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1. Introduction 

1.1. Roseobacter group 

The world’s oceans are a stomping ground of life. Most of us tend to think of fishes and whales when it 

comes to life in the oceans. However, the vast, hidden diversity of microscopic life is superior over 

macroscopic organisms concerning biomass and productivity. A single drop of oceanic water may contain 

organisms of each of the three domains of life, invisible to the naked eye (Amaral-Zettler et al., 2010). 

Microbes, especially Prokaryotes, account for up to 90 % of total biomass in the oceans (Whitman et al., 

1998) and are responsible for about half of the primary production of the entire planet (Field, 1998). Just 

to give a number to relate to, there are 100 million times more bacteria in the oceans than stars in the 

known universe (Microbiology by numbers, 2011). The ecological success of marine bacteria is provoked 

by their enormous potential to adapt to new conditions, which results in an outstanding diversity. 

Although, marine bacteria are so successful and diverse, the majority of microbes belong to only nine 

major clades (Buchan et al., 2005).  One of these dominant clades, the roseobacters, was shown to 

represent up to 20% of bacterial cells in coastal waters and up to 5% in open waters (Luo and Moran, 

2014). They are prevalent in most marine environments and were sampled mostly in seawater and are 

highly abundant in algal blooms, but absent in fresh water (Buchan et al., 2005). While roseobacters were 

often referred to as clade in the past, it was shown that the bacterial strains belonging to this lineage were 

not derived from a single common ancestor, but rather have a paraphyletic origin and several transitions 

from marine to non-marine habitat occurred (Simon et al., 2017). Nevertheless, all strains belonging to the 

roseobacter-group share >89% identity of the 16S rRNA gene (Buchan et al., 2005) and are distinguished 

from non-marine Rhodobacteraceae either by habitat or via phylogenomic analysis (Simon et al., 2017). 

The family of Rhodobacteraceae consists of to date 178 genera (NCBI taxonomy, 25.07.2018) and 

numerous completely sequenced strains. Roseobacters stand out due to large genomes with a comparably 

high GC-content (60% ± 4%) and a broad variety of morphological and physiological traits as well as 

metabolic capacities, so that an efficient adaptation to various marine environments was assumed (Luo 

and Moran, 2014; Wagner-Döbler and Biebl, 2006). The first isolated Roseobacter strains Rosebacter 

litoralis and Roseobacter denitrificans, for instance, foster a lifestyle in association with seaweed and 

produce energy by aerobic anoxygenic photosynthesis (AAnP). Species able to perform AAnP produce 

bacteriochlorophyll a and are pink-pigmented, hence the name roseobacter (Shiba, 1991). AAnP is widely 

distributed among Rhodobacteraceae and was found in seven out of nine clades (Brinkmann et al., 2018), 

but not all strains are capable of AAnP (Wagner-Döbler and Biebl, 2006). Some members of the 
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roseobacter group are able to transform the algal osmolyte dimethylsulfoniopropionate (DMSP) by two 

competing pathways into either the climate active gas dimethyl-sulfide or to incorporate its sulfur into 

their own protein biosynthesis and therefore play a significant role in the global sulfur cycle (Moran et al., 

2003). Ruegeria sp. TM1040 even showed a positive chemotactic response towards DMSP (Miller et al., 

2004). Others, for instance Silicibacter pomeroyi, are involved into the global carbon cycle by oxidizing 

carbon monoxide and utilizing it as an alternative energy source in a heterotrophic manner (Moran et al., 

2004). Although, not many secondary metabolites from roseobacters have been identified so far, the 

presence of nonribosomal peptide synthetases and polyketidsynthases in their genomes bear potential 

(Martens et al., 2007). Thus, strains from the genus Phaeobacter produce the antimicrobial substance 

tropodithiethic acid (TDA) and other strains were able to produce indigoidine (Cude et al., 2012). Other 

bacterial secondary metabolites are used for communication within a bacterial community. Acylated 

homoserine lactone (AHL) mediated quorum sensing is widespread throughout the roseobacters. The 

synthesized AHLs thereby vary in chain length from 8 to 18 carbon atoms (Wagner-Döbler and Biebl, 2006) 

and corresponding luxI/luxR systems were identified in numerous roseobacter species (Wang et al., 2014; 

Zan et al., 2014). Many representatives of the roseobacter-group, such as Phaeobacter inhibens DSM 

17395 and Ruegeria sp. TM1040 exhibit a biphasic lifestyle with a swim-or-stick switch (Belas et al., 2009; 

Michael et al., 2016). The two traits flagellar motility and biofilm-formation are the prerequisite for this 

lifestyle and are often found among roseobacters (Michael et al., 2016). Interestingly, some of those 

lifestyle determining capabilities are plasmid encoded among roseobacters. Accordingly, complete gene 

clusters for AAnP or the flagellum are localized on roseobacter plasmids (Brinkmann et al., 2018; Frank et 

al., 2015a; Petersen et al., 2012). Furthermore, Phaeobacter inhibens DSM 17395 lost its capability to form 

biofilms after the curing of the 65-Kb chromid or was unable to produce the antimicrobial substance TDA 

after the curing of the 262-Kb chromid (Frank et al., 2015b; Trautwein et al., 2016). In general, roseobacters 

can be regarded as relatively plasmid rich. Marinovum algicola for instance harbors 11 extrachromosomal 

elements (ECR) in addition to its chromosome (Frank et al., 2015a). The presence of important genes and 

complete geneclusters on ECRs potentially allows for conjugative plasmid transfer and therefore 

contributes to concerted evolution and adaptation to new habitats among roseobacters via horizontal 

gene transfer (HGT). Conjugative transfer between two roseobacters has been exemplified by the 

experimental transfer of the D. shibae 191-Kb killer plasmid into P. inhibens (Patzelt et al., 2016) and in 

the environment through the presence of a highly syntenous plasmid in D. shibae and Confluentimicrobium 

naphthalenivoras (Petersen and Wagner-Döbler, 2017). 
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Some roseobacters are more easily genetically accessed than others and are hence predestined to be used 

as a model organism (Piekarski et al., 2009). The Sonderforschungsbereich TRR 51 “ecology, physiology 

and molecular biology of the roseobacter-group” chose the two distantly related strains Dinoroseobacter 

shibae DFL-12 and Phaeobacter inhibens DSM 17395 due to their fast growth rates and growth on defined 

media and versatile metabolic capacities.  

1.2. Phaeobacter inhibens DSM 17395 

Phaeobacter inhibens DSM 17395 is a marine alphaproteobacterium belonging to the family 

Rhodobacteraceae. Hence, it belongs to the roseobacter-group. Deciphering the exact origin of P. inhibens 

DSM 17395 is impossible today, due to numerous reclassifications and mistakes in culture collection 

depositions and requires a look back to the origin of the genus (Buddruhs et al., 2013). The genus 

Phaeobacter was established after reclassification of Roseobacter gallaeciensis (Ruiz-Ponte et al., 1998) to 

Phaeobacter gallaeciensis back in 2006 (Martens et al., 2006). The strain BS107T (= DSM 17395T = 

CIP 105210T = ATCC 700781T = NBRC 16654T) was proposed as the type strain of the species Phaeobacter 

gallaeciensis. However, the new species Phaeobacter inhibens with strain T5T (=DSM 16374T) as type strain 

was proposed in the same article. Roseobacter gallaeciensis BS107T was originally isolated from the scallop 

Pecten maximus in Gallicia (Spain) and deposited at the institute Pasteur as CIP 105210T (Ruiz-Ponte et al., 

1998). Later on the strain BS107T was independently requested from the laboratory of the original 

depositor by the DSMZ in 2005 and added to the collection as DSM 17395 (Buddruhs et al., 2013). Due to 

different plasmid profiles in pulsed field gel electrophoresis (PFGE), however, the non-identity between 

the two supposed BS107 strains from the institute Pasteur and the DSMZ was detected. More detailed 

studies on DNA-DNA hybridization, 16S rRNA phylogeny, and MALDI-TOF analysis, indeed indicated that 

the two strains belong to two distinct species. Accordingly, DSM 17395 was reclassified to Phaeobacter 

inhibens DSM 17395, while the CIP strain remained the type strain of the species Phaeobacter gallaeciensis 

(Buddruhs et al., 2013). Retrospectively, the exact origin of Phaeobacter inhibens DSM 17395 cannot be 

retraced properly. Hence, no valid description abou the origin of P. inhibens DSM 17395 exists, but 

information on this strain can be gathered from the genus description and numerous research papers, 

because DSM 17395 was chosen as model organism of the TRR51. Cells of the genus Phaeobacter are 

gram-negative ovoid rods, tending to aggregate into star-shaped rosettes (Figure 1A) in marine broth (MB) 

medium. Phaeobacter inhibens is dependent on Na+ in its culture medium with an optimal content of 0.51 

to 0.68 M NaCl. P. inhibens is able to grow at temperatures ranging from 4 to 36°C; optimal growth was 

observed at 28°C. The pH optimum was determined at pH 7.5. The metabolism of P. inhibens DSM 17395 

is chemoheterotrophic and obligately aerobic (Martens et al., 2006), in contrast to the type strain P. 
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inhibens T5T, which is faculative anaerobic through  nitrite reduction (Dogs et al., 2013). Phaeobacter 

inhibens DSM 17395 can be grown on complex media like MB with a decent growth rate of 0.8 h-1 (Piekarski 

et al., 2009) or defined media with complex substrates, such as casaminoacids, or defined substrates, such 

as succinate, with reduced growth rates of 0.42 and 0.22 h-1 respectively (Trautwein et al., 2016; 

Wiegmann et al., 2014). Colonies on agar plates are smooth, convex and of brownish color (Figure 1B) 

after 24h of incubation (Martens et al., 2006). Liquid cultures on MB also turn bown during exponential 

phase, hence the name of the genus Phaeobacter (from greek: phaeos dark, brown). The brown 

pigmentation of Phaeobacter cultures and colonies correlates with the biosynthesis of the antimicrobial 

compound tropodithiethic acid (TDA) and the presence of Fe3+ in the medium (Alvise et al., 2016; Will et 

al., 2017); Colonies and liquid cultures of TDA-biosynthesis deficient mutant strains exhibit a white color 

(Berger et al., 2011; Trautwein et al., 2016).   

 

Figure 1 Electron micograph, colony morphology and motility plate of Phaeobater inhibens DSM 17395. A) Electron 
micrograph of rosette formation of P. inhibens DSM 17395 (Frank et al., 2015b) B) Agar plate of brownish pigmented P. inhibens 
DSM 17395 C) Soft agar plate inoculated with a drop of P. inhibens culture after 2 days of incubation. 

The genome of P. inhibens was completely sequenced in 2012 (Thole et al., 2012). The genome size of 

4.23-Mbp is comparable to that of other completely sequenced rosebacters like Dinoroseobacter shibae 

DFL-12T (Wagner-Döbler et al., 2010). Gene calling allowed the identification of 3960 protein coding 

sequences (CDS) and four rRNA operons (Thole et al., 2012). Besides the circular chromosome, the genome 

harbors three circular extrachromosomal replicons (ECR) of 262-Kb, 78-Kb and 65-Kb sizes. The ECRs of P. 

inhibens were classified as chromids, rather than plasmids (Petersen et al., 2013). The chromid concept 

was established by Harrison and includes ECRs, with an autonomous replication via plasmid replication 

systems, but a codon usage similar to the chromosome (Harrison et al., 2010). The three chromids are 

conserved throughout all Phaeobacter isolates and with that characteristic for the genus. However, 

additional plasmids were identified in other Phaeobacter strains with varying numbers and sizes (Breider 

et al., 2017; Sonnenschein et al., 2017). The largest chromid harbors among others, the genes crucial for 

the biosynthesis of TDA and is replicated via a DnaA-like replication system (Petersen et al., 2011). The 78-
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Kb RepB-I-type chromid contains genes crucial for the secretion of siderophores and the only catalase gene 

within the genome (Petersen et al., 2013), while the 65-Kb RepA-I-type chromid was shown to be essential 

for biofilm formation and motility (Frank et al., 2015b; Michael et al., 2016). As mentioned, P. inhibens 

DSM 17395 is motile by means of a polar flagellum (Martens et al., 2006). Swimming motility of P. inhibens 

can be observed on MB soft agar plates (Figure 1C), in contrast to Dinoroseobacter shibae, which remains 

non-motile under these conditions (Michael et al., 2016). Phylogenetic analysis of the flagellar gene cluster 

(FGC) revealed that it belongs to the abundant fla1-type of roseobacter FGCs (Frank et al., 2015a; Michael 

et al., 2016). Phaeobacter inhibens is genetically accessible through electroporation and susceptible to 

kanamycin and gentamicin among other antibiotics, which can be used as selective markers. The broad 

host-range plasmid pBBR1MCS can be used as vector for efficient transformation of P. inhibens (Piekarski 

et al., 2009). Furthermore, transposon mutagenesis with the EZ-Tn5 transpson is possible (Berger et al., 

2011). In general, Phaeobacter inhibens DSM 17395 is a typical, motile representative of the roseobacter-

group, which stands out due to fast growths rate and simple cultivation, the presence of important 

chromids, uncomplicated genetic manipulation, and the presence of the secondary metabolite TDA. P. 

inhibens DSM 17395 is used in this study as model organism to elucidate the motility of the fla1 FGC and 

to draw general conclusions on the motility of the family Rhodobacteraceae.  

