substrates were predicted for strain 
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TFI002 with a larger genome. The problem with genome predictions is that the 

environmental bacteria are understudied and their enzymes are mostly unknown, which 

makes automatic annotation difficult. The problem with phenotype information though is 

that not all genomic information is revealed, because expression is based on 

environmental conditions (Rosselló-Móra & Amann, 2001). Therefore a combination of 

bioinformatic prediction and experimental verification is desired.   

 

4.2.2 Plate anomaly  

Strains Hel3_A1_48 and Hel1_33_131 do not grow on plates. Environmental isolates, 

especially from oligotrophic habitats, do not like to grow on plates (Stewart, 2012; 

Harwani, 2013). The great plate count anomaly (Staley & Konopka, 1985) became even 

more evident with the high diversity covered by metagenome sequencing (Harwani, 

2013).  

Because most oligotrophic environmental bacteria are not culturable in the lab under 

standardized conditions, the HaHa medium was developed (Hahnke & Harder, 2013) to 

culture heterotrophic North Sea bacteria. It was used for dilution to extinction series in 

liquid medium to obtain ecological relevant isolates of the planktonic fraction (Hahnke et 

al., 2015). Even after some years in the lab the strains Hel3_A1_48 and Hel1_33_131 

obtained by dilution cultivation were not able to grow on solid media like Marine agar 

2216 and also not on the HaHa agar. Maybe the nutrient concentrations were too high for 

them or they cannot withstand the rather dry conditions on the surface of the agar.  

 

A small cell and genome size together with immobility, may suggest a planktonic lifestyle 

(Giovannoni et al., 2005). Due to this, their isolation from dilution cultivation and their 

small substrate range, strain Hel3_A1_48 and Hel1_33_131 may be planktonic bacteria. 

Particle-associated generalist bacteria may have a large genome and a broader substrate 

range (Fernández-Gomez et al., 2013) (like e.g. TFI002, which is able to grow on plates). 

It would be interesting to find out if it is true that particle-associated bacteria are more 

likely to grow on plates and planktonic bacteria rather in liquid culture. Maybe by 

studying these two strains further one could find out, why they do not grow on plates.  
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4.3 Appendages on other bacteria and their potential ecological meaning  

The atomic force microscopy (AFM) study by Malfatti & Azam (2009) showed the high 

number of bacteria with extracellular structures in the ocean. They proposed that they 

build large networks and probably live in close interactions or even symbioses.  

 

4.3.1 Appendages on Helgoland isolates 

Extracellular structures of the two Helgoland strains Hel3_A1_48 and Hel1_33_131 have 

already been discovered by TEM shortly after isolation (Hahnke et al., 2015). The 

appendages of strain Hel3_A1_48 have been described and shown to be no artifact of 

preparation by a combination of different electron microscopic techniques (Chapter II). 

This suggests that similar structures observed with TEM are also likely no artifact of 

preparation. Extracellular structures of strain Hel1_33_131 were investigated using TEM 

and have been visualized mainly as membrane tubes and sometimes as vesicle chains 

(Chapter III), confirming the findings of Hahnke et al. (2015).  

In the course of this thesis, strain Hel1_31_208 (isolated by Hahnke et al., 2015) was 

investigated morphologically by SEM and TEM imaging. Three different types of 

appendages have been revealed by TEM imaging of negative stained whole cells. 

Membrane tubes and vesicle chains (Fig. 4 C) (individual vesicles 80-120 nm long and 60-

100 nm wide, in chains of up to 20-30 vesicles) seem to be similar to the appendages of 

strain Hel3_A1_48. The other types of appendages are a very thin (20-30 nm) and long 

(up to 10 µm) structure (Fig. 4 A, B) and a thicker membrane tube-like structure with 

intermediate swellings (Fig. 4 D).  
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We aimed to show the ecological relevance of extracellular structures by looking for 

microbes with appendages in seawater collected from a spring algal bloom near Helgoland 

in 2016 and investigation via electron microscopy. SEM micrographs (according to the 

same procedure as described in Chapter II) revealed many different types of microalgae 

(Appendix Chapter IV, Fig. 1). Sometimes groups of bacterial sized organisms with 

extracellular structures (vesicle chains or other membrane appendages) or EPS with some 

incorporated vesicles around them, were visible (Fig. 5), similar to observations by 

Malfatti & Azam (2009). 

 
 
Fig. 5: SEM micrograph showing organisms of bacterial size with some kind of extracellular structures. The 

bar represents 2 µm.  

 

Moreover, SEM images revealed the presence of particles composed of dead diatoms, 

other organic matter and attached bacteria that potentially degrade the algae or other 

biomass (Fig. 6 A, B).  
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GldI AOR25315 AOR27231 SDS30912 SOE23972 

GldJ AOR25736 AOR28846 SDR65477 SOE21589 

     

GldA - (but other ABC 

ATP binding 

proteins 

AOR25371) 

- (but other ABC 

ATP binding 

proteins 

AOR27269) 

SDR66388 SOE21477 

GldF - - SDS25297 SOE22827 

GldG - - SDS25197 SOE21409 

     

SprB (AOR26185) - SDS34126 SOE23319 

SprC - - (SDS34198) - 

SprD - - - - 

RemA - - - - 

 

Central components of the T9SS, necessary for secretion of proteins (Leone et al., 2018), 

were present in all four Bacteroidetes. Mostly each gene is represented by one copy, but 

for SprF many related genes have been detected. SprF is an OM protein supposed to aid in 

the secretion of the adhesin SprB (supposed to be necessary for gliding) (Rhodes et al., 

2011; Shrivastava et al., 2012), for which related proteins were detected in some of the 

strains. All four strains lacked gliding motility and the gene encoding for the adhesin 

RemA is absent in their genomes.  

For strain Hel3_A1_48 (Chapter II, Suppl. Table S9), T9SS substrates were identified in 

the proteomes and the genome by their C-terminal domains (TIGR04183 and TIGR04131) 

linking them to the secretion by the T9SS (Kharade & McBride, 2014).  

Some T9SS related proteins have also been found in the proteome of Hel1_33_131 

(Unfried et al., in review). They reported that many laminarin degrading enzymes are 

surface tethered, which would make the role of the T9SS in the degradation of the algal 

bloom even more prominent.  

 

The T9SS seems to be a key factor for Bacteroidetes to compete for nutrients in the North 

Sea by a combination of surface attached T9SS secreted degradative or binding enzymes 

with ´selfish´ uptake of the then already cleaved oligosaccharides via TonB-dependent 

receptors. This supports a possible role of the extracellular structures in providing a larger 

surface area for proteins tethered to the outer membrane by the T9SS.  
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4.4 Conclusion 

This thesis described a so far unreported type of cell extensions of marine pelagic 

Flavobacteriia by characterizing the vesicle chains of strain Hel3_A1_48 and proposing a 

mechanism for their production. These mainly OM derived structures are, by all 

evidences, a product of a biotic type of the physical 'pearling' process which transforms 

membrane tubes into vesicle chains. This is complemented by the demonstration and 

explanation of O-IMVs inside the OMV vesicle chains. The tube or vesicle chain system 

is an extension of the periplasm, likely still connected to the cell and maybe at the start of 

production related to vesicle formation. The protein content of the vesicle fractions of 

strain Hel3_A1_48 (porins, TonB-dependent transport and T9SS components and 

substrates) suggests that the appendages function in enlargement of the surface area of the 

OM.  Thus, the extensions would allow a larger number of T9SS excreted and surface 

attached proteins which may aid in polysaccharide or peptide degradation and/or uptake. 