1.3. The bacterial flagellum 

The bacterial flagellum is a remarkably complex nanomachine, in which assembly about 35 different 

proteins are involved and can roughly be divided into four large modules: The motor-complex, the 

secretion apparatus, the hook and the filament. The motor-complex consists of two major elements: the 

rotor and the stator (Macnab, 2003). In most bacteria the stator consists of the two different proteins 

MotA and MotB (Figure 2), which form proton channels powered by a proton gradient. Variations on the 

composition of the stator are known and in some species, such as Sinorhizobium meliloti, the additional 

proteins MotC and MotE are needed to completely assemble the stator (Eggenhofer et al., 2004). The 

stator utilizes a Na+ gradient instead of H+ in some species, such as Vibrio in the marine environment, 

(Yorimitsu and Homma, 2001). A different set of stator proteins is necessary to fulfill this task. The rotor 

again consists of two major elements: the basal-body and the cytoplasmic motor-switch complex. The 

motor-switch complex, also denoted as C-ring (Figure 2), is composed of the cytoplasmic components FliG, 

FliM and FliN (Macnab, 2003). A direct interaction of the chemotaxis protein CheY with the motor-switch 

protein FliM regulates the rotation of the flagellar motor in response to stimuli or repellents (Berg, 2003). 

The basal-body is a membrane spanning complex, consisting of diverse rings and the rod. Within the 

cytoplasmic membrane the MS-ring is located (Figure 2), which consists of about 26 subunits of the MS-
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ring protein FliF (Macnab, 2003). For the assembly of the rod and the extracellular structures of the 

flagellum a type-III-secretion system (T3SS) is needed to facilitate the secretion of crucial proteins. The 

flagellum specific T3SS assembles in a central pore of the MS-ring and is composed of six integral 

membrane proteins and three cytoplasmic proteins in Salmonella (Erhardt et al., 2010). Atop of the MS-

ring the proximal rod spanning from the MS-ring to the peptidoglycan layer is formed of about six residues 

of FlgB, FlgC and FlgF each and FliE (Jones et al., 1990). In order to allow the rod penetrating the cell wall 

a hole is generated through the acetylmuramidase activity of FlgJ in Salmonella (Cohen and Hughes, 2014).  

 

Figure 2 Schematic of the bacterial flagellum. The drawing shows the generic flagellum of gram-negative bacteria as of the kegg 
pathway database. Cytoplasmic chaperones are omitted. 
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FlgG polymerizes on top of the proximal rod, to form the distal rod from the peptidoglycan layer to the 

outer membrane (Cohen and Hughes, 2014). Then, the P- and L-ring proteins FlgI and FlgH are secreted 

into the periplasm through the general SecII secretory pathway (Erhardt et al., 2010). It was suggested 

that the P- and L-ring serve as bushings for rotation of the rod (DeRosier, 1998). The L-ring additionally 

creates a hole in the outer membrane, allowing the assembly of the extracellular structures of the 

flagellum (Cohen and Hughes, 2014). The flagellar hook, a crooked 55 nm long filamentous structure, 

polymerizes under control of the hook-cap protein FlgD and the molecular ruler FliK, through concerted 

secretion of the flagellar hook protein FlgE (Erhardt et al., 2011). The two junction proteins FlgL and FlgK 

constitute the transition from hook to filament (Macnab, 2003). The filament is composed of numerous 

subunits of flagellin (FliC). In theory, the filament is a self-assembling structure, but it is supported by the 

filament cap FliD in many species (Liu and Ochman, 2007). As mentioned earlier, numerous proteins are 

involved into the assembly of the flagellum, but not all of these proteins remain in the final structure and 

not all flagellated species need the same set of proteins to synthesize functioning flagella. For instance, 

the rod cap FlgJ, hook cap FlgD and the molecular ruler FliK are only transiently associated to the flagellum 

during its assembly. Furthermore, many cytoplasmatic and periplasmatic chaperons, such as FlgN, are 

involved into the assembly, but dissociate from the structure as soon as their task is fulfilled (Cohen and 

Hughes, 2014). A study comparing the flagellar genes present in 43 flagellated species all over the kingdom 

of bacteria identified a core-protein set of 24 proteins present in all analyzed bacteria. Hence, some 

proteins that are crucial for flagellar assembly in one species might not be needed in another. For instance, 

the P- and L-ring are not present in gram-positive bacteria due to the lack of the outer membrane (Liu and 

Ochman, 2007). Like the composition at protein level, the regulation of the flagellar assembly differs 

throughout bacteria. In regard of flagellar regulation the best characterized strains are the 

Enterobacteraceae Escherichia coli and Salmonella typhimurium. The regulation of the flagellum assembly 

takes place on genetic level as well as protein level. Several distinct operons can be assigned to operon-

classes I, II and III for early, intermediate and late expressed genes. The only class-I operon in E. coli and S. 

typhimurium contains the two genes fhlC and fhlD. Once the “decision” to make a flagellum is made, 

through one of various environmental stimuli, the gene products of this operon form the master regulator 

of the flagellum FlhD4C2 (Osterman et al., 2015). The master regulator in turn activates expression of the 

σ70-dependent class-II operons, encoding the genes for the basal-body, the T3SS and the hook-protein FliE 

as well as two competing regulatory protein FlgM and the alternative flagellar sigma factor (σ28) FliA. FliA 

is tightly bound to FlgM, until the basal-hook-body assembly is completed. FlgM is than secreted by the 

T3SS and FliA is set free to initiate the expression of the late (class-III) operons. In comparison to the three-

stage flagellar regulation of the Enterobacteriaceae the regulation of the alphaproteobacterium 
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Caulobacter crescentus is four-tiered and operons are subdivided in class-I to class-IV. On top of the 

regulatory hierarchy (class-I) the cell cycle transcriptional regulator CtrA acts as master regulator (Laub et 

al., 2002). CtrA is expressed in dependence on cell cycle progression and its asymmetric cell division in C. 

crescentus. Hence, it is regulatory involved in many processes besides motility (McAdams and Shapiro, 

2003). CtrA is interwoven with the transmembrane histidine kinase CckA and the phosphotransferase ChpT 

in a tripartite phosphorelay, which is conserved throughout Alphaproteobacteria (Collier, 2016; Wang et 

al., 2014). While CtrA is essential to viability of C. crescentus it is not essential in other Alphaproteobacteria 

and roseobacters (Belas et al., 2009; Francez-Charlot et al., 2015; Greene et al., 2012; Wang et al., 2014; 

Zan et al., 2013). CtrA directly regulates the class-II flagellar genes in C. crescentus in order to assemble a 

functional basal-body and the regulatory protein FlbD, which in turn regulates expression of class-III genes 

for hook-assembly (Muir and Gober, 2004). Along with the class-III genes a pair of the opposing regulators 

FlaF and FlbT for the late regulation of the class-IV filament is expressed. While the constantly expressed 

FlbT destabilizes the transcripts of flagellin, the cell-cycle dependent expressed FlaF is crucial for the 

translation of these transcripts (Llewellyn et al., 2005). 

1.4. Types of motility 

Many members of the alphaproteobacterial Roseobacter group are primary colonizers of biotic and abiotic 

surfaces in the oceans (Dang and Lovell, 2002). In a biphasic lifestyle with a swim-or-stick switch, flagellar 

motility and surface attachment are crucial for the interaction especially with eukaryotic hosts. In flagella-

dependent swimming motility assays the bacteria spread out concentrically on 0.3% soft agar plates from 

the point of inoculation. In contrast to the movement on a semisolid surface by swimming motility, 

swarming motility is characterized as the movement over moist, solid surfaces, which is experimentally 

tested on 0.6% agar plates. Swarming often stands out through the formation of characteristic phenotypes 

on test plates under laboratory conditions, such as the bull’s eye pattern of urinary tract pathogen 

Proteus mirabilis or the dendritic pattern of Pseudomonas aeruginosa (Kearns, 2011; Rather, 2005). 

Hyperflagellation, the formation of multicellular rafts and the secretion of surface tension-reducing 

surfactants have been identified as prerequisites to conduct swarming  (Kearns, 2011). However, it was 

reported that a non-flagellated fliC mutant of P. aeruginosa retained a reduced swarming motility, 

whereas a type-IV pilus deficient mutant was not able to swarm (Köhler et al., 2000). It has thus been 

concluded that P. aeruginosa requires both, flagella and pili, to exert its full swarming capacity. 

Furthermore, three flagella-independent modes of bacterial motility are known. (i) Neisseria gonorrhoeae 

exclusively uses type-IV pili to spread over surfaces. Through concerted extension, adhesion and retraction 

of type-IV pili, the bacteria pull or push themselves over the surface in this mode of locomotion, which is 
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designated twitching motility (Eriksson et al., 2015). The types of bacterial locomotion are so diverse that 

even motility without any extracellular filaments is possible. (ii) Gliding motility is an operative term for 

diverse modes of active surface motility along the long axis of bacteria that do not rely on flagella or pili 

(Nan and Zusman, 2016). A prime example of a gliding bacterium is Myxococcus xanthus, which encodes 

two independent gliding machineries comprised of multiple proteins. The A-system is required for 

individual gliding of single cells and the S-system allows concerted gliding in swarms, which is however 

pilus dependent (McBride, 2001; Spormann, 1999). The A-system uses intracellular motor- and focal 

adhesion complexes to traverse the cell in relation to an extracellular substratum (Mignot et al., 2013). (iii) 

Sliding is a passive mode of motility that solely depends on secretion of extracellular surfactants. Bacteria 

are moved over a surface simply by the expansive forces of the growing colony (Henrichsen, 1972). 

Legionella pneumophila for example uses the TolC transporter and its type-II secretion system to release 

lipid containing surfactants onto the surface, which then enables sliding motility (Stewart et al., 2011). The 

different modes of motility show a scattered distribution across the kingdom of bacteria. Swarming for 

instance is restricted to a handful of families, among them Enterobacteriaceae (Gammaproteobacteria), 

Rhodospirillaceae (Alphaproteobacteria) and Gram-positive Bacillaceae (Kearns, 2011). Gliding motility on 

the other hand has evolved in a wide variety of species independently (McBride, 2001). However, within 

the marine roseobacter group no other mode of motility apart from swimming has been described so far. 

Recently, a conspicuous motility phenotype, reminiscent of P. aeruginosa dendritic swarming pattern, was 

observed for the flagellated strain Pseudodonghicola xiamenensis (Michael et al., 2016). 

1.5. A brief history of Rhodobacteraceae motility 

Rhodobacteraceae and especially roseobacters often exhibit a biphasic lifestyle, with a characteristic 

swim-or-stick switch. They either occur in biofilms directly associated to biotic or abiotic surfaces or as 

free roaming pelagic cells. Especially the latter lifestyle-phase requires an efficient mode of active 

movement for the bacteria to translocate to their host.  In many Rhodobacteraceae this capacity is 

provided by the presence of a flagellum, which mediates swimming motility. The research on swimming 

motility has a long history in Rhodobacteraceae and recently gained a strong ascent, especially in the light 

of co-cultering experiments. Therefore, a short outline will be given. Although, the first ever described 

Rhodobacteraceae were Rhodonostoc capsulatus and Micrococcus denitrificans, which were later known 

as Rhodobacter capsulatus (1907) and Paracoccus denitrificans (1910),  another strains was chosen as 

model organism of Rhodobacteraceae motility (Pujalte et al., 2014). Therefore, our short journey on 

motility of Rhodobacteraceae starts back in 1944, when van Niel published a manuscript about the culture, 

physiology, morphology and classification of non-sulfur purple bacteria. Van Niel stated that a common 
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morphological characteristic of this group of bacteria, including Rhodopseudomonas spheroides, is motility 

by means of a polar flagellum. Van Niel also found within a culture often only a small proportion of cells 

exhibit motility (van Niel, 1944). The earlier mentioned strain Rhodopseudomonas spheroides was 

reclassified into the genus Rhodobacter in 1984 and was henceforward denoted Rhodobacter sphaeroides 

(Imhoff et al., 1984).  Shortly after, a first series of publications discovered that R. sphaeroides flagellar 

rotation is dependent on protonmotive force and that it rotates only in clockwise direction contrary to the 

common knowledge on flagellar rotation gained from Enterobacteriaceae, where flagellar rotation is 

switched from clockwise to counterclockwise in order to steer the movement (Armitage and Evans, 1985; 

Armitage and Macnab, 1987). Over the years R. sphaeroides was established as the model organism in 

regard of flagellar motility in Rhodobacteraceae with numerous studies focused on the flagellum. Research 

groups started to identify essential genes of R. sphaeroides motility by transposon mutagenesis (González-

Pedrajo et al., 1997; Sockett and Armitage, 1991) and showed that flagellar genes are encoded in 

geneclusters (Garcia et al., 1998). With the advent of the genomic era and availability of the first draft 

genome sequence of R. sphaeroides in 2001 (Mackenzie et al., 2001), it was suggested that the flagellum 

of this bacterium was subjected to gene duplication, as duplicate copies of some flagellar genes were 

found in distinct geneclusters (Choudhary et al., 2004; Kobayashi et al., 2003). The primary flagellar 

genecluster (FGC) was from thereon referred to as fla1, while the newly discovered FGC was denoted fla2. 