The periplasm in the appendages may be used as large periplasmic reservoir of nutrients.  

Moreover four strains were described as new species or genera within the 

Flavobacteriaceae and Cytophagaceae. All their genomes showed the presence of the core 

T9SS complex, thus suggesting an ecological role of this system for Bacteroidetes in the 

North Sea. The three flavobacterial strains thrive during phytoplankton blooms and their 

extracellular structures might give them a competitive advantage during the bloom or aid 

the survival in non-bloom situations, by playing a role in nutrient acquisition or storage.  

This study shows the need for more high resolution morphological studies, because even 

in the omics age microscopy can still give valuable information about a certain organism 

and there are probably much more interesting cell shapes and lifestyles in nature.  

 

4.5 Outlook 

It is important to understand how bacteria produce such vesicle chains and to study their 

morphology and composition, because they may resemble a unique survival strategy of 

bacteria and may also help to understand the processes of virulence in pathogenic bacteria. 

The most important experiment is to check if the electron dense layer inside the vesicles 

and tubes is peptidoglycan or some other protein coat. This should be done by applying 

fluorescent D-amino acids (FDAAs) (HADA or NADA staining according to Kuru et al. 

(2012)) to the bacterial culture and checking for staining of the peptidoglycan e.g. with 

SR-SIM. Fluorescently labeled amino acids will be incorporated into the peptidoglycan 
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layer during synthesis and may be visible in the structures or only in the cell. Best would 

be with a video by CLSM of cells that are Nile red stained and still living, to see the 

formation of these structures and their dynamics (similar to the videos reported by 

Subramanian et al. (2018)). This experiment could be combined with FISH labeling and 

SR-SIM of freshly obtained North Sea water from Helgoland, when strain Hel3_A1_48 is 

abundant, to examine if they also have these structures in situ.  

An experiment to detect the localization and a possible enrichment in the appendages of 

two abundant and interesting proteins of strain Hel3_A1_48 via antibodies would also be 

very important, as preliminary experiments have been performed (Appendix Chapter II). 

One antibody was designed to target a putative beta-barrel porin (OmpL-like) 

(AOR25254) with a calculated size of 34 kDa (same size on the SDS-gel), which was the 

most abundant protein in all proteome fractions. A similar porin was described in the 

related strain Hel1_33_131 and hypothesized to be involved in the passive peptide uptake 

(Unfried et al., in review). The other targeted protein is a T9SS substrate with a lamin tail 

domain (AOR25680). Dot- and Western-blots have already shown specificity of two 

antibodies (Appendix Chapter II). These antibodies could be used together with an anti-

rabbit gold-linked antibody in immunogold-labeling on 70 nm thin sections by using TEM 

imaging.  

What could be easily done, but was not within the scope of this thesis, would be to look 

for these two proteins of strain Hel3_A1_48, or in general the relevance of the T9SS and 

its substrates in metagenome and -proteome data of Helgoland phytoplankton blooms. 

One could analyze the genomes or metagenomes specifically if those proteins that are 

secreted by the T9SS are located within PULs and in which ones.  

Another interesting experiment would be the detection of DNA in the OMVs and O-

IMVs. This could be done also with immunogold-labeling against bacterial DNA on thin 

sections, as described for Pérez-Cruz et al., (2013).  

If there would be enough time, it would be interesting to follow the uptake of nutrients 

into cells of strain Hel3_A1_48; if the nutrients are taken up by the cell and transported to 

the appendages via the periplasm, or also taken up by the vesicle chains. Therefore 

nutrient uptake experiments with labeled 
14

C sugars and detection via NanoSims or 

incubation of a cell-free vesicle fraction in labeled laminarin and visualization by SR-SIM 

of unlabeled Hel3_A1_48 cells, which were incubated with the washed vesicle fraction.   

More flavobacterial isolates from Helgoland should be investigated for cell extensions and 

their morphological similarities or differences to strain Hel3_A1_48. TEM of whole cells 
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should be preferred for an initial examination of the samples, as it has shown better results 

than SEM for a fast screening. For a detailed study, TEM thin sections (70 nm) should be 

visualized, prepared by high pressure freezing and freeze- substitution. This time 

preferentially the high pressure freezing should be done without cryo-protectant, because 

it diluted the sample too much. The use of cryo-EM is encouraged because it shows the 

most native state. After the morphological characterization proteomic analysis similar to 

Chapter II could be performed to undermine the importance of the T9SS in the habitat and 

its presence in other extracellular structures.  
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Appendix Chapter IV: 
 

 

Atomic force microscopy (AFM) 

 

AFM measurements of living hydrated Hel3_A1_48 cells were conducted, to determine 

the stiffness (Young´s modulus) of the cells. Prior to the cell immobilization onto a glass 

slide, the surface of the glass slide was cleaned by incubation in a 70:1 ethanol/HCl 

solution for 1 h and subsequent sonication for 10 min. The surface of the glass slide was 

coated with 20 µl of poly-l-lysine (1 mg/ml PLL, Sigma-Aldrich) for 15 min. A sample of 

1 ml of culture was used to immobilize the cells onto the PLL coated silicon for 1 h, while 

remaining in the growth medium HaHa_100V, and then the slide was transferred to the 

AFM measurement. The cells were studied with AFM using soft silicon nitride cantilevers 

(MSCT "A"). The cantilevers had a spring force constant of 0.74 N/m. All measurements 

were performed in HybriD Mode™ applying a force of 1 nN to obtain force-distance 

curves from which all properties of interest (Young’s modulus, elasticity, stiffness) could 

be extracted with a high spatial resolution of about 10 nm. Data was acquired and 

processed using the software Nova_Px 3.1.0.0 (NT-MDT, Eindhoven, Netherlands). The 

optical lever sensitivity was determined by pushing the cantilever against a hard surface 

(untreated glass slide). The applied force (1 nN) and the scan rate (0.3 Hz) were adjusted 

prior to the measurements.  

Directly after the AFM measurements, a rapid epifluorescence staining method 

(Live/Dead staining) was applied to estimate the cells health. The Live/Dead staining was 

performed using previously prepared staining solution (10 µl SYBR green, 60 µl 

propidium iodide and 1ml MilliQ). The 60 µl of the staining solution was directly pipetted 

on the glass slide and then incubated in the dark for 10 min at RT. After the staining, the 

glass slide was embedded with 30 µl of Citifluor/Vectashield on microscopy slides and 

covered with a specimen holder. Cells were imaged using a Zeiss fluorescence microscope 

with 1000-fold magnification. Living cells were imaged using Alexa 488 laser and the 

dead cells using Alexa 546. 
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Abstract 

Polysaccharide degradation by heterotrophic microbes is a key process within Earth’s 

carbon cycle. Here, we use environmental proteomics and metagenomics in combination 

with cultivation experiments and biochemical characterizations to investigate the 

molecular details of in situ polysaccharide degradation mechanisms during microalgal 

blooms. For this, we use laminarin as a model polysaccharide. Laminarin is an ubiquitous 

marine storage polymer of marine microalgae and is particularly abundant during 

phytoplankton blooms. In this study, we show that highly specialized bacterial strains of 

the Bacteroidetes phylum repeatedly reached high abundances during North Sea algal 

blooms and dominated laminarin turnover. These genomically streamlined bacteria of the 

genus Formosa have an expanded set of laminarin hydrolases and transporters that 

belonged to the most abundant proteins in the environmental samples. In vitro experiments 

with cultured isolates allowed us to determine the functions of in situ expressed key 

enzymes and to confirm their role in laminarin utilization. It is shown that laminarin 

consumption of Formosa spp. is paralleled by enhanced uptake of diatom-derived 

peptides. This study reveals that genome reduction, enzyme fusions, transporters and 

enzyme expansion, as well as a tight coupling of carbon- and nitrogen-metabolism provide 

the tools which make Formosa spp. so competitive during microalgal blooms.  

 

Keywords: Marine Bacteroidetes / Formosa / phytoplankton bloom / polysaccharide 

utilization / laminarin / nitrogen metabolism 

 

 

Introduction 

Phytoplankton blooms produce large quantities of beta-glucans, such as laminarin, a 

soluble β-1,3-glucan with β-1,6 side chains. The breakdown of these polysaccharides by 

heterotrophic microbes is a central part of the marine carbon cycle. Diatoms alone are 

estimated to produce about 5 to 15 Gt of laminarin per year as their storage compound, 

making it a major food resource for heterotrophic marine organisms (Alderkamp et al., 

2007). Bacterial laminarinase activities are abundant in ocean surface waters, but also 

within deeper parts of the water column and in sediments (Arnosti et al., 2005, Keith and 

Arnosti, 2001). This suggests laminarin-degrading bacteria and their laminarinases are 

common across the oceans. How bacteria compete for this abundant labile energy 
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substrate is therefore of relevance for a better understanding of the marine carbon cycle. 

Although partially studied with model organisms in the laboratory (Kabisch et al., 2014, 

Labourel et al., 2014, Labourel et al., 2015, Xing et al., 2015), the enzymes used for 

laminarin degradation by microbes in the wild remain largely unknown or 

uncharacterized.   

For complete degradation of one polysaccharide, microbes must have an adapted 

glycolytic pathway that contains multiple enzymes, which individually address each of the 

different glycosidic linkages and structural compositions present in the macromolecule. 

The genes of glycan-degrading pathways cluster in operons named polysaccharide 

utilization loci (PULs). Recent works suggest that each polysaccharide requires a 

corresponding PUL (for review see Grondin et al. (2017)). Horizontal gene transfer, 

vertical inheritance and gene loss distribute PULs asymmetrically among genomes of 

microbes, creating the molecular basis for polysaccharide resource partitioning 

(Hehemann et al., 2010, Hehemann et al., 2016, Hehemann et al., 2017). This might 

explain the occurrence of diverse bacterial communities in the human gut (Cockburn and 

Koropatkin, 2016, El Kaoutari et al., 2013, Martens et al., 2011, Ndeh et al., 2017) or in 

the oceans, whose members rely on different degradation products of the same 

polysaccharide to co-exist (Buchan et al., 2014, Needham and Fuhrman, 2016, Teeling et 

al., 2012, Teeling et al., 2016). However, it remains unclear whether the degradation of 

complex carbohydrates is a community effort or mainly driven by highly specialized 

individual strains. Furthermore, how microbes effectively compete for the same 

polysaccharide resource, such as the abundant laminarin, is currently unknown. 

In previous studies, we reported the high abundance (up to 24% of all bacteria) of the 

flavobacterial genus Formosa during diatom-dominated spring blooms off the North Sea 

island Helgoland (Teeling et al., 2012, Teeling et al., 2016). Furthermore, high laminarin 

concentrations were measured at the same sampling site (Becker et al., 2017). Together, 

these findings suggested that Formosa spp. are prominent candidates for the recycling of 

laminarin during spring microalgae blooms.  

In this study, we explored molecular strategies, which provide competitive advantages 

to the genus Formosa during microalgal blooms in general and for laminarin utilization in 

particular. We examined two strains, Formosa Hel3_A1_48 (referred to as strain A) and 

Formosa Hel1_33_131 (strain B), both of which were isolated from the same sampling 

location (Hahnke et al., 2015), and which are representative of two distinct taxonomical 
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clades found during phytoplankton blooms (Chafee et al., 2017). The combination of 

high-resolution metaproteomics and metagenomics of spring bloom water samples with 

the detailed proteomic and biochemical characterization of the respective PUL in a 

cultured model strain (Formosa B) allowed us to show that a specialized enzyme 

repertoire represents one of the adaptive mechanisms that provide a competitive advantage 

in substrate exploitation. Using laminarin as a model substrate, we demonstrate how a 

microalgal glycan resource can promote the enrichment of individual dominating taxa 

from an initially diverse microbial community with similar metabolic functions. Our data 

indicate that Formosa B tightly couples glycan utilization with the uptake of nitrogen 

compounds. This suggests that a balanced carbon and nitrogen diet is required for 

competitive laminarin utilization during phytoplankton blooms. 

 

Material and Methods 

Growth experiments and physiological characterization 

The investigated strains Formosa sp. Hel1_33_131 (Formosa strain B) and Formosa sp. 

Hel3_A1_48 (Formosa strain A) were isolated by dilution cultivation during a spring and 

a summer phytoplankton bloom, respectively, from surface water near the North Sea 

island Helgoland in the German Bight (Hahnke et al., 2015). Growth experiments were 

performed in a modified HaHa medium (Hahnke et al., 2015) (with 0.1 g L
-1

 peptone, 

0.1 g L
-1

 casamino acids, 0.1 g L
-1

 yeast extract, 200 μM NH4Cl, and 16 μM KH2PO4) 

with defined carbon sources as substrates at 12 °C during gentle shaking at 55 rpm. For 

the proteome analyses, described below, D-glucose and laminarin (L9634, Sigma-Aldrich 

Chemie GmbH, Taufkirchen, Germany) were used as carbon sources (concentrations: 2 g 

L
-1

). In addition, the utilization of chitin (SAFSC9213, VWR) was tested in this medium 

and these cultures were used as a control condition for the in vitro proteome analyses with 

glucose and laminarin. All growth experiments were carried out in triplicates. Cells were 

harvested by centrifugation (15 min; 9500 x g; 4 °C), and the resulting pellets and 

supernatants were stored at -80 °C until use. 
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Genome sequencing, assembly and annotation 

For genome sequencing of the strains Formosa A (Hel3_A1_48) and B (Hel1_33_131) 

DNA was extracted according to the protocol of Zhou et al. (1996). Sequencing was 

performed at LGC Genomics (Berlin, Germany) using the 454 GS FLX Ti platform (454 

Life Sciences, Branfort, CT, USA) using standard shotgun libraries. Draft genomes were 

assembled with Newbler v2.6 for Hel3_A1_48 from 640,093 reads (406,983,286 bp) and 

for Hel1_33_131 from 636,323 reads (410,253,204 bp), yielding 2,025,184 bp (77 

contigs) and 2,727,763 bp (61 contigs), respectively. The remaining gaps were closed by 

PCR and Sanger sequencing, yielding circular assemblies of 2,016,454 bp for 

Hel3_A1_48 (Formosa A) and 2,735,158 bp for Hel1_33_131 (Formosa B). Gene 

prediction and annotation (including the phylogeny-guided CAZyme annotations provided 

in Supplementary Table S2) were performed as described previously (Mann et al., 2013). 