A 2007 study disprove the hypothesis of gene duplication by showing that the primary FGC (fla1) of R. 

sphaeroides, on which all research was conducted in the past, was most likely horizontally transferred 

from a gammaproteobacterium. This in turn suggested that this FGC did not represent the originary 

flagellum of Rhodobacteraceae after all. However, the phylogenetic analysis revealed that genes of the 

fla2-type FGC clustered with other Alphaproteobacteria. Hence the role of the archetypal flagellum is 

occupied by the second, previously undiscovered set of flagellar genes (Poggio et al., 2007). However, the 

fla2-type FGC was non-functional as long as fla1 was active, which made it invisible to the transposon 

mutagenesis experiments conducted in the nineties. In a fla1 flgC transposon mutant motility was 

observed after a week emanating in distinct flares, suggesting compensatory mutations.  A later analysis 

found that cckA was repressed by the presence of organic acids and that swimming fla2 strains obtained 

a single missense mutation in cckA, allowing them to swim in a fla2 dependent manner (Vega-Baray et al., 

2015). With this knowledge, the suitability of R. sphaeroides as a representative of rhodobacteraceaen 

motility was questionable.  However, in 2009 a transposon mutant screening of the fla2-type FGC strain 

Ruegeria sp.TM1040 was conducted, which gave a first approach to characterize the archetypal flagellum 

of Rhodobacteraceae (Belas et al., 2009). With the emergence of more and more Rhodobacteraceae 

genomes, including many roseobacters, the opportunity to analyze the flagellar genes phylogenetically 
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improved. Frank and colleagues even identified three, instead of two phylogenetically distinct FGCs in 

Rhodobacteraceae by analysis of 40 completely sequenced genomes. Therefore, the nomenclature of the 

FGCs was reconsidered in context of this study. The FGCs were named fla1, fla2 and fla3 after their relative 

abundance. Hence, the primary FGC of R. sphaeroides and the secondary FGC were now denoted as fla3 

and fla1 respectively, according to their clustering with fla3 and fla1 FGCs of other Rhodobacteraceae. 

FGCs of the fla1-type were regarded as the archetypal flagellum, while fla2 was assumed to originate from 

an early cluster duplication of fla1.  The fla3-type FGC was still believed to be horizontally transferred, 

underlined by the presence of fla3 on an extrachromosomal element in Octadecabacter arcticus (Vollmers 

et al., 2013). Surprisingly, the fla2-type FGC was found on plasmids more often, for instance in Marinovum 

algicola and Sulfitobacter sp. EE-36. In addition, the presence of two FGCs within one species was found 

to occur more often (Frank et al., 2015a). Later a continuative study was performed with focus on 

roseobacters, excluding non-marine Rhodobacteraceae, with a taxon sampling of 67 completely 

sequenced strains. Furthermore, the swimming motility of 33 roseobacter strains was physiologically 

tested on MB soft agar plates. Around 60% of the tested strains showed swimming motility under the 

tested conditions and Pseudodonghicola xiamenensis exhibited an exceptional motility phenotype. Instead 

of spreading omnidirectional and even over the agar plate it formed directed and distinct dendrites 

(Michael et al., 2016). Over the years some studies concerning gene regulation of flagellar FGCs in 

Rhodobacteraceae have been conducted. The regulation of the primary fla3-type FGC of R. sphaeroides is 

mediated by the master regulator FleQ in a three-tiered fashion resembling that of the Enterobacteriaceae 

(Hernandez-Valle et al., 2017). In contrast, the master regulator of the fla1-type FGC is provided by the 

CtrA-phosphorelay, famously known as the central cell-cycle regulator of Caulobacter crescentus (Vega-

Baray et al., 2015). Regulation of the flagellum mediated by CtrA was also observed in other fla1 

Rhodobacteraceae strains, among them two Ruegeria strains  (Belas et al., 2009; Zan et al., 2013) and 

Dinoroseobacter shibae (Wang et al., 2014), making CtrA the master regulator of fla1 motility.  

1.6. Plasmids and horizontal gene transfer in roseobacters 

1.6.1. Plasmids 

Members of the marine roseobacter group stand out due to a versatile metabolism and are key players in 

global sulfur and carbon cycles (Wagner-Döbler and Biebl, 2006). Part of this versatility is assured by the 

presence and exchange of plasmids within and across the borders of this family. In general the 

roseobacters can be viewed as comparably rich in plasmids. Marinovum algicola DG898 is a prime example 

for plasmid wealth as it harbors 11 extrachromosomal elements (ECRs) alongside the chromosome. 
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Surprisingly, not only accessory genes, but lifestyle determining genes, such as a complete flagellar gene 

cluster, were found encoded among these plasmids (Frank et al., 2015a). In this part of the introduction 

the question on how single bacterial cells can stably maintain such a large variety of plasmids will be 

answered and the importance of plasmids for this bacterial lineage will be stressed out, also in the light of 

horizontal gene transfer. First, a short definition of what makes a plasmid is neccessary. Plasmids are 

generally considered as genetic elements co-existing with the bacterial chromosome and exhibiting an 

autonomous replication. Plasmids also exhibit a codon usage different from the chromosome.  The 

conformation of replicons in roseobacters is usually circular, although linear plasmids were described in 

other lineages such as the genus Ochrobactrum (Teyssier et al., 2005). Chromids, however, as a third type 

of ECR were introduced by Harrison and colleagues in 2010. Chromids are believed to be autonomously 

replicating ECRs, which were maintained over evolutionary long periods and thus have an adapted codon-

usage similar to that of the chromosome (Harrison et al., 2010). Plasmids can be categorized into two 

different groups by their mode of replication and the resulting number of plasmid copies per cell. High-

copy number plasmids are characterized by a copy number between 20 and 700 per cell and distribution 

of plasmid copies into daughter cells during cell division is achieved stochastically via the high number of 

copies (Mayer, 1995). In contrast, often only one copy of a low-copy number plasmid resides per cell. A 

stochastic distribution of low-copy number plasmids would result in frequent plasmid losses in one of the 

daughter cells. Hence, an active partitioning system as part of the replication apparatus is responsible to 

distribute a copy to each daughter cell (Petersen et al., 2013). Plasmids of the roseobacters are usually of 

the latter type and four phylogenetically diverse replication systems have been described so far, namely 

RepA, RepB, RepABC and DnaA-like (Petersen et al., 2009, 2011). All of these replication systems have a 

tripartite genetic organization in common. They are all composed of an essential replicase and a bipartite 

partitioning system. The genes repA, repB, repC (RepABC) and dnaA-like are eponymous for their 

corresponding replication system and encode phylogenetically divergent proteins essential for the 

initiation of plasmid replication (Petersen et al., 2011). The plasmid partitioning system in turn is usually 

organized into a two gene-operon, which is homologous to its equivalent on the chromosome and consists 

of the upstream gene parA and the downstream gene parB (Cevallos et al., 2008; Gerdes et al., 2000). In 

case of the RepABC systems the repC gene is part of the same operon downstream of repB, while in the 

others the replicase gene is oriented opposed to and upstream of parAB (Cevallos et al., 2008; Petersen et 

al., 2011). The parA gene encodes an ATPase protein acting as a motor for the active segregation of 

plasmids during cell division. It interacts with the ParB protein, which recognizes and binds a specific, 

centromer-like sequence within the plasmid (Møller-Jensen et al., 2000). This centromer-like region is 

often composed of two palindromic DNA-sequences linked by a short spacer-sequence (Petersen et al., 
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2009, 2011). The four different replication systems alone cannot explain the plasmid wealth of Marinovum 

algicola, which harbors five RepABC plasmids and two of each RepA, RepB and DnaA-like plasmids (Frank 

et al., 2015a). The secret is concealed in a concept named plasmid compatibility. Per se, all plasmids co-

existing within the same bacterial strain are regarded as compatible, while plasmids with equivalent 

replication systems are incompatible within the same cell. The concept is best explained using the example 

of RepABC plamids. Phylogenetic analyses with RepC replicases of RepABC-plasmids from 

Rhodobacteraceae revealed the presence of nine distinct RepABC-subclades, representing compatibility 

groups. However, some strains were found to harbor two RepABC plasmids from the same compatibility 

group. An analysis of parAB genes showed a phylogenetic tree largely congruent with the RepC tree with 

the exception of aforementioned dual-RepC strains. It was shown that the parAB module of these 

replication systems was exchanged by homologous recombination. Hence, the origin of plasmid 

incompatibility lies in the partitioning system, more precisely in the palindromic recognition site, and not 

the replicase (Petersen et al., 2009). Plasmid incompatibility can be utilized in the laboratory for a method 

termed plasmid curing. Through the transformation of a synthetic plasmid containing an incompatible 

replication system and a selective marker, complete natural plasmids can be deleted. This holistic 

approach allows characterizing the role of whole plasmids by phenotypic comparisons of curing mutant 

and wildtype (Petersen et al., 2013). Plasmid curing was used to characterize a variety of plasmids in the 

roseobacters. Plasmid curing of the 65-Kb chromid of Phaeobacter inhibens  resulted in the loss of motility, 

the capacity to form biofilms on polysterene and to colonize the dinoflagellate Prorocentrum minimum 

(Frank et al., 2015b). A follow-up study showed that the diminished biofilm formation is partly affiliated to 

the lack of rhamnose genes encoded on the 65-Kb chromid (Michael et al., 2016). The curing of a syntenous 

plasmid of Marinovum algicola also resulted in a non-motile phenotype, as well as the removal of the 

plasmid pMaD5, which encodes the fla2-type flagellar genecluster (Frank et al., 2015a). The curing of the 

262-Kb and the 78-Kb chromids of P. inhibens correlate with the loss of TDA-biosynthesis (Will et al., 2017) 

and catalase activity (unpublished data), respectively. However, some plasmids are curing-resistant, as 

they carry “devices” to avoid plasmid loss in the natural habitat. The so-called toxin-antitoxin systems are 

small genes encoding a constitutively expressed, stable peptide toxin and a less stable antitoxin. After 

removal of the plasmid the toxin outlives the antitoxin and is thus killing the cell (Zielenkiewicz and 

Cegłowski, 2001). 

1.6.2. Horizontal gene transfer 

Horizontal gene transfer (HGT) is the major driving force of prokaryotic evolution as the number of HGT-

derived gene gains and losses is equivalent to the rate of point mutations and much higher than the rate 
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of gene duplications (Koonin, 2016). Hence, it is hardly surprising that a variety of mechanisms evolved in 

order to exchange genetic information, namely transformation, transduction and conjugation (Burmeister, 

2015). Natural transformation is the active uptake of free DNA by the host cell from the environment and 

is a long known mechanism. Nevertheless, exciting new findings of a grappling hook transformation in 

Vibrio cholerae were recently reported. The cells actively grab free DNA with the help of type IV pili and 

retract the pili towards the cell wall, where the internalization of DNA is mediated (Ellison et al., 2018). 

Although, not much is known about the natural transformation rates of roseobacters in the oceans, many 

roseobacters are susceptible to transformation in the laboratory, which is utilized to genetically 

manipulate the bacteria (Piekarski et al., 2009). Another well-known mechanism of HGT is the phage-

mediated transduction, where phage-particles associate with a bacterial cell and inject their DNA into the 

cytoplasm of the host. The rate of transduction events was exemplarily calculated to up to 100 

transductants per liter seawater per day for the Tampa Bay Estuary (Jiang and Paul, 1998). However, 

phages mostly package their own DNA to ensure persistence in the new host and packaging of bacterial 

host DNA occurs only sporadically (Luo and Moran, 2014). In contrast, gene transfer agents (GTA) - phage-

like particle specific to roseobacters – package host DNA with insufficient genetic information to assemble 

the particle itself. Long time it was assumed that packaging of host DNA is random (Lang et al., 2012). 

However, a study on Dinoroseobacter shibae GTA revealed certain genetic hotspots, which were 

overrepresented in isolated DsGTA DNA (Tomasch et al., 2018). The majority of roseobacters are equipped 

with a GTA, which is encoded in a 15 to 17 gene operon, making GTAs a well conserved mechanism of HGT 

throughout this lineage (Luo and Moran, 2014). The third pillar of HGT-mechanisms is built by plasmid 

conjugation. Plasmid mobilization is ensured by type IV secretion systems (T4SS), representing a conserved 

export apparatus that is also used by several pathogenic bacteria for DNA and protein secretion (Cascales 

and Christie, 2003). The role of plasmid conjugation for the rapid adaptability of bacteria is exemplified by 

the emergence of multi-resistant hospital strains as a consequence of massive antibiotic use in medicine 

and livestock (Palmer et al., 2010). Many extrachromosomal elements are adapted to their host and do 

not stably maintain in distantly related bacteria (narrow-host-range plasmid; Kües and Stahl, 1989). A 

prominent example is the Ti plasmid from Agrobacterium tumefaciens C58 that can be conjugated into 

Escherichia coli, but requires an additional replication system for stable maintenance in 

Enterobacteriaceae (Gammaproteobacteria; Holsters et al., 1978). Conjugative plasmid transfer is an 

important factor in the evolution of rhizobia (Ding and Hynes, 2009) and has been proposed as the major 

driving force for the rapid adaptation of roseobacters to novel ecological niches (Petersen et al., 2013). In 

nitrogen-fixing rhizobia, symbiotic plasmids mediate legume root nodulation and define the particular 

plant host (Gibson et al., 2008; Perret et al., 2000). The pSym plasmid has been horizontally exchanged 
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between different sympatric Rhizobium species, thereby transferring the capacity to nodulate the same 

host cell, i.e., the common bean Phaseolus vulgaris (Pérez Carrascal et al., 2016). Comparative genome 

analyses of Rhodobacteraceae showed that T4S systems for plasmid mobilization are typically located on 

RepABC plasmids, and experimental conjugation of natural plasmids has recently become feasible (Patzelt 

et al., 2016). The wealth of more than 400 draft genomes in the roseobacter group allowed tracing natural 

plasmid transfer among genus barriers (Petersen and Wagner-Döbler, 2017). 

1.7. Objectives of this work 

This thesis is roughly divided into two parts. The first, major part is dealing with the motility of 

Rhodobacteraceae with particular focus on the archetypal flagellum of this bacterial lineage. The 

description of numerous new species affiliated to new genera and the emergence of hundreds of newly 

available genome sequences provided the basis to systematically characterize and classify the different 

flagellar gene clusters. The evolutionary inheritance of the three flagellar gene clusters was characterized 

based on the comparison of a phylogenetic flagellar tree and the calculation of a phylogenomic reference 

tree of 306 completely sequenced Rhodobacteraceae. Additionally, the physiological functionality of 

flagellar gene clusters was addressed by the testing of 120 Rhodobacteraceae isolates on swimming 

motility soft agar. Furthermore, within the scope of this thesis was the identification of genes essentially 

contributing to the flagellar motility of the archetypal fla1-type flagellar genecluster Therefore, a 

transposon mutant library of the model organism Phaeobacter inhibens DSM 17395 comprising about 

5000 mutants was established, which transposon insertion sites were detected via arbitrary PCR. These 

5000 mutants, as well as additional 8000 mutants, were screened on soft agar plates for their motility.  

The characterization of CtrA as master regulator of fla1-type motility and its role in the context of the 

whole family of Rhodobacteraceae was investigated. Hence, transcriptomic datasets of transposon 

mutants of CtrA-phosphorelay of P. inhibens DSM 17395 were established in order to determine its 

regulon and to compare it to the regulon of the distantly related roseobacter strain Dinoroseobacter 

shibae. The conspicuous ring-swimming phenotype of an alternatibe sigma-factor mutant found in the 

screening of transposon mutants was characterized and the role of TDA in ring formation was assessed. 

The second part of this thesis is dealing with cross-order horizontal gene transfer between roseobacters 

and rhizobia. Excessive database screening for typical roseobacter RepABC plasmid replication systems 

allowed to identify foreign plasmids in rhizobia. The identified plasmid replication systems were tested for 

functionality and stable maintenance in test strains representing each bacterial lineage. Agrobacterium 

tumefaciens C58 and P. inhibens DSM 17395 were selected as suitable model organisms. Furthermore the 
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plasmids carrying the foreign replication systems were characterized bioinformatically in order to identify 

other horizontally transferred genes. 
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2. Material and Methods 

2.1. Microbiological techniques 

2.1.1. Bacterial strains and growth conditions 

In this study one of the two model organisms of the TRR 51 Roseobacter was used - Phaeobacter inhibens 

DSM 17395. P. inhibens belongs to the genus Phaeobacter within the Rhodobacteraceae and is therefore 

a representative of the roseobacter group. The strain was kindly provided by the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH. I predominately cultivated P. inhibens on 40 g/l marine broth 

(MB) Medium (Carl Roth GmbH) under constant shaking at 28°C. Whenever selective pressure by 

antibiotics was exerted onto the culture the strength of the marine broth medium was reduced to 0.5 (0.5 

MB) and was substituted with the antibiotics kanamycin (120 µg/ml, Carl Roth), or gentamicin (40 µg/ml). 

Other organisms used in this thesis with their respective media, growth conditions, source and use are 

assembled in Table 1 and Supplementary Table 2. 

Table 1: Overview of the strains used in this study. Assembled are only the wildtypes of the respective strains, with the 
standardized media and growth conditions used. 

Organism Medium Growth conditions Source use 

Phaeobacter inhibens 

DSM 17395 

Marine broth 

YTSS 

 

28°C, shaking DSMZ Model organism, 

Motility studies 

Agrobacterium tumefaciens  

DSM 5172 (C58) 

M1 28°C, shaking DSMZ Host range test strain 

Martelella mediterranea 

DSM 17316T 

M1 28°C, shaking DSMZ Genome sequencing, 

Plasmid studies 

Rhizobium sp. NT-26 M1 28°C, shaking Joane Santini Plasmid studies 

 

2.1.2. Preparation of electrocompetent cells and electroporation 

Cultivation 

A preparatory culture of the desired strain was incubated in 3 ml medium in a test tube at 28°C overnight. 

An inoculum of 2 % was transferred into 100 ml of fresh medium in an Erlenmeyer flask without baffles. 

The cultivation was monitored by hourly measurements of the optical density at 600 nm wavelength 

(OD600) in a photometer. The cultivation was continued until the mid-exponential growth phase was 

reached (e.g. OD600 of 0.5 – 0.6 for P. inhibens). 
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Preparation 

The protocol for the preparation of the electrocompetent cells is a modification based on the previously 

described procedure (Dower et al., 1988). The cells were chilled on ice for 15 minutes prior to 

centrifugation at 5000 xg for 15 minutes in a “Beckmann centrifuge” precooled to 4°C in order to pellet 

the cells. The supernatant was discarded and the pellet was resuspended carefully in an equal volume of 

ice cold 10 % glycerol, followed by centrifugation at 4000 xg. This step was repeated at least thrice with 

half of the glycerol volume. After the final centrifugation step, cells were resuspended in 1/100 of the 

initial volume 10 % glycerol and aliquots of 40 µl were transferred to 1.5 ml microcentrifuge tubes. Now 

the cells were ready for electroporation or freezing in liquid nitrogen and storage at -80°C. 

Electroporation 

Electroporation is a method to transform DNA into prokaryotic cells using a strong electric field. All 

electroporations were conducted at 2.5 kV and a time constant of 5.9 ms with the BioRad MicroPulser 

system using 2mm gap cuvettes. For transposon mutagenesis of P. inhibens 0.5 µl of Epicentre EZ-Tn5™ 

<R6Kγori/KAN-2>Tnp transpsome kit (33 ng/µl) were used per 40 µl aliquot of competent cells. In case of 

plasmid host range tests and genetic complementation experiments 50 ng plasmid DNA were used for 

electroporation. Immediately after the electroporation cells were treated with 1 ml MB medium and 

incubated for at least 4 hours at 28°C. Thereafter cells were diluted serially up to 10-2 and plated onto 

selective media. 

2.1.3. Biofilm formation assay 

Phaeobacter inhibens DSM 17395 possesses a biphasic swim-or-stick lifestyle, which results in the 

transition of free roaming into sessile lifestyle attached on biotic or abiotic surfaces. To measure the 

attachment ability of Phaeobacter and transposon mutants a standardized crystal violet assay was 

conducted as previously described (O’Toole and Kolter, 1998). Cells were incubated at 28°C in Erlenmeyer 

flasks under vigorous shaking to the exponential phase. 100 µl of the culture diluted to a starting optical 

density (600 nm) of exactly 0.065 were transferred into a well of a polystyrene 96-well flat bottom plate 

(Corning Costar 3370) and incubated statically for 24 hours at 28°C. Cells were removed and all wells were 

washed twice with 200 µl H2O. 200 µl of 0.1 % crystal violet (Serva) solution (in H2O) was added to each 

well and incubated for 10 minutes at room temperature. The plate again was rinsed two times with water 

and the plate was dried overnight. The crystal violet remaining in the biofilms was solubilized with 200µl 

95 % ethanol per well for 15 minutes at room temperature. 100 µl of solubilized crystal violet were 

transferred to a fresh microtiter plate and absorbance at 595 nm was quantified in a tecan microplate 
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reader (Tecan Infinite 200). All biofilm formation assays were carried out in three biological replicates and 

8 technical replicates each. 

2.1.4. Motility Assays 

Motility assay on soft agar 

The flagellar motility of all 120 Rhodobacteraceae strains, including Phaeobacter inhibens DSM 17395 and 

transposon mutants was investigated on 0.3 % (w/v) soft agar plates of the appropriate medium. All strains 

were cultivated on MB medium, except for Paracoccus denitrificans (LB) and Rhodobacter sphaeroides 

(R2A). R2A medium was prepared according to the protocol for medium 830 on the DSMZ website. A pre-

culture of each strain was inoculated in 4.5 ml of the respective liquid medium and incubated at 28°C in 

test tubes under moderate shaking. Test plates were point inoculated with 3 µl of the pre-culture and 

incubated at 28°C for two to nine days. The low agar concentration allows motile strains to swim through 

the semi solid matrix using their flagella, while non motile strains remain at the place of inoculation.  

Motility assessment by light microscopy 

Motility was also investigated by visualizing actively moving cells in a wet mount under the microscope. In 

order to obtain a wet mount a drop of sterile water was placed to the middle of an objective slide. Broth 

culture was transferred to the slide with a sterile inoculation loop by carefully touching the water surface 

and a cover slip was used to seal the wet mount. The prepared slide was viewed under the microscope 

with 1000x magnification. Cells were considered motile when they were actively moving.  

2.1.5. Visual detection of flagella 

Flagella stain 

The diameter of flagella is too narrow to be visualized under a conventional light microscope. Hence special 

flagella staining procedure was applied to Phaeobacter inhibens and transposon mutants prior to 

observation to increase the apparent size of flagella. The stain is a commercially available mixture (Flagella 

stain droppers, Beckton Dickinson) of crystal violet in ethanol with the addition of tannic acid and 

aluminum potassium sulfate as mordants and phenol as preservative. For this procedure MB medium was 

unsuitable, because the stain is sensitive to rich media. Cultures were therefore grown in Erlenmeyer flasks 

with 10 ml YTSS medium (2 g/l Yeast Extract [Sigma-Aldrich], 1.25 g/l Tryptone [Sigma-Aldrich] and 20g/l 

Sea Salts [Sigma-Aldrich]) to the exponential phase. A wet mount of P. inhibens wildtype was checked for 

actively moving cells to determine whether flagella were synthesized or not. In preparation of the staining 

a drop of deionized water was put in the middle of a microscopic slide and broth culture was applied 
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carefully with a sterile loop. The slide was air dried and then coated with the flagella stain which was 

incubated for 10 minutes. The stain was rinsed off carefully and the slide was air-dried again. Finally the 

slide was observed with 1000x magnification. 

Scanning electron microscope 

An elegant method to visualize flagella is the scanning electron microscope. Rigorously shaken stationary 

cultures of P. inhibens and flagella transposon mutants were prepared for scanning electron micrography. 

The samples were fixed with 2% glutaraldehyde and washed twice in TE buffer (10 mM TRIS, 2 mM EDTA, 

pH 6.9), dehydrated with a graded series of acetone (10, 30, 50, 70, 90, 100%) for 15 min on ice and further 

dehydrated in 100% acetone at room temperature. After critical-point drying with liquid CO2 (CPD300, 

Leica), samples were sputter coated with palladium–gold and imaged in a Zeiss Merlin field emission 

scanning electron microscope with an acceleration volt- age of 5 kV. Images were taken with the Zeiss 

Smart SEM software version 5.04. All scanning electron micrographs were produced by Manfred Rohde at 

the HZI. 
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2.2. Molecular techniques 

2.2.1. Purification of nucleic acids 

Genomic DNA 

Genomic DNA in small scales was isolated according to the protocol for gram-negative bacteria of Qiagen 

DNeasy Blood & Tissue Kit. Up to two ml of an overnight culture of the desired strain on appropriate 

medium were harvested. Large scale DNA preparations for whole genome sequencing applications were 

purified in compliance with the protocol of the Qiagen Genomic-Tip kit. 

Plasmid DNA 

Plasmid DNA was purified from bacterial cells following the protocol of the Machery & Nagel NucleoSpin® 

Plasmid Kit. Generally 4 ml of Escherichia coli culture harboring high copy number cloning vectors were 

harvested for e.g. cloning purposes. Following the instructions of the manufacturer, up to 10 ml cell culture 

were harvested for low copy number plasmid preparations. 