Further bioinformatic analyses are described in Supplementary Information. Annotated 

genome sequences were submitted to NCBI’s GenBank with the accession numbers 

CP017259.1 for Formosa sp. Hel3_A1_48 (Formosa strain A) and CP017260.1 for 

Formosa sp. Hel1_33_131 (Formosa strain B). 

Proteome analyses 

The soluble intracellular proteome, the enriched membrane-associated proteome and the 

soluble extracellular proteome was characterized from exponentially growing cells of 

Formosa strain B. Details of the protein extraction and subproteome enrichment can be 

found in Supplementary Information.  

Peptides were subjected to a reversed phase C18 column chromatography on a nano 

ACQUITY-UPLC (Waters Corporation, Milford, MA, USA) and separated as described 

by Otto et al. (2010). Mass spectrometry (MS) and MS/MS data were recorded using an 

online-coupled LTQ-Orbitrap Classic mass spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA, USA). We searched MS spectra against a target-decoy protein sequence 

database including sequences of Formosa B (Hel1_33_131) and of common laboratory 

contaminants.  

Data analysis was performed with the Andromeda engine integrated in MaxQuant (Cox 

and Mann, 2008) and peptide level FDR (false discovery rate) was set to 0.01 (1%). Only 

proteins that could be detected in at least 2 out of 3 replicates were counted as identified. 
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The automatically calculated iBAQ values (intensity-based absolute quantification; i.e. 

peak area divided by the sum of all theoretical peptides) were used to manually calculate 

riBAQ values (relative iBAQ; giving the relative protein abundance in % of all proteins in 

the same sample, (Shin et al., 2013)) for semiquantitative comparisons between samples 

from different nutrient conditions. Tests for differential expression were performed using 

Perseus (Tyanova et al., 2016) v. 1.6.1.1 with Welchs t-test (permutation-based FDR 

0.05). 

The mass spectrometry proteomics data are available through the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner 

repository (Vizcaino et al., 2013) with the dataset identifier PXD007934. 

Biochemical enzyme characterizations 

The cloning of the FbGH17A gene (locus tag FORMB_24720) and the FaGH17B gene 

(locus tag FORMB_24740) is described in Supplementary Information. Cloning of the 

FbGH30 gene is described by Becker et al. (2017). Detailed information on the 

overexpression, enzyme refolding and purification of these proteins can be found in 

Supplementary Information. For enzyme characterizations Laminarin from Laminaria 

digitata (0.1% [w/v]; Sigma) was hydrolyzed over the course of 60 min at 37 °C with 100 

nM purified enzyme (~5 µg mL
-1

 of FbGH30, FbGH17A, or FbGH17B) in 50 mM MOPS 

buffer at pH 7. The preparation and purification of debranched laminarin as well as the 

determination of kinetic parameters of the three enzymes FbGH30, FbGH17A and 

FbGH17B acting on native and debranched laminarin is explained in Supplementary 

Information. High performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) was applied for qualitative product analysis of the 

enzyme reactions (see Supplementary Information).  

Protein crystallization and structure solution 

Crystals of FbGH17A were obtained by hanging drop vapor diffusion of the protein with 

12.3 mg mL
-1

 mixed 1:1 with a “well solution” (0.03 M MgCl2, 0.1 M MOPS (pH 7), 9% 

PEG8K) supplemented with 15% ethylene glycol. The crystals were cryoprotected prior to 

freezing in the “well solution” supplemented with ethylene glycol to a final concentration 

of 30%. Crystals were frozen by flash freezing in liquid nitrogen in nylon loops. X-ray 

diffraction data were collected at the DESY P11 beamline. The structure was solved by 
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molecular replacement using PHASER in the phenix suite (Adams et al., 2010, McCoy et 

al., 2007) using the pdb 4wtp (Qin et al., 2015). The model was built using BUCCANEER 

(Cowtan, 2006) and Coot, refined in REFMAC5 (Murshudov et al., 2011), and validated 

and deposited with pdb code 6FCG. 

 

Results  

Genome properties and phylogeny 

We sequenced and annotated the genomes of the Formosa strains A and B. Both have a 

single chromosome with a GC content of 36.4% and 36.6%, respectively. With 2,016,454 

bp (strain A) and 2,735,158 bp (strain B) they possess small genomes compared to other 

marine polysaccharide-degrading Flavobacteriia (Barbeyron et al., 2016, Bauer et al., 

2006, Kabisch et al., 2014, Mann et al., 2013). Strain A has 1,913 predicted genes 

including 1,866 CDS, 40 tRNAs genes and 2 rRNA operons (identical 5S, 16S, 23S rRNA 

genes), while the strain B genome encodes 2,675 predicted genes with 2,628 CDS, 39 

tRNAs genes and 2 rRNA operons (identical 5S, 16S, 23S rRNA genes). 

Phylogenetic analyses based on 16S rRNA gene sequences indicate that the Formosa 

strains A and B are representatives of two previously uncultured clades of the genus 

Formosa. These occur not only in the North Sea, but also in surface waters from coastal 

and open ocean sites throughout the world (Supplementary Figure S1). Of the 33 full-

length Formosa 16S rRNA sequences obtained from 2009 spring bloom bacterioplankton 

(Teeling et al., 2012), 16 were more than 99% identical to Formosa sp. Hel1_33_131 

(Formosa B) (Supplementary Figure S1).   

Formosa genomes encode PULs for laminarin degradation  

Genome annotation suggested that the Formosa strains A and B are specialized 

polysaccharide degraders which concentrate their genetic potential on a small set of 

sugars. Formosa A contains 7 PULs (Supplementary Figure S2) and 28 glycoside 

hydrolases (Supplementary Table S1), while Formosa B contains 6 PULs (Supplementary 

Figure S3) and 21 glycoside hydrolases (Supplementary Table S1). This is a very small 

repertoire, even compared to other marine Bacteroidetes isolated from algal blooms (Xing 

et al., 2015). These small carbohydrate-active enzyme (CAZyme) repertoires contrast 
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particularly with those of generalist polysaccharide degraders isolated from macroalgae, 

such as Formosa agariphila (Mann et al., 2013), which have broad polysaccharide 

degrading capacity. F. agariphila has, for example, a genome size of 4.48 Mbp, and 84 

glycoside hydrolases in 13 PULs (Supplementary Table S1).   

To functionally characterize laminarin-specific PULs of the Formosa strains A and B, 

we searched the genomes for enzymes belonging to known laminarinase-containing 

families (Supplementary Table S1). We found putative laminarinases of the families 

GH16 and GH17 but also enzymes of the GH3 and GH30 families as well as a member of 

the newly described GH149 family (Kuhaudomlarp et al., 2018), located in close 

proximity to TonB-dependent receptors (TBDR) and SusD-like proteins, which are 

indicators of polysaccharide utilization loci (PULs) (Sonnenburg et al., 2010, Tang et al., 

2012). Our results suggest that there are three putative laminarin-specific genomic PULs 

in both Formosa strains (Supplementary Figure S2 – S5). 

The laminarin PULs 1 and 2 of Formosa A and B revealed a high synteny with PULs 

from other bacteroidetal strains (Supplementary Figure S4) from North Sea surface water 

(Bauer et al., 2006, Hahnke et al., 2015, Panschin et al., 2016). This points to a potential 

for competition between those groups, but also suggests that this part of the laminarin 

utilization machinery is highly conserved. However, the Formosa B PULs 1 and 2 are 

enlarged with laminarinases and transporters that are partially not present in the other 

bacteria. Moreover, the entire PUL 3 of Formosa B is missing in these other strains 

(Supplementary Figure S5). Instead, Formosa B’s PUL 3 shows synteny to PULs of other 

marine Flavobacteriia, which do, however, not possess the PULs 1 and 2 (Supplementary 

Figure S5).  

Laminarin elicits the expression of specific polysaccharide utilization loci in Formosa  

Incubation experiments with fluorescently labelled (FLA) laminarin revealed the ability of 

Formosa B to quickly react and take up laminarin. Formosa B accumulated high amounts 

of FLA-laminarin after just 5 min of incubation (Figure 1A). Additionally, the halo-like 

staining pattern showed that the FLA-laminarin was imported into the periplasm of the 

cells by a "selfish" uptake mechanism (Cuskin et al., 2015, Reintjes et al., 2017). Selfish 

substrate uptake is dependent on the presence of SusCD-like transporters and secures an 
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enrichment of substrate in the periplasmic space without diffusive loss (Reintjes et al., 

2017). 

To elucidate the metabolism of Formosa B on laminarin and to verify whether 

laminarin specifically controls the expression of the genomically detectable PULs we 

performed cultivation experiments with this bacterium with purified laminarin as growth 

substrate. Growth curves of Formosa B in HaHa medium with laminarin, glucose and only 

protein extracts are exemplarily shown in Figure 1B. We used proteomics to record the 

global protein expression patterns with these substrates. We investigated (i) the soluble 

intracellular proteome, (ii) the enriched membrane proteome and (iii) the extracellular 

proteome (see Supplementary Information and Supplementary Tables S2A-C). These 

comparative analyses showed that although glucose is the monomer of laminarin, the 

utilization of either carbon source led to quite different proteomic signatures in different 

functional protein categories, such as in nucleotide, lipid and coenzyme metabolism as 

well as in carbohydrate metabolism and transport (Supplementary Figure S6). About 100 

genes were significantly upregulated or exclusively induced by laminarin in Formosa B 

(Supplementary Figure S7, Supplementary Table S3). Of all three substrates, laminarin 

elicited the strongest expression of the three laminarin PULs of Formosa B (Figure 1C), 

which is indicative of specific and tightly controlled expression. The SusD-like protein 

(FORMB_10080) of PUL 1 and the GH16 (FORMB_24690) of PUL 2 were exclusively 

expressed with laminarin but not with the other substrates. Furthermore, the expression of 

PUL 3 was exclusively induced by laminarin and not detectable with glucose or only 

peptone (Figure 1C). The specific response of the Formosa PULs to laminarin and not to 

glucose implies that the three-dimensional structure of laminarin might be the key to 

induce the expression of these PULs. 

Biochemical analysis of laminarinases expressed by Formosa spp.  

To functionally characterize PUL-encoded proteins and to map the laminarin degradation 

pathway, we cloned and biochemically analyzed putative laminarinases the function of 

which could not be merrily solved by comparative sequence analyses with known enzyme 

functions. We cloned and examined the genes encoding FbGH17A (locus tag: 

FORMB_24720), FaGH17B (locus tag: FORMB_24740) and FbGH30 (locus tag: 

FORMB_24730). As all three proteins are encoded in a single gene cluster, we 

hypothesized that these enzymes might work together in spatial proximity. To test this 
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hypothesis, we conducted a series of biochemical experiments, which revealed that the 

FbGH30 enzyme hydrolyzed the β-1,6-linked glucose side chains of laminarin (KM: 3.1 +- 

0.2 mM and Kcat/KM: 21124 M
-1

s
-1

) (Figure 2A), while it was inactive on the debranched 

substrate. The enzyme FbGH17A hydrolyzed both the debranched laminarin product of 

FbGH30 and the native laminarin, although with a markedly higher specific activity on the 

debranched product (KM: 1.6 +- 0.1 mM; Kcat/KM: 36056 M
-1

s
-1

) than on laminarin itself 

(KM: 4.3 +- 0.1 mM; Kcat/KM: 25744 M
-1

s
-1

) (Figure 2B). Preference for debranched 

laminarin was even more pronounced with FbGH17B, which only hydrolyzed debranched 

laminarin (KM: 2.6 +- 0.3 mM; Kcat/KM: 30803 M
-1

s
-1

) (Figure 2C) and was inactive on the 

branched form.  

To elucidate how these enzymes work together in successive laminarin degradation, we 

used HPLC-PAD analyses. The data indicated an enzymatic functional cascade in three 

steps (Figure 2D): The exo-acting β-1,6-glucosidase FbGH30 removes the glucose side 

chains from laminarin (Supplementary Figure S8A). The endo-acting β-1,3-glucan 

hydrolase FbGH17A degrades the remaining debranched laminarin into oligosaccharides 

(Supplementary Figure S8B). The exo-acting β-1,3-glucosidase FbGH17b processes these 

oligosaccharides into glucose (Supplementary Figure S8C). FbGH17b is part of a multi-

modular protein, which is encoded by a gene that also codes for an N-terminal major-

facilitator-superfamily (MFS) transporter, suggesting that hydrolysis and product uptake 

might be coupled. The MFS transporter contains 12 transmembrane-spanning helices (as 

predicted by the phyre server), with the last C-terminal helix and the attached GH17 

domain (Figure 2E), which would enable the simultaneous cleavage of oligosaccharides 

and the sugar transported through the MFS. Blast analysis revealed that this fusion is 

common among marine Flavobacteriia suggesting that such multi-modular transporter-

associated enzyme may be a conserved mechanism for boosting laminarin utilization.  

In order to examine the molecular basis of substrate specificity the X-ray crystal 

structure of GH17A was solved (Figure 2F, see Supplementary Information). Compared to 

the monomeric GH17 structures, FbGH17A has significant insertions and is larger. The 

structure of GH17A allows for the deduction of the molecular basis of substrate specificity 

for the laminarinase. Based on the GH17 complexes obtained for R. miehei (Qin et al., 

2015), a model was generated of a laminarin product involving 5 monomers bound to the 

catalytic groove, two on the aglycone side and three on the glycone side (Figure 2G). The 
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reducing and non-reducing ends of the modelled glycan are free, suggesting the protein 

can act in the middle of the chain as expected for an endo-acting glycoside hydrolase (see 

Supplementary Information). Furthermore, given the conformation of the modeled glycan, 

6-O-β-glucose branching would be possible only at subsite +1 and anything further away 

(+3 or -4). In other words, within the native polysaccharide the enzyme would need a 

stretch of at least three free β1,3-glucose moieties to act. This structural data supports the 

observation that GH17 activity on laminarin is bolstered by the action of the debranching 

enzyme GH30. 