Total RNA 

In preparation for purification of total RNA P. inhibens cultures were cultivated to OD600 of 0.4-0.6, 

harvested, frozen and pestled in liquid nitrogen. 100 mg of the pestled pellet was used for RNA purification 

employing a combination of the TRIzol® reagent (Life technologies) and the RNeasy Mini Kit (Qiagen). To 

degrade undesirable genomic DNA an on-column DNase digestion (Qiagen) was applied. 

 

2.2.2. Amplification of DNA / PCR techniques 

The polymerase chain reaction (PCR) is an in-vitro technique to amplify DNA fragments using mostly 

recombinant DNA-polymerases and specific primers. 

Conventional PCR 

All conventional PCR reactions were conducted using either NEB OneTaq® 2X Master Mix with Standard 

Buffer for transposon mutant verification and detection purposes or Phusion® DNA Polymerase (Thermo 

Fischer) with proof-reading activity for post-amplification cloning. The standard protocols following the 

instructions of the manufacturer are summarized in Figure 3. All specific oligonucleotides used in this study 

are compiled in Supplementary Table 1. All PCR reactions were executed in the Eppendorf Mastercycler 

gradient.  
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Figure 3: PCR master mix composition and cycling conditions regarding the instructions of NEB OneTaq and Thermo Fischer 
Phusion Polymerases 

A conventional PCR is divided into three main steps. The first step is the denaturation of double stranded 

DNA (dsDNA) into single stranded DNA (ssDNA) through high temperatures to allow binding of specific 

primers to the target sequence. This step both initiates every PCR and is repeated in every following cycle. 

After denaturation the temperature is lowered specifically in respect to the primers used for the reaction, 

to allow annealing of the primers to the template DNA. Subsequently the temperature is adjusted to 

optimal working conditions for the polymerase, which then associates with the short template-primer 

dsDNA regions and accordingly amplifies the ssDNA in 5’-3’ direction. After this extension step the DNA is 

in dsDNA conformation again and the cycle ends. In a routine PCR these three steps are repeated generally 

30 times to get a sufficient amount of amplified DNA. Depending on the application the number of cycles 

can be varied. A final extension step terminates the PCR. The Phusion Polymerase possesses 5’-3’ DNA 

polymerase activity alongside 3’-5’ exonuclease activity, which allows proof-reading of the extending 

strand during amplification. Thus the error rate of Phusion Polymerase is up to 50 fold lower than that of 

traditionally used Taq polymerases, which makes it suitable for all cloning applications. It generates blunt 

ends. The majority of PCR products generated by OneTaq in comparison contain 3’- dA overhangs, which 

allows easy TA-cloning afterwards. 
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Arbitrary PCR for transposon insertion determination 

The arbitrary PCR is a PCR technique inter alia used to determine transposon insertion sites. In this study 

a protocol based on a previous study was used (O’Toole and Kolter, 1998). The general idea of this 

technique is to amplify a short DNA fragment consisting of transposon sequence and flanking genomic 

DNA sequence. Therefore transposon-specific (Tpn) as well as arbitrarily binding, degenerated primers 

(Arb) are used. The primers used for arbitrary PCR are assembled in Supplementary Table 1. Figure 4 shows 

a schematic representation of the process. The technique consists of two consecutive rounds of PCR.  

The first round employs the prior mentioned primers, to amplify a range of wanted (Arb-Tpn) and 

unwanted (Arb-Arb) PCR products, resulting in an unspecific mix of products. The concentration of the 

wanted PCR product among the many unwanted products is too low to satisfactorily determine the 

transposon insertion site. Therefore a second PCR with nested primers specifically amplifies the wanted 

products, elevating its concentration up to adequate levels. Afterwards sequencing the product with a 

transposon-specific sequencing primer allows identifying the transition between transposon and genomic 

DNA. Thereafter mapping of this sequence to the genome results in the insertion site (Saavedra et al., 

2017). The template DNA of transposon mutants was purified according to the standard protocol (see 2.2.1 

– genomic DNA). During the first round of PCR a specialized cycling protocol is used (Figure 4B) with 

particular low annealing temperatures within the first 6 cycles to ensure proper template binding of the 

arbitrary primer. First round PCR product was diluted 1:5 in nucleic free water and 1 µl of this dilution was 

used as template for the second round PCR. 

 

Figure 4 Schematic represenation and cycling conditions of Arbitrary PCR A: Tpn: transposon specific primer; Arb: arbitrary 
Primer with binding site for nested arbitrary primer (nested Arb) in red; nested Tpn: nested transposon-specific primer. B: 
Cycling condition of 1st round Arbitrary PCR. Protocol adapted to OneTaq Polymerase. 
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2.2.3 Analysis of PCR products / nucleic acids 

Agarose gel based electrophoresis 

PCR products and other nucleic acids were analyzed on 1 % agarose gels based on TAE buffer containing 

the DNA-intercalating dye Midori Green. To separate the samples DNA gels were run at 120 V and 400 mA 

in a BioRad SubCell GT Basic chamber driven by the BioRad PowerPac Basic power supply for 45 to 60 

minutes, depending on the expected product size. As size standard for product size and concentration 

estimation the 1 Kb Plus Ladder (Invitrogen) was used. 

2.2.4 Cloning of PCR products  

Purification of PCR products 

Depending on the application high purity of PCR products may be preferential e.g. for cloning. Therefore 

PCR products must be separated from enzymes, dNTPs, primers and other components of a PCR reaction 

mix. In order to purify PCR products the QIAquick PCR Purification Kit (Qiagen) was used as intended by 

the manufacturer. The PCR product is bound to a silica membrane, washed and then eluted under low-salt 

conditions. For more specific purification or when multiple PCR products were obtained, the kit also offers 

the purification out of agarose gels, which was the preferred method for construct cloning. 

Adding 3’-A overhangs 

In preparation of easy cloning into the TA-cloning vector pCR2.1, blunt end PCR products (Phusion 

polymerase) need to be supplied with A-overhangs at their 3’ end. In order to add adenosin residues the 

purified PCR product was incubated with a conventional Taq polymerase and dNTPs for 10 minutes at the 

appropriate extension temperature. Immediately after the incubation the PCR product was purified again 

as described above. 

Restriction digest 

Directed manipulation of DNA molecules (cloning) and analysis of such molecules are provided by the use 

of type-II endonuclease enzymes. Endonucleases cut the DNA at specific recognition sites resulting in 

either sticky end or blunt end sites, depending on the enzyme used. In this study mostly endonucleases 

from the FastDigest Restriction Enzymes line (Thermo Fisher) were used as intended by the manufacturer. 

TA-cloning of PCR products 

Purified PCR products with 3’-A-overhangs were ligated into linearized Escherichia coli cloning vector 

pCR®2.1 of the TA Cloning®Kit (Invitrogen). The vector pCR®2.1 provides complementary T-overhangs and 

offers two antibiotic resistance genes for kanamycin and gentamicin resistance as selective markers, as 
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well as a lacZ operon for blue-white-selection. Ligation of inserts into the vector was achieved by using the 

Quick Ligation™ Kit (New England Biolabs) at room temperature with prolonged incubation time of one 

hour to overnight incubation. Ligation mixtures were transformed into NEB® Turbo Competent E. coli (High 

Efficiency) via the heat shock method. The heat shock method requires thawing of the frozen cells on ice 

for about 15 minutes prior to addition of the ligation mixture. After incubation of competent cells together 

with the ligation for up to 30 minutes on ice, the tubes were transferred into a preheated Thermostat Plus 

(Eppendorf) where the heat shock at 42°C was performed for exactly 30 seconds. Subsequently 800 µl (per 

tube) SOC-medium was added and tubes were incubated at 37°C for 1 hour. Thereafter cells were plated 

on LB agar plates containing 1.5 % agar as well as 120 µg/ml kanamycin and were again incubated at 37°C 

overnight. Colonies grown were individually transferred into 4.5 ml LB medium in test tubes and grown 

overnight. Plasmid DNA was isolated as described in 2.2.1 and isolated plasmids were validated by 

restriction digest with EcoRI or other suitable enzymes. This method was used to obtain all replication 

system constructs and served as first step for the other cloning applications. 

Cloning constructs for genetic complementation 

All constructs used for genetic complementation have been obtained similarly by a two-step cloning 

approach. To exemplify the process, the construction of the construct CP1-pBBR1MCS5 (Kovach et al., 

1995) will be demonstrated. A wildtype copy of the full length gene PGA1_c23640 and the promotor region 

were amplified via high fidelity PCR (Phusion Polymerase, Thermo Fischer Scientific) using primers 

1461_Pi_comp_2_fwd (5’-CATCGACGCCCGAAGTCAAA-3’) and 1462_Pi_comp_2_rev (5’-

GTGTTCTCGAACCAGGACCA-3’). After amplification of DNA the respective 2096 basepairs band was eluted 

from 1% agarose gel, followed by TA cloning procedure (see above) for cloning into pCR2.1. For the 

construction of CP1-pBBR1MCS5, empty pBBR1MCS5 (vector) and CP1-pCR2.1 (insert) were digested with 

SpeI and XbaI (Fast digest, Thermo Fischer). Insert and vector were ligated in a molar ratio of 3:1. In some 

cases the gene to be complemented resided in the middle of an operon. To ensure expression and to avoid 

cloning more than one gene, the constitutive gentamicin promotor has been used. The gentamicin 

promotor sequence was amplified using primers 024-Gentamycin-for and 1576_Gm_NdeI_rev. The 

resulting 243 basepair fragment contains NdeI and SexAI restriction sites, which were provided by the 

reverse primer and later allows directed cloning of open reading frames (ORF). This fragment was ligated 

into pCR2.1 by TA-Cloning to generate construct GmProm-pCR2.1. This construct allows directed cloning 

of the desired ORFs in downstream orientation of the constitutive promotor. Therefore the ORFs were 

amplified with primers containing either NdeI or SexAI site in front of their start codon and an XbaI site on 

the opposite end. 
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2.2.5. Functionality of RepABC replication systems 

To test the functionality of RepABC constructs in hosts other than the natural host, the full length 

replication system was amplified via PCR and cloned into the cloning vector pCR2.1 (Invitrogen). The 

cloning vector harbors an origin of replication specific for Gammaproteobacteria and is hence not 

functional in our hots-range test strains Phaeobacter inhibens DSM 17395 and Agrobacterium 

tumefaciens DSM 5172 strain C58. The construct was transformed into the competent cells 

(2.1.2.) of the test strains by electroporation (2.1.2.) and cells were plated onto the respective 

media supplemented with 120 µg/ml kanamycin. A construct was considered functional when 

colonies grew after two to three days of incubation at 28°C. Colonies were passaged onto fresh media 

under constant antibiotic pressure three times consecutively to eradicate residual untransformed plasmid 

from the culture, before plasmid DNA was isolated. Low-copy number plasmids were detected using the 

generic plasmid primers P022 and P023. To exclude false positive results through genomic integration of 

the construct into the genome of the new host, retransformation of the obtained construct into E. coli was 

conducted. Isolating the construct again and EcoRI digestion verified the identity of the plasmid. 

2.2.6. Curing of the 262-Kb chromid of the P. inhibens ECF mutant 

The curing of the 262-Kb plasmid of the P. inhibens ECF mutant was conducted with the DnaA-like 

construct from Phaeobacter inhibens described in Petersen et al (2011). Preparation of electrocompetent 

cells and electroporation was accomplished as described in 2.1.2. Cells were cultivated overnight in MB 

medium after electroporation and subsequently plated onto half strength MB with 40 µg/ml gentamicin.  

2.3. Sequencing techniques 

2.3.1. Sanger sequencing of purified PCRs and plasmids 

The sequencing of constructed plasmids and PCR products for e.g. determination of transposon insertion 

sites was performed through Sanger sequencing at LGC genomics GmbH. Nucleic acids were purified 

according to 2.2.1 or 2.2.4 prior to sequencing. Each sample contained up to 10 µl of purified DNA and 4 

µl of the desired sequencing primer. Transposon insertions of the EZ-Tn5 transposon for instance were 

verified by sequencing a PCR product from primers up- and downstream of the putative insertion site with 

primer P812 (5’- ACCTACAACAAAGCTCTCATCAACC-3’). 

2.3.2. PacBio library preparation and sequencing 
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Often short-read sequencing technologies such as Illumina are not able to resolve redundant genes (e.g. 

transposons) sufficiently and hence the sequencing runs assemble into fragmented genomes with dozens 

of contigs. The PacBio technology however produces an average read length of up to 15,000 kb with the 

most recent combination of polymerase and chemistry (P6-C4) and therefore redundant genes are no 

longer an assembly limitation. The PacBio technology is a so-called single molecule sequencing technology 

in which a polymerase is fixed into a zero-mode waveguide (ZMW). A ZMW is a cavity, small enough to 

observe the incorporation of single, fluorescence-labelled nucleotides into the elongated DNA strand. All 

four nucleotides are labelled with different fluorophores, resulting in a different light emission signal 

during incorporation. A sensitive detector detects those emissions and calls the bases accordingly.  

PacBio Library preparation 

Genomic Martelella mediterranea DSM 17316 DNA was isolated according to 2.2.1. For the library 

preparation 8 µg of genomic DNA was fragmented into ~10 kb fragments using g-tubesTM (Covaris, 

Woburn, MA, USA) in an Eppendorf® 5424 centrifuge at 6,000 rpm. Subsequent SMRTbellTM library 

preparation was conducted according to the instructions of the manufacturer (PacificBiosciences, Menlo 

Park, CA, USA) in the protocol and checklist for the library preparation for templates >10 kb using Ampure® 

PB beads. Using the DNA/Polymerase BindingKit P6 (PacificBiosciences, Menlo Park, CA, USA) templates 

were end-repaired and ligated to blunt end adapters. Size selection of fragments >7 kb was carried out 

with the BluePippinTM system (Sage Science, Beverly, MA, USA). 

PacBio Sequencing 

Sequencing conditions, such as annealing of sequencing primers and binding of purified templates to the 

polymerase were determined using the RS Remote Calculator (PacificBiosciences, Menlo Park, CA, USA). 

For the sequencing run two SMRTcells were used on the PacBioRSII. 

2.3.4. RNA sequencing using Illumina 

The work regarding RNA Illumina sequencing was performed by the GMAK services at the Helmholtz 

Centre for Infection Research (HZI) in hands of Michael Jarek. Quality and integrity of total RNA was 

controlled on Agilent Technologies 2100 Bioanalyzer (Agilent Technologies; Waldbronn, Germany). The 

RNA sequencing library was generated from 100 ng total RNA using TruSeq RNA Sample Prep Kits v2 

(Illumina) for mRNA purification followed by ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre) 

according to manufacturer’s protocols. The libraries were sequenced on Illumina HiSeq2500 using TruSeq 

SBS Kit v3-HS (50 cycles, single ended run). 
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2.4. Bioinformatic techniques 

2.4.1. Reference genomes  

The reference genome of Phaeobacter inhibens DSM 17395 for mapping of Illumina RNA-sequencing data, 

identification of transposon insertion sites and primer design was obtained from NCBI. The accession 

numbers are as follows: Chromosome: NC_018290.1, 262 Kb chromid: NC_018291.1, 78 Kb chromid: 

NC_018287.1, 65 Kb chromid: NC_018288.1. 

2.4.2. Data processing and statistical analysis of RNA sequencing data 

Illumina raw reads were generated as described in 2.3.4. Illumina adapters were clipped and poor quality 

reads (quality < 20, length < 30) were removed from datasets with Fastq-Mcf from the ea-utils package 

(Aronesty, 2013). Reads were aligned to the reference genome of Phaeobacter inhibens DSM 17395 using 

Bowtie 2 (Langmead and Salzberg, 2012). Indexing and conversion of the resulting sam-files to binary 

format was achieved using samtools (Li et al., 2009b).The table linking read counts to the protein coding 

sequences was generated with featureCounts (Liao et al., 2014) out of the indexed bam-file. Statistical 

analysis of differentially expressed genes including the calculation of adjusted p-values for false discovery 

rate (Benjamini and Hochberg, 1995) was conducted using the R-package edgeR (Robinson et al., 2009). 

Heat maps were generated with the R library gplots. 

2.4.3. PacBio genome assembly, circularization and annotation 

The PacBio sequencing of Martelella mediterranea DSM 17316T resulted 67,093 post-filtered reads with 

an average read length of 13,478 bp. The RS_HGAP_Assembly.3 protocol, which is part of the SMRT portal 

version 2.3.0, was applied with default settings in order to assemble the reads into a chromosome and 

three plasmids. All replicons were adjusted to their replicase genes and circularized by identification of 

overlapping regions on contig ends. Error correction was executed with BWA (Li and Durbin, 2009) by 

mapping of Illumina reads to the circularized genome, followed by variant and consensus calling using 

VarScan (Koboldt et al., 2012). The RS_bridgemapper.1 protocol was used to confirm correct replicon 

structures and QV60 concordance. The genome was annotated using Prokka 1.8 (Seemann, 2014) and 

pMM259 plasmid replication systems were manually re-annotated. The genome was deposited at the 

NCBI GenBank. Accession numbers: Chromosome: CP020330, pMM593: CP020331, pMM259: CP020332, 

pMM170: CP020333  

2.4.4. Phylogenomic analysis of 306 Rhodobacteraceae 
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The multilocus sequence analysis (MLSA) algorithm was used to establish the phylogenomic analysis of 

306 completely sequenced Rhodobacteraceae.  The unique core genome of the 306 Rhodobacteraceae 

genomes was determined using the bidirectional BLAST+ approach implemented in Proteinortho5 

(Lechner et al., 2011) with the parameters “-selfblast –singles –cov = 60 –e = 1e-08 –identity = 25”. Unique 

genes of the core genome were aligned using muscle (Edgar, 2004). Partially aligned C- and N-terminal 

regions were clipped and poorly aligned internal regions were filteed using Gblocks (Castresana, 2000). In 

order to reduce influence from potential horizontal gene transfer events, each orthologous group was 

then preliminarily clustered using fasttree, and the mean and standard-deviation of the summed branch 

lengths was calculated for all trees. Markers which produced tree topologies with summed branch lengths 

greater than the calculated mean plus two standard deviations were dismissed. In order to enhance 

phylogenomic resolution and to counteract probable sequencing errors in the publicly available draft 

genomes several preliminary trees were calculated with the allowance of marker genes missing in 0, 1, 2, 

3, 6 and 15 strains. The final dataset (3 mssing) produced an alignment of 417 marker genes with a 

combined length of 123793 conserved amino acid residues and was concatenated and clustered using the 

maximum likelihood method of RaxML (Stamatakis, 2014) with the “rapid bootstrap” method and 250 

iterations. The main analysis was carried out by John Vollmers 

2.4.5. Flagellar phylogeny of 306 Rhodobacteraceae 

The amino acid sequences of the four conserved flagellar proteins FlgH, FlgI, FlhA and FliF from all 306 

Rhodobacteraceae were retrieved from the respective genbank files. The protein sequences were 

concatenated, aligned with ClustalW and manually refined with the MUST package (Philippe, 1993). Highly 

variable and poorly conserved regions were eliminated from the alignment using Gblocks (Castresana, 

2000). The neighbor joining algorithm was used to calculated the flagellar tree and 1000 boostrap 

replicates were performed again using MUST (Philippe, 1993). Phylogenetic analysis were performed by 

Henner Brinkmann. 

 

 

2.4.6. Identification of dendritic motility candidate genes  

In order to identify candidate genes potentially involved in formation of the dendritic motility phenotype, 

proteinortho results (2.4.4.) of a subset of the 120 tested Rhodobacteraceae strains were preliminarily 

filtered for orthologous groups present in all strains displaying this phenotype, but absent in the remaining 
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113 strains. This analysis did not result any candidate genes. Accordingly we adjusted the criteria to 

orthologous groups which occurred in at least 5 of the 7 strains displaying this phenotype, but in less than 

25% of the remaining strains. After identifying a promising tolC containing gene cluster in 5 of the 

candidate genomes, a third more stringent filter was applied targeting all orthologous found in at least 4 

of the 5 tolC encoding dendritic motility candidate strains but in less than 10% of the non-dendritic motility 

comparison strains. 

 

2.4.7. Phylogeny of RepABC systems 

The amino acid and nucleotide alignments of RepABC genes obtained with ClustalW (Thompson et al., 

1994) were manually refined using the ED option of the MUST program package (Philippe, 1993). Gblocks 

was used to eliminate both highly variable and/or ambiguous portions of the alignments (Castresana, 

2000). Maximum likelihood (ML) analyses were performed with RAxML version 8.2.4 (Stamatakis, 2014) 

applying Pthreads to use multiple shared memory nodes and SSE3 vector instructions, which together 

allow for substantially speeding up the computations depending on the number of nodes used. In RAxML 

a rapid bootstrap analysis with 100 replicates followed by a thorough search of the ML tree was conducted 

under the LG+F+4Γ model. For protein analyses of the RepABC modules the neighbor- joining algorithm 

with gamma-corrected distances under the JTT model including 100 bootstrap replicates was used as 

described in Petersen et al. (2011). The calculations were performed in the program MEGA version 5 

(Tamura et al., 2011) in an interactive way via the graphical user interface (GUI). 

2.4.8 Analysis of horizontally transferred genes 

HGT analysis of M. mediterranea DSM 17316T plasmids was conducted using HGTector.py (Zhu et al., 2014) 

with BLASTP against the NCBI non-redundant (nr) sequence database (download: October, 12th 2016), the 

taxonDMP (October, 12th 2016) and release 78 of MultispeciesAutonomousProtein2taxname from 

RefSeq. To exclude self-hits the corresponding TaxID (293088) was defined as self-group of M. 

mediterranea. The close group was defined as TaxID 356 (Rhizobiales) respectively, all other organisms in 

the nr database made up the distal group. Best hits from up to 500 blast results with a 10−5 e-value cutoff 

were used to determine the origin of genes on order level. Further analysis and creation of circle plots was 

accomplished by custom R scripts utilizing ggbio, GRanges, ggplot2, rentrez, and taxize packages.  
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3. Results 

3.1. Transposon mutagenesis of Phaeobacter inhibens DSM 17395 

Phaeobacter inhibens DSM 17395 serves as one of two model organisms of the collaborative research 

Centre (CRR) TRR 51 Roseobacter. Within the CRC it is deeply characterized through various studies e.g. 

exometabolome (Wienhausen et al., 2017), metabolome (Will et al., 2017) and proteome (Zech et al., 

2009) studies. Furthermore holistic genetic approaches through deletion of whole plasmids (plasmid 

curing) and its impact on the phenotype of P. inhibens were studied extensively (Frank et al., 2015b; 

Trautwein et al., 2016). Often the outcome of these studies was representative for the Rhodobacteraceae 

in general. However, a more precise characterization of the studied pathways, phenotypes and curing 

mutants inevitably requires the use of single gene mutants. The traditional method to generate such 

mutants individually and directionally by double homologous recombination is cumbersome and labor-

intensive (Wang et al., 2014). Here, we used transposon mutagenesis with the tailored and randomly 

inserting commercial transposon EZ-Tn5 <KAN-2> to establish a transposon library of P. inhibens. In total 

4,954 kanamycin resistant colonies were picked, cultivated and stored as glycerol stocks individually in two 

independent cryovials. The transposon insertion sites of 3,979 mutants could be determined by arbitrary 

PCR externally at SMB GmbH Berlin, which adds up the overall sequencing efficiency to 80%. The obtained 

sequences were mapped against the genome of P. inhibens regardless of sequencing quality. Of the 3960 

different genes P. inhibens harbors, 1767 were found to have a transposon inserted, which is equivalent 

to 44.6% of all genes. However, 490 insertions were mapped to noncoding areas. The transposon 

insertions were distributed unevenly to the four replicons of P. inhibens. In detail, 1571 of 3612 (43.5%) 

genes on the 3.8 Mb chromosome, 147 of 240 (61%) genes on the 262-kb chromid, 38 of 61 (62%) genes 

on the 78-kb chromid and 35 of the 47 (74%) genes on the 65-kb chromid, were mutated.  

3.1.1. EZ-Tn5 Transposon is biased towards lower GC-contents 

When establishing a large mutant library with the aim to obtain mutants of as many genes as possible, 

there is an inevitable need for a largely unbiased mutagenesis approach to allow complete genome 

coverage and to avoid oversampling of redundant genes. A previous study proposed insertional bias for 

the EZ-Tn5 transposon towards GC-rich areas in a low GC (39%) target DNA from Candida glabrata and a 

strong bias towards G-motif as recognition site, by sequencing from both ends of the transposon (Green 

et al., 2012). Another study described the preferred insertion site with the consensus sequence  
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A-GNTYWRANC-T, reflecting the 9 bp- short direct repeat of the Tn5 transposon starting with G and ending 

with C, flanked by A and T (Goryshin et al., 1998). However, both studies used comparably small sample 

sizes of 276 and 198 insertion events and Phaeobacter inhibens DSM 17395 is a rather GC-rich (60%) 

template. Therefore I wanted to use the already established sequence data to monitor the performance 

of the transposon for insertional and positional bias. The expectations for an unbiased transposition would 

assume an even distribution over all non-essential genes independent of DNA patterns or template GC 

content. For the first analysis regarding the positional bias of the Tn5 transposon all 3979 sequenced 

insertions were taken into consideration by mapping the insertion positions to the chromosome and 

chromids separately. On a glance the transposon insertions were evenly scattered throughout the 

chromosome and appeared randomly and not biased Figure 5. The calculated mean distance between two 

transposons within the chromosome including transposons in non-coding areas, but excluding identical 

insertions sites, amounts to 1,191 bp. A closer look to the chromosome allowed the identification of 

underrepresented areas diverging from the mean value. 