Laminarin stimulates the co-expression of selected peptidases and transporters 

Formosa B encodes 69 peptidases in its relatively small genome (2.7 MB). Other 

laminarin-degrading marine Bacteroidetes like Gramella forsetii KT0803
T
 (79 

peptidases), Polaribacter sp. Hel1_85 (84 peptidases), Jejuia pallidilutea (58 peptidases), 

and Flaviramulus ichthyoenteri (63 peptidases) show a comparable number of peptidase 

genes although their genomes are around twice as large than that of Formosa B. Our 

proteome analysis of Formosa B revealed that 41 peptidases are expressed in the presence 

of laminarin (Supplementary Table S4). Nine of these peptidases showed a significantly 

higher protein abundance on laminarin in the enriched membrane proteome, compared to 

glucose or the control culture or were exclusively expressed with laminarin (Figure 3A 

and Supplementary Table S3). In addition, a putative peptide ABC transporter ATP-

binding protein (FORMB_10920) and a putative oligopeptide permease ABC transporter 

protein (OppC; FORMB_20460) were detected, which showed a significantly higher 

abundance under laminarin conditions (Supplementary Table S3). This indicates a 

coupling of the peptide metabolism with laminarin utilization in Formosa B.  

An exceptionally high expression with glucose and laminarin was visible for a putative 

porin (FORMB_11920, 10% riBAQ; Figure 3B-C), an outer membrane protein, which 

was not detectable in the control cultivations with peptone (Supplementary Table S3). The 

porin-encoding gene is located in an operon with a putative ammonium transporter and 

clusters with several genes involved in nitrogen metabolism, including two putative 

glutamate synthase genes and an additional supposed ammonium transporter (Figure 3C). 

All nitrogen metabolism-related genes in the direct vicinity of the porin-encoding gene 

were specifically induced by glucose and laminarin in peptone-containing cultures in 

comparison to the peptone-only control culture without these carbon sources (Figure 3C). 
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In situ abundance and relevance of Formosa strain A and B  

We investigated the in situ abundance of the Formosa strains A and B by recruiting 

Formosa reads from the 44 metagenomes of the years 2009 – 2012 from Helgoland 

bacterioplankton samples (Teeling et al., 2016). At the ≥ 95% average nucleotide identity 

(ANI) threshold, the strain A and B genomes recruited up to 0.28% and 2.94% of 

individual metagenomic reads in 2009, 0.04% and 0.99% for 2010, 0.03% and 0.98% for 

2011, and 0.02% and 0.21% for 2012 (Supplementary Table S5), respectively. The 

mapped reads covered up to 91%, 99%, 97% and 94% of the strain B genome from 2009 

to 2012, respectively, and only up to 58% of the strain A genome in 2012 (Figure 4 and 

Supplementary Table S5). This suggests that strain B was recurrent and abundant during 

the spring bloom events, while strain A was likely more representative for late summer 

blooms reaching highest abundances of mapped reads in September 2009. Reads mapped 

to the Formosa strain B genome with 70-93% ANI suggest the presence of other closely 

related Formosa spp. during the spring blooms of 2009 to 2012 that reached up to 6.84%, 

1.2%, 5.1% and 1.8% of the metagenome reads, respectively (Figure 4). Altogether, these 

results indicate that strain B is one of the representatives of the recurrent Formosa clade 

during North Sea spring microalgae blooms (Teeling et al., 2012, Teeling et al., 2016).  

Identification of Formosa-specific enzymes and transporters during microalgal blooms 

All three Formosa B PULs were completely covered by metagenomic contigs of the 

spring bloom in 2009 and 2010 (Figure 5A and Supplementary Tables S6 – S7), and 

partially covered in the metagenomes of 2011 and 2012 (Supplementary Table S7). This 

illustrates the strong selection pressure imposed by laminarin on this pathway during four 

consecutive annual spring phytoplankton blooms in the North Sea.  

We examined the presence of polysaccharide degradation- and consumption-related 

proteins of the Formosa strains A and B in the in situ metaproteomes of spring blooms in 

2009 and 2010 (Supplementary Table S8). The proteome analysis of the planktonic 

bacterial fraction sampled during the spring bloom on April 7
th

, 2009 uncovered 46 

proteins from Formosa strain A and 361 proteins from Formosa strain B. Remarkably, 

several marker proteins from the putative laminarin-specific Formosa B PULs were highly 

abundant (Figure 5B and Supplementary Table S8A) in the metaproteome samples. This 

analysis identified 13 proteins of the PULs 1, 2 and 3 (see also Supporting Information) 
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and thus indicated that a significant proportion of Formosa B’s laminarin PULs were 

expressed in situ during the spring bloom in 2009. Although the metaproteome analysis of 

2010 uncovered fewer proteins from both Formosa strains, three marker proteins of PUL 

1 from Formosa B were detected in the environmental samples (see Supplementary 

Information and Supplementary Table S8B). 

Besides glycoside hydrolases and laminarin-specific transporter proteins, we also 

observed several Formosa B proteins in the environmental metaproteome samples of 

2009, which are involved in the central catabolism of the monosaccharide glucose, the 

product of laminarin hydrolysis (see Figure 5B, Supplementary Information and 

Supplementary Table S8A). This includes nearly all glycolytic enzymes as well as a 

putative glycogen synthase of Formosa B. These data indicate that the Formosa B strain 

substantially contributed to laminarin degradation and turnover during a diatom-driven 

phytoplankton bloom. 

In addition, several proteins of Formosa B involved in nitrogen metabolism could be 

detected in the metaproteome analyses of the spring bloom 2009 (Supplementary Table 

S8A). This includes the putative porin (FORMB_11920), a peptide ABC transporter ATP-

binding protein (FORMB_10920), an oligopeptide permease ABC transporter protein 

(OppC; FORMB_20460) and eight peptidases (Figure 5B). This underlines a strong 

coupling of the peptide metabolism with laminarin utilization of Formosa B under in situ 

conditions.  

 

Discussion 

This study provides detailed insights in the adaptations which make Formosa strains 

successful competitors in the early breakdown of organic matter during diatom blooms. 

Combining comparative in vitro and in situ proteogenomics with biochemical enzyme 

characterization reveals that the key to this process is the sensing and utilization of 

laminarin. Our data indicate that this polysaccharide is used both as a major source of 

energy and as a signal molecule inducing transporters and digestive enzymes to use also 

other compounds released from the lysis of diatom cells. 