 

Figure 5 Transposon coverage in a schematic representation of Phaeobacter inhibens Chromosome and Chromids.  
The circles represent from outside inwardly: Genes on contigs on either plus strand (light grey) or minus strand (dark grey), one 
unique transposon insertion representative for every mutated gene (green), every mapped transposon insertion on minus strand 
(blue) and plus strand (red). The innermost circle shows the GC content inside a 10,000 bp window with contig dependent step 
sizes ranging from 20 to 200 bp. Over- and underrepresented example areas are highlighted with red and blue sectors. 
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Three of those regions were highlighted in Figure 5 with blue sectors and numbered 1 to 3 respectively. 

The 13 Kb Underrepresented region 1 overstretches genes PGA1_c00470 to PGA1_c00630. Many rRNA 

genes are coded in this region, which are essential to the viability of the organism. Hence, an insertion of 

a transposon to this region would be lethal for P. inhibens. Region 2 represents the longest consecutive 

transposon free gap of 15,804 bp and overstretches the genes PGA1_c08070 to PGA1_c08220. The genes 

found in this region code for the cobalamin biosynthesis and are essential for every organism autotroph 

for vitamin B12 biosynthesis, unless the cofactor is substituted in the medium, which is not the case for 

marine broth medium. Therefore a mutation in this gene cluster can be regarded as lethal to P. inhibens. 

The third underrepresented area in Figure 5 overstretches the genes PGA1_c09480 to PGA1_c09680 but 

is interrupted through two transposon insertions in PGA1_c09590. The genes upstream and downstream 

of this interrupting insertion mainly code for cell wall biogenesis and contain genes essential for cell 

division such as ftsA and ftsQ. Again, an insertion into one of these genes might cause a lethal mutation to 

P. inhibens. To summarize, 

underrepresented areas mainly result 

from the presence of essential genes. 

On the contrary also overrepresented 

regions could be identified by 

quantification of transposition events 

into individual gene loci, excluding 

duplicates. The number of 

transpositions per gene locus is 

expected to be dependent on gene 

size only in an unbiased 

transposition. However, the 8 Kb 

overrepresented region 4 marked in 

red (Figure 5) alone accumulates 38 

unique transposon insertions (57 

including duplicates) and is therefore 

overrepresented by factor 6 compared to the calculated 1,200 bp mean distance between two 

transposons. The high coverage of this area could be explained by duplication elsewhere in the genome 

and hence an ambiguity of insertion site mapping. BLASTn analysis of the overrepresented area, however, 

revealed uniqueness within the genome of P. inhibens. Hence, this points towards a somewhat biased 

insertion of the EZ-Tn5 transposon into its genome. Remarkably, the GC content of the region averages at 

Table 2 Summary of genes with more than 7 transposon insertions. Genes in 
close proximity to each other are surrounded by black boxes. Large genes are 
displayed in grey 
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50.2% and is thus about 10% lower than the mean GC content of P. inhibens chromosome (60%). To assess 

whether GC content influences the insertion of the EZ-Tn5 transposon, the insertion frequencies and the 

corresponding GC content and gene length for each gene were determined. A summary of all genes with 

more than 7 insertions can be found in Table 2. Apparently, large genes such as PGA1_c09420 or 

PGA1_c14920 accumulate more transposon insertions independent of their GC content, as expected for 

unbiased transposition. This premise was calculatingly supported by comparing the occurrence of 

transposons per 100,000 bp for all genes smaller than 500 bp (856), larger than 3000 bp (45) and average 

genes with sizes between the two (Table 3), resulting in comparable numbers of 83, 83 and 73 respectively. 

Table 3 Transposon insertions per 100,000 bp in dependence of gene length and GC content. The values have been calculated 
by counting transposon insertions for each gene and summing up gene lengths divided by 100,000 

Transposon insertions per 100,000 bp 

Gene size < 500 bp average >3000 bp 

# of insertions 83 83 73 

    

GC content < 53% average > 67% 

# of insertions 204 78 81 

 

Table 3 also shows the comparisons of transposition events per 100,000 bp in dependence of the GC-

content of the individual genes. These numbers unambiguously show that the EZ-Tn5 prefers GC contents 

lower than the average 60% of P. inhibens chromosome, exemplified by 204 transpositions in genes with 

GC-content lower than 53%. In contrast and average number of insertions were found for GC contents 

higher than 53% and 67%. These results indicate a biased transposition of the EZ-Tn5 transposon towards 

lower GC areas in P. inhibens.  

3.1.2. Ez-Tn5 prefers GC motifs for insertion 

The second part of the analysis provided a more detailed view pn the exact insertion sites of the EZ-Tn5 

transposom and allowed to investigate if there wasbinsertional bias and a favored recognition pattern. 

The transposon is flanked by 19 bp mosaic ends (ME) on both sides, which serve as recognition site for the 

transposase. Within the target DNA the transposase cuts a 9 bp stretch with offset (Figure 6). The 

transposon inserts along the cuts, leaving 9 bp gaps behind on the plus strand on 3’ and on minus strand 

in 5’ direction. Later on these gaps are filled with the appropriate complementary bases in the host strain, 

resulting in 9 bp target site duplication (TSD). This allows determination of the full insertion site by 
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sequencing the transposon with only one primer. However, sequencing of arbitrary PCR products 

sometimes provides sequences of minor quality in consequence of superimposed signals through the 

sheer amount of different PCR products. In these cases the junction between transposon and genomic 

context could not be determined exactly. Therefore all 3979 sequenced transposon mutants were 

screened for the 19 bp mosaic ends of the transposon sequence (5’-AGATGTGTATAAGAGACAG-3’) 

downstream of the sequencing primer to ensure only sequences of high quality were taken into account. 

Furthermore, exact duplicates were removed to exclude falsification. 2263 sequences fulfilled these 

criteria and transposon sequences were clipped off, leaving the sequences of interest behind. Sequences 

were reduced to a length of 20 bp and aligned subsequently. The Tn5 transposon has a bias towards 

inserting at G in the first position of the TSD, since almost 50% of all insertions (1145/2263) start with a G. 

The other bases, especially A and T are less favored. To get comprehensive information on the favored 

TSD pattern of the transposon a so called BLogo plot of all 2263 sequences was calculated (Figure 7) which 

identifies a statistically supported position specific bias and colors the positions if significant (p < 0.001). 

The plot illustrates overrepresented bases on a specific position with numbers above zero and 

underrepresented bases are valued below zero. The resulting plot reflects the information on the 

Figure 6 EZ-Tn5 Transposon structure and transposition. The EZ-Tn5 transposon is flanked by 19bp mosaic ends (ME), 
which serve as recognition site for the corresponding transposase. The transposon cuts a 9bp site within the template DNA 
(grey lightning). It inserts, leaving 9 bp gaps behind on both sides, which are later on closed by DNA repair mechanisms in 
the host. 
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positional conservation of nucleotides and does not necessarily reflect the frequency of each nucleotide 

on position and is therefore expressed in bits (Schneider and Stephens, 1990). The result indicates a 

preferred insertion with a G on the first and C on the last base of the TSD. The consensus sequence of the 

analyzed dataset unfolds to GTTYWRAAC-T (common FASTA code) and is thus very similar to previously 

reported the A-GNTYWRANC-T motif (Goryshin et al., 1998), allthough the 5’ adjacent base was not 

determined. 

 

In order to determine the 5’ adjacent position the insertion positions of transposons were searched with 

the getSeq function of the BSGenome package for R. However not all of the 2263 sequences resulted in a 

mapping hit, since exact mapping of all 20 bp without gaps or substitutions was forced, to vouch for best 

possible results. Hence the nucleotide proportions within the 9 bp duplication were slightly differentially 

distributed without having an impact on the overall consensus sequence (Figure 8). 

Figure 7 BLogo plot of 2263 transposon insertions. 2263 aligned 20 bp transposon sequences were used to generate this plot. 
Statistically significant (p < 0.001) positions are colored, while insignificant remain grey. Overrepresented and underrepresented 
bases on specific positions are displayed above or below 0 respectively. The first 9 bp account for the target site duplication (TSD) 
and can be regarded as insertion site of the transposon. BLogo was generated using http://www.bioinformatics.org/blogo/cgi-
bin/Blogo/Blogoform.pl with 0.201, 0.3, 0.298 and 0.201 as base composition (A, C, G, T) 
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Presumably a weakly conserved A is the only significant base on the 5’ position adjacent to the 9bp 

duplication. Remarkably in the -2 and the +2 position there are also highly preferred nucleotides, C and G 

respectively. With the help of this analysis the determined consensus sequence for the integration of the 

EZ-Tn5 transposon into the genome of P. inhibens DSM 17395 expands to CA-GTTYWRAAC-TG. The 

insertion of the EZ-Tn5 transposon is thus biased towards G and C nucleotides. 

3.2. fla1, the archetypical flagellum of Rhodobacteraceae 

Previous phylogenetic analyses of 40 Rhodobacteraceae strains revealed the presence of three distinct 

flagellar geneclusters (FGC) within the roseobacter group, named fla1, fla2 und fla3 according to their 

relative abundance (Frank et al. 2015). Since then hundreds of new strains have been isolated, new genera 

been described and their genomes been sequenced. This massive emergence of genomic information 

raised the potential for a global analysis of the flagellar evolution of Rhodobacteraceae.  

 

 

 

Figure 8 Blogo plot of 1612 transposon insertions with 5’ adjacent region. Of the 2263 initial 20 bp sequences, 1612 were 
successfully and exactly mapped to the genome of P. inhibens without gaps or substitutions allowed. The exact insertion site 
was determined and the adjacent regions on both sides were called. Statistically significant (p < 0.001) positions are colored, 
while insignificant remain grey. Overrepresented and underrepresented bases on specific positions are displayed above or 
below 0 respectively. The first 9 bp account for the target site duplication (TSD) and can be regarded as insertion site of the 
transposon. BLogo was generated using http://www.bioinformatics.org/blogo/cgi-bin/Blogo/Blogoform.pl with 0.201, 0.3, 
0.298 and 0.201 as base composition (A, C, G, T) 
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3.2.1. Phylogenomic reference tree of 306 Rhodobacteraceae 

In order to achieve a representative strain selection spanning the full phylogenetic width of 

Rhodobacteraceae, I established a dataset comprising 306 completely sequenced strains containing many 

type strains of the respective genera (Supplementary Table 2). With this dataset a phylogenomic reference 

tree was assembled using Proteinortho, Gblocks and RAxML. The aim was to generate a strongly supported 

reference tree for the following analyses regarding the evolution of the flagellar systems in 

Rhodobacteraceae. The core genome of the initial analysis of 306 Rhodobacteraceae strains as defined by 

Proteinortho comprised about 47.000 amino acid positions, resembling 177 genes. To distinguish genuine 

orthologous proteins from putative paralogous or xenologous proteins, a long branch detection filtering 

was applied. This filtering approach compared the cumulative branch length of each single gene phylogeny 

against the 95 percentile of the average cumulative branch length of the whole dataset and eliminated the 

marker genes above this cutoff. The filtering eliminated 9 marker genes from the set, reducing it to 168 

marker genes and a total concatenated alignment length of 44,988 amino acid residues.  

Table 4 Comparison of marker gene numbers and total concatenated amino acid alignment lengths of phylogenomic datasets.  

Criterion Genes missing Marker genes 

(pre filter) 

Marker genes 

(post filter) 

AA positions 

100 % 0 missing 177 168 44,988 

99.8 % 1 missing 318 295 85,058 

99.4 % 2 missing 400 364 107,430 

99 % 3 missing 469 417 123,793 

98 % 6 missing 568 507 149,370 

95 % 15 missing 684 590 173,174 

 

The resolution of the resulting phylogenomic tree (Supplementary figure 1) was expectedly insufficient in 

some regions, especially in the backbone, where low statistical support was documented. The underlying 

genomes were sequenced and annotated by different people from different institutions. Hence, different 

gene calling and assembly strategies have been applied. Furthermore, not all of the genomes were 

perfectly finished and contain up to 236 contigs. To counteract missing genes through gene calling and 

assembly irregularities we included protein sequences that were missing in 1, 2, 3, 6 or 15 strains to 

increase the number of orthologous marker genes and thus the overall resolution of the resulting tree. It 

appeared that the number of marker genes and alignment length increased logarithmically with the 
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allowance of missing genes (Table 4). Concatenated gene trees were calculated for each of these datasets 

(Supplementary figure 1-6). The topologies of the six resulting trees did not differ dramatically overall, but 

some critical conflicts were found. The strains Pontibaca methylaminivorans DSM 21219, Jhaoriella 

thermophila DSM 23413, Pseudodonghicola xiamenensis DSM 18339, Marinibacterium profundimaris 

22II1-22F33T and Rhodobacteraceae bacterium LA6 for example showed a low supported common origin 

in the original tree. However, in the trees with higher aligment lengths these strains showed a serial 

separation into three distinct sister groups with an overall higher support. Moreover, the general support 

of the backbone increased according to the alignment length. Nonetheless, we decided to further analyze 

the phylogenomic tree with the 1% criterion (3 missing). This tree compromised best between an 

alignment length of more than 100.000 positions, backbone support and the initial aim to eliminate gene 

calling or assembly irregularities. The tree was rooted with Rubrimonas cliftonensis DSM 15345, one of the 

earliest roseobacters, as outgroup. We calculated maximum likelihood (ML) bootstrap proportions with 

100 replicates. Since the dimensions of a 306 genome-comprising phylogenomic tree can not be displayed 

within a manuscript, hence a schematic illustration of the tree with collapsed branches is shown in Figure 

9, while the full tree can be viewed in the digital appendix (Supplementary figure 7A). The schematic tree 

shows the reconstruction of the evolutionary relatedness of 306 Rhodobacteraceae. Branches with a ML 

bootstrap value above 75 % were collapsed into subclades, color coded and numbered according to 

Newton et al (2010) and Michael et al (2016). We were able to identify 11 distinct subclades of 

Rhodobacteraceae, nine of them supported by 100 % bootstrap values. Clades 1 to 9 have been named 

historically as from previous publications (Brinkmann et al., 2018; Michael et al., 2016; Newton et al., 2010) 

and other clades have been numbered consecutively. The overall topology of the tree is largely congruent 

with previous phylogenomic analyses (Luo et al., 2012; Luo and Moran, 2014; Newton et al., 2010; Voget 

et al., 2015). However the backbone resolution especially close to clade 3 and clade 6 did not allow 

resolving those two subclades sufficiently. Thalassobius aestuarii and Planktotalea frisia for example were 

both found to be located in clade 6 in a phylogenomic analysis with a taxon sampling comprising roughly 

100 taxa (Brinkmann et al., 2018). In our analysis those two strains were found in two different subclades, 

which were thus named clade 6A and 6B. Clade 6A again interrupts a clade of strains that were previously 

grouped together as clade 3. Hence we named the resulting subclades 3A and 3B. The non-marine 

Rhodobacteraceae strains form the distinct clade 8 that is the sister lineage to the earliest branching 

roseobacters and is therefore different to the findings of  
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Figure 9 Schematic drawing of the phylogenomic tree comprised of 306 Rhodobacteraceae. Phylogenomic species tree of 306 
completely sequenced strains. Bootstrap P-values of maximum likelihood (ML) are shown. Maximum ML support (100%) is 
represented by a black dot, ML support < 40 % is indicated by a black bar. Subtrees with a ML bootstrap of > 75 % are collapsed 
and color coded according to different subclades. Best represented genera are presented for each clade. 
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Simon et al (2017) where the non-marines were nested in between clade 7 and clade 9. The sheer number 

of analyzed genomes allowed the identification of the two new clades 10 and 11 basal to clade 5. Clade 10 

is mostly comprised of Tropicimonas and Pseudoruegeria strains with the sole exception of Oceanicola 

litoreus DSM 29440. Clade 11 consists of several Actibacterium, Confluentimicrobium and Rhodovulum 

strains. 

3.2.2. Flagellar phylogeny of 306 Rhodobacteraceae 

The distribution of flagellar gene clusters (FGC) among the 306 Rhodobacteraceae was investigated and 

compared to the phylogenomic reference tree. The presence of FGCs was correlated with the capacity of 

swimming motility. In order to generate a comprehensible dataset for the phylogenetic analyses all 306 

genomes were screened for the presence of the four universally conserved structural flagellar proteins 

FlhA, FliF, FlgH and FlgI. To enhance the resolution of the analysis the amino acid sequences of these four 

proteins were concatenated to a single sequence of about 1,800 amino acid positions, as they exhibited 

long time co-evolution (Frank et al., 2015a). A strain was assumed to harbor a FGC whenever all four 

proteins were present. In some cases such as Paracoccus aminophilus DSM 8538 the absence of one of the 

proteins was allowed unless the size of the concatenated sequence was below 1,500 amino acids. Out of 

the 306 Rhodobacteraceae genomes, 255 genomes were found to harbor at least one FGC Figure 10. In 29 

genomes even two independent FGCs were identified, elevating the number of analyzed FGCs to 284. The 

remaining 51 genomes featured no or only a few flagellar genes and were therefore eliminated from the 

analysis. The concatenated amino acid sequences of the 284 FGCs were aligned and a maximum likelihood 

tree with 100 bootstrap replicates was calculated accordingly. The full phylogentic tree of the FGC analysis 

can be found in the digital appendix next to the phylogenomic tree (Supplementary figure 7B). The flagellar 

phylogeny unambiguously illustrates the existence of three distinct flagellar systems within 

Rhodobacteraceae with maximum bootstrap support and hence confirms the findings of previous studies 

(Frank, et al. 2015; Michael et al. 2016). The naming of the three distinct FGCs fla1, fla2 and fla3 was 

conducted according to their relative abundance (Frank et al., 2015a). The number and type of FGCs in all 

306 Rhodobacteraceae is illustrated in Figure 10. The most abundant FGC is fla1 with a total of 218 

occurrences. All clades from the phylogenomic analysis were retrieved in the fla1 subtree (Figure 11). The 

branching pattern of clades 1, 2, 3, 4 and 6 is largely in compliance with the branching pattern of the 

phylogenomic species tree. The branching patterns of clades 5 and 7 to 11 differ to those of the species 

tree, but the branching pattern of the backbone is statistically not supported. However, The branching 

pattern of strains within these clades, is congruent with the phylogenomic analysis. Fla1 constitutes the 
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sole FGC in 189 strains and is exclusively encoded on the chromosome. Comparatively long branches have 

been observed for all fla1 FGCs of Paracoccus species and Donghicola eburneus DSM 29127 in clade 8. 

 

Figure 10 Venn diagram of the FGC abundance in 306 Rhodobacteraceae genomes. Abundance of each flagellar gene cluster 
alone and number of strains with two FGCs are shown in the Venn diagram. Fla1, fla2 and fla3 are color coded in blue, green and 
red respectively. FGC encoding replicons are indicated in the respective boxes whereas chr stands for chromosomally encoded 
FGCs. dnaA, repA, repB and ABC denominate the specific replication systems of plasmid encoded FGCs. 

The more divergent FGCs fla2 and fla3 were detected less frequently with 43 and 23 occurrences and the 

branching pattern of the subtrees is incongruent to the reference tree. Furthermore, fla2 and fla3 often 

co-occur with fla1, in 15 and 14 strains, respectively, but are not found in combination with each other. 

Accordingly, no strain in the analysis harbored all three FGCs. The fla2 FGC was found encoded on plasmids 

of dnaA-like, repB and repABC types in 21 strains and fla3 was plasmid encoded only in Octadecabacter 

articus DSM 13987 on a repA-type replicon. 
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Figure 11 Schematic fla1-subtree. Phylogenetic analysis of 218 fla1 type FGCs. Bootstrap values of maximum likelihood (ML) are 
shown. Maximum ML support (100%) is represented by a black dot, ML support < 40 % is left out. Subtrees with a ML bootstrap 
of > 75 % are collapsed and color coded according to different subclades. Best represented genera are presented for each clade. 
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3.2.3. Synchronous evolution of fla1 FGCs and Rhodobacteraceae strains 

The comparison of the schematic trees from the flagellar analysis (Figure 11) and phylogenomic analysis 

(Figure 9) already indicated a synchronous evolution of Rhodobacteraceae and the most abundant fla1 

flagellar gene cluster (FGC) in the previous chapter. In this chapter this hypothesis is exemplary surveyed 

on the basis of 50 strains located in clade 1. Figure 12 shows all clade 1 strains of both the phylogenomic 

tree and the flagellar tree of fla1 as derived from the complete trees comprising 306 completely sequenced  

 

Figure 12 Comparison of clade 1 of the phylogenomic tree and the fla1 flagellar tree. Shown are the strains of clade 1 derived 
from the full analyses of 306 completely sequenced Rhodobacteraceae. In the phylogenomic tree the strains are color coded 
regarding their flagellar gene clusters: black = no FGC; blue = fla1 FGC; green = fla2 FGC. Bootstrap values of maximum likelihood 
(ML) are shown. Maximum ML support (100%) is represented by a black dot, ML support < 40 % is left out. 
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Rhodobacteraceae. To gain a better overview the trees have been spaced according to five well resolved 

subclades (SC1-5) in the phylogenomic tree, which are supported by bootstrap values of >99 %. However, 

Phaeobacter gallaeciensis JL2886 and the seven strains from sister groups to SC5 fell outside of these 

clades, but the overall topology has a high statistical support. Most isolates of a single genus grouped 

together in one subclade with a few exceptions. To pick only one example, SC1 is mostly comprised of 

Phaeobacter strains, but Phaeobacter gallaeciensis ANG1 grouped in SC3 and Phaeobacter galleciensis 

JL2886 stood alone, which clearly shows that a taxonomic reclassification is required for the latter two. 

Clade 1 is fully supported in both analyses by 100 % bootstrap values. In the phylogenomic analysis clade 

1 consists of 50 strains, of which 43 harbor a fla1 FGC. The alignment length of the phylogenomic analysis 

is 123,793 amino acid (AA) positions compared to about 1,800 AA positions in the flagellar analysis. 

Nevertheless the flagellar tree resolved the same overall topology and the same five subclades as the 

phylogenomic analysis, even if the statistical support for SC4 is low. The flagellar evolution of SC4 and SC3 

even precisely reflected that of the organismic evolution illustrated by identical branching patterns. This 

also applied to SC1 and SC5 with a few slight deviations. For example the Phaeobacter piscinae cluster of 

SC1 branched early in the phylogenomic tree and clustered together with the Phaeobacter gallaeciensis 

isolates; while in the flagellar tree P. piscinae formed a moderately supported cluster with P. inhibens (74% 

BP), which derived serially from the P. gallaeciensis cluster. Another exception in the comparison was 

again Phaeobacter gallaeciensis JL2886, which stood alone in the phylogenomic tree and grouped in SC2 

in the fla1 tree. The most basal five fla1 containing strains clustered equally in both trees with the 

exception of Jhaorihella thermophila. Anyhow with a few minor exceptions the organismic evolution was 

very well mirrored in the fla1 flagellar tree. Overall these data suggested a synchronous evolution of 

Rhodobacteraceae and the fla1-type FGC and highlighted the role of fla1 as the primordial and archetypal 

flagellum of the Rhodobacteraceae. 

3.2.4. Horizontal acquisition of the fla2 and fla3 flagella 

In the previous chapter the fla1-type flagellar gene cluster (FGC) was investigated regarding its 

evolutionary relationship towards the organismic evolution and it was found that this relationship 

developed synchronously. Does this also apply to the other two types of FGCs that were identified in the 

flagellar phylogeny? Poggio and colleagues (2007) investigated the evolutionary relationship of the two 

FGCs of Rhodobacter sphaeroides 2.4.1 (fla1 and fla3) and hypothesized a gene transfer of the fla3 FGC 

from a γ-Proteobacterium as donor and Frank et al. (2015) proposed an early operon duplication of the 

fla2-type FGC. These studies were conducted at times where not many complete genomic datasets were 

accessible through the common databases and therefore had a comparably small taxon sampling overall.  
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Figure 13 fla2-type flagellum subtree of flagellar phylogeny. Strains are color coded according to their respective clades as 
determined in the phylogenomic analysis. The location of the FGC is documented in parenthesis after the strain name. Bold black 
writing indicates plasmid replicon types and grey indicates chromosomal location. Strains with additional fla1 FGCs are highlighted 
in grey. Bootstrap values of maximum likelihood (ML) are shown. Maximum ML support (100%) is represented by a black dot, ML 
support < 40 % is left out. 

However the strains of our dataset of 306 completely sequenced Rhodobacteraceae accumulated 43 fla2-

type and 23 fla3-type FGCs and offered the possibility to gain in-depth insight into the evolutionary 

ancestry of those flagellar systems compared to the organismic evolution. On this, Figure 13 shows the 

fla2 FGC subtree from the flagellar phylogeny with strains color coded according to their respective clades 

from the phylogenomic tree. The common origin of all fla2 FGCs was supported by a 100 % bootstrap 

support. Unlike the fla1 tree (Supplementary figure 7B) the clades from the phylogenomic analysis were 
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not mirrored in the fla2 subtree. Instead an inconsistent distribution of the fla2 FGCs was illustrated as 

can also be seen by the sporadically scattered green writing in the phylogenomic tree (Supplementary 

figure 7A). For example the fla2 tree resolved two distinct clusters of common origin of Sulfitobacter fla2 

FGCs with full bootstrap support, while these strains clustered together in the species tree, indicating two 

evolutionary independent lines of fla2 in Sulfitobacter spp. Similarly clade3 species, which are colored in 

red, were found in five distinct clusters in the fla2 tree. Furthermore the genomes of fla2 bearing species 

were screened for plasmid localization of the FGC by using typical roseobacter plasmid replicases as 

identifier (RepA, RepB, RepABC and DnaA-like). This study dealt with many unfinished Illumina genome 

assemblies, which hindered the undoubtful identification of plasmids. To circumvent this difficulty