The two environmentally relevant Formosa strains examined in this study feature 

streamlined genomes which are significantly smaller then those of many other marine 

Flavobacteriia. With a lower number of total proteins to synthesize, Formosa A and B can 
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dedicate a higher relative proportion of their genomic and proteomic resources to the 

digestion of laminarin. Their CAZyme repertoire is strongly reduced compared to versatile 

polysaccharide degraders such as F. agariphila (Mann et al., 2013) and Zobellia 

galactanivorans (Barbeyron et al., 2016), which were isolated from macroalgae. It is, 

however, similar to another member of North Sea spring bacterioplankton, Polaribacter 

sp. Hel1_33_49 (Xing et al., 2015). In contrast to macroalgae-associated laminarin-

degrading bacteria, such as Z. galactanivorans (Groisillier et al., 2015), neither of the 

Formosa strains possesses a mannitol dehydrogenase, which indicates a specialization of 

Formosa A and B to chrysolaminarin. This type of laminarin lacks mannitol residues and 

is preferentially produced by diatoms. 

We found a laminarin-specific proteome in Formosa B, which is not induced by the sugar 

monomer of this polysaccharide, glucose. A similar laminarin-specific control of gene 

expression was suggested for the marine flavobacterium G. forsetii (Kabisch et al., 2014). 

Interestingly, this induction in Formosa B includes not only the proteins required for 

laminarin uptake and utilization, but also peptidases and transporters for amino acid 

utilization. The Formosa cells, upon sensing of laminarin, thus appear to react in two 

ways: Firstly, they enhance the expression of outer membrane proteins to degrade and 

rapidly transport the energy molecule laminarin into their periplasm, utilizing the selfish 

polysaccharide uptake mechanism recently demonstrated for marine Flavobacteriia 

(Reintjes et al., 2017). Secondly, the expression of amino acid- and nitrogen metabolism-

related proteins is increased to boost the recycling of nitrogen building blocks, which are 

required for rapid growth of Formosa bacteria and become available simultaneously with 

laminarin upon algal lysis.   

Formosa strain B possesses an extended repertoire of laminarin-specific enzymes and 

transporters, which is larger than that of other laminarin-degrading bacteria such as 

Polaribacter sp. Hel1_33_49 (Xing et al., 2015) or G. forsetii (Kabisch et al., 2014). Our 

subproteome and bioinformatic analyses indicate that many laminarin-degrading enzymes 

of Formosa B are surface-tethered or localized in the periplasmic space and in the 

cytoplasmic membrane, respectively. The different TBDR, laminarinases, transporters and 

additional enzymes combine complementary activities into an efficient laminarin 

disassembly line for degradation and uptake (Figure 6). The biochemical experiments 

presented here support the annotation of the conserved cluster of genes as encoding for a 

laminarin utilization pathway. Here, two enzymes that are likely residents of the periplasm 

are shown to work together towards the complete degradation of laminarin in a highly 
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specific manner. The X-ray crystal structure of GH17A reveals the possible molecular 

determinants of substrate specificity and the propensity of the enzyme to be more active 

on unbranched laminarin.  

The multi-modular protein FORMB_24740 (FbGH17b) combines a glycoside 

hydrolase (GH17) with a membrane spanning transport protein and may represent an 

adaptive mechanism for laminarin utilization. The integration of the transport and 

hydrolysis processes into a single protein could facilitate improved consumption of the 

sugars by increasing the activity of the fused GH17. Increased activity would also reduce 

the necessary enzyme copy number, and thereby resource consumption for synthesis of 

this protein. To our knowledge, such a transporter-CAZyme-fusion has not been described 

for other bacteria as yet, but its conservation in nature suggests that this could provide a 

significant benefit.  

The exceptionally strong accumulation of a putative porin in glucose- and laminarin-

controlled cultures and the co-induction of the 12 surrounding genes of this porin-

encoding genomic cluster, all of which play a role in nitrogen metabolism, could indicate 

a function of this transporter protein in the uptake of peptides as nitrogen and amino acid 

source. Endo-acting proteases might degrade proteins released by lysed microalgae into 

peptides, which are then imported through the porin into the periplasm. An efficient 

capture of these peptides with a highly abundant porin system might be especially useful 

in the highly diffusive marine environment. With laminarin and glucose as easily 

metabolizable carbon sources, such a strategy could be crucial for a balanced carbon and 

nitrogen diet.  

Members of the phylum Bacteroidetes are primary degraders of microalgal 

polysaccharides during phytoplankton blooms, and are therefore key players in marine 

carbon cycling. However, underlying enzymatic mechanisms and adaptations that drive 

the specialization of these highly competitive bacteria remain obscure. We reveal and 

prove in this study the specific activity and ecological niche of two abundant marine 

Bacteroidetes strains in complex microbial communities during diatom driven 

phytoplankton blooms. Our results show an extraordinary degree of specialization for the 

Formosa strains A and B, which enable these marine Bacteroidetes to successfully 

compete for laminarin against a multitude of other laminarin-degrading microbes in bloom 

situations (Alderkamp et al., 2007, Bennke et al., 2016, Cardman et al., 2014, Kabisch et 

al., 2014, Xing et al., 2015). Our data furthermore indicate that fast growth on beta-
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glucans such as laminarin requires a balanced diet that also includes nitrogen sources like 

peptides. The induction of several cell wall-associated peptidases and peptide-specific 

transporters in Formosa B upon growth on laminarin suggests that these bacteria pursue a 

complex uptake strategy, which encompasses both sugars and nitrogen compounds, and 

may make marine Flavobacteriia so successful in this diffusion-open environment.  
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Figure 1. Laminarin utilization of Formosa B. (A) SR-SIM of Formosa B cells before 

inoculation with FLA-laminarin at 5 and 30 min after incubation with FLA-laminarin. Images 

show cell staining by DAPI (left, blue), FLA-laminarin (middle, green) and an overlay showing 

both FLA-laminarin staining and DAPI (right). Scale bar = 1 µm. (B) Growth curves of three 

biological replicates at 12 °C in modified HaHa_100V medium (Hahnke et al., 2015) with 2 g L
-1 

laminarin or 2 g L
-1

 glucose. The “control” culture contained only 0.1 g L
-1

 peptone, 0.1 g L
-1

 yeast 

extract and 0.1 g L
-1

 casamino acids but no additional carbon sources. (C) Expression profile and 

gene organization of the laminarin utilization PULs 1 - 3 in Formosa B. Relative protein 

abundances (in %riBAQ) of PUL-encoded proteins detected in the membrane protein fractions of 

each three independent cultures grown on laminarin (orange), glucose (blue) and chitin (control, 

grey) are shown (for riBAQ values see Supplementary Tables S2A and S3). Putative protein 

functions (e.g. GH3) and the respective locus tags (e.g. 10040) are indicated. The squares represent 

the mean values of the replicates for every protein and each substrate. The error bars refer to the 

standard error of the mean. Proteins that could be detected in at least 2 out of 3 independent 

biological replicates are shown (for individual replicate numbers see Supplementary Table S2A). 

TBDR, TonB-dependent receptor; SusD, SusD-family protein; PKD, PKD-domain containing 

protein; GH, glycoside hydrolase; MFS, major facilitator superfamily; HP, hypothetical proteins 
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Figure 2. Biochemical characterization of different laminarinases from Formosa B. 

Michaelis-Menten-Kinetic (A) of FbGH30 on native laminarin, (B) of FbGH17A on native and 

debranched laminarin and (C) of FbGH17B on debranched laminarin (native laminarin is 

illustrated by the solid lines and D- branched laminarin by the dashed lines). (D) Visualization of 

all three enzymatic activities was done using HPAEC-PAD. FbGH30 hydrolyzed native laminarin. 

After this debranching reaction, the laminarin was purified to remove glucose for the following 

steps. This debranched laminarin was used in the FbGH17A reaction. FbGH17B hydrolyzed the 

products of the previous FbGH17A reaction without any further purification in between. (E) 3D 

structure model of both the MFS-domain and the associated FbGH17B-domain and its potential 

arrangement within the inner-membrane. The modelling was performed using Phyre2. (F) The 

overall structure of FbGH17A is displayed in cyan with the additions colored purple. Highlighted 

in red are the catalytic residues and the N- and C-termini are labeled. (G) A surface view of 

FbGH17A with a modelled substrate complex shown as sticks in yellow from a GH17 transferase 

of Rhizomucor miehei with laminaritriose and laminaribiose in the -3 to -1 and +1 to +2 subsites, 

respectively.  
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Figure 3. Differential expression of peptidases and putative peptide transporter proteins of 

Formosa B. (A) Proteomic signatures of selected proteases and two putative peptide transporters, 

which showed an increased expression under laminarin conditions. The two laminarin-induced 

peptidases shown on the right (00960, 26180) were also detected in the metaproteome of a spring 

bloom in 2009 (see Supplementary Table S8A). Relative protein abundances are depicted as % 

riBAQ values. The putative peptidase families and the respective locus tags are indicated. The 

squares represent the mean values of the replicates for every protein and each substrate. The error 

bars refer to the standard error of the mean. Proteins that could be detected in at least 2 out of 3 

independent biological replicates are shown (for individual replicate numbers see Supplementary 

Table S2A). (B) Comparison of total protein abundances (in %riBAQ) of peptidases (see 

Supplementary Table S4), nitrogen-associated transporters and the porin in Formosa B under the 

three investigated substrate conditions (see Supplementary Table S3). (C) Genomic structure of 

the porin-encoding cluster and the expression patterns of the corresponding genes. Brackets 

indicate putative operons. Protein functions and the respective locus tags are indicated. GS S: 

glutamate synthase subunit S, GS L: glutamate synthase subunit L, AT: ammonium transporter, P-

II: nitrogen regulatory protein P-II 
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Figure 4. Relative abundance of Formosa strain B and related species during four spring 

phytoplankton blooms indicated by the percentage of metagenomics reads mapped at 

different nucleotide identities.  Reads recruited at ≤ 93% nucleotide identity represent other 
Formosa spp. that are abundant during the spring bloom events at Helgoland, Germany from 2009 

until 2012. Dates on the right indicate the four metagenomes (i.e., time points), which produced 

highest mapping coverage with the Formosa strain B genome in their respective years. For a 

summary of all 44 metagenomes (up to 18 time points per year) and their mapping results see 

Supplementary Table S5.  
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Figure 5. Detection of Formosa strain B laminarin PULs in the Helgoland spring bloom 

metagenome and metaproteome in 2009 (Teeling et al., 2012). (A) Synteny between the 

laminarin PULs of Formosa sp. Hel1_33_131 and partial PUL sequences in the metagenomes 

from 2009/04/07. The sequence comparisons were performed with Bl2seq (BLASTn, E-value 1e-

5). Sequence similarities are depicted by red hues for direct comparisons. Darker colors 

correspond to higher identities. Gene locus tags are subsequent numbers within PULs and are 

indicated in the figure for most of the genes (for visibility’s sake, gene names of very small genes 
were omitted). (B) Heatmap of the relative abundance of Formosa strain B proteins (displayed as 

normalized spectral abundance factor values, NSAF%) detected in the metaproteome from 

2009/04/07. Displayed are selected proteins, which likely play a role in polysaccharide or protein 

utilization. A highly abundant ribosomal protein of Formosa strain B is also displayed as a 

reference to illustrate the high abundance of polysaccharide utilization-specific proteins during the 

bloom condition. Gene locus tag numbers are given in parenthesis. TBDR, TonB-dependent 

receptor; SusD, SusD-family protein; PKD, PKD-domain containing protein; GH, glycoside 

hydrolase; MFS, major facilitator superfamily; HP, hypothetical protein; TR, transcriptional 

regulator 
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Figure 6. A tentative model of laminarin utilization pathways in Formosa B. Protein 

localizations were predicted in silico according to Romine (2011) (Romine, 2011) and were 

deduced by subproteome analyses (see also Supplementary Table S3). Additional biochemical 

experiments are required to ascertain this model. 

 

 

 

 

 

 

 

 

 

The tables and the supporting information are not displayed here.  

 

 

 

 

 

 

 

 

 

 



 Appendix: Other contributions 

233 
 

Genomic and physiological analyses of ‘Reinekea forsetii’ reveal a 

versatile opportunistic lifestyle during spring algae blooms 

Burak Avcı1
, Richard L. Hahnke

1,2
, Meghan Chafee

1
, Tanja Fischer

1
, Harald Gruber-

Vodicka
1
, Halina E. Tegetmeyer

1,3
, Jens Harder

1
, Bernhard M. Fuchs

1
, Rudolf I. Amann

1*
, 

Hanno Teeling
1*

 

 
1
 Max Planck Institute for Marine Microbiology, Celsiusstraße 1, Bremen 28359, 

Germany. 

2
 Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures, 

Inhoffenstraße 7B, Braunschweig 38124, Germany. 

3
 Institute for Genome Research and Systems Biology, Center for Biotechnology, 

University of Bielefeld, Universitätsstraße 27, Bielefeld 33615, Germany. 

 

Published in Environmental Microbiology (2017) 19: 1209–1221  

doi:10.1111/1462-2920.13646 

 

Summary 

Gammaproteobacterial Reinekea spp. were detected during North Sea spring algae blooms 

in the years 2009-2012, with relative abundances of up to 16% in the bacterioplankton. 

Here, we explore the ecophysiology of ‘R. forsetii’ strain Hel1_31_D35 that was isolated 

during the 2010 spring bloom using (i) its manually annotated, high-quality closed 

genome, (ii) re-analysis of in situ data from the 2009–2012 blooms and (iii) physiological 

tests. High resolution analysis of 16S rRNA gene sequences suggested that ‘R. forsetii’ 

dominated Reinekea populations during these blooms. This was corroborated by retrieval 

of almost complete Hel1_31_D35 genomes from 2009 and 2010 bacterioplankton 

metagenomes. Strain Hel1_31_D35 can use numerous low-molecular weight substrates 

including diverse sugar monomers, and few but relevant algal polysaccharides such as 

mannan, a-glucans, and likely bacterial peptidoglycan. It oxidizes thiosulfate to sulfate, 

and ferments under anoxic conditions. The strain can attach to algae and thrives at low 

phosphate concentrations as they occur during blooms. Its genome encodes RTX toxin and 

secretion proteins, and in cultivation experiments Hel1_31_D35 crude cell extracts 

inhibited growth of a North Sea Polaribacter strain. Our data suggest that the combination 

of these traits make strain Hel1_31_D35 a versatile opportunist that is particularly 

competitive during spring phytoplankton blooms. 
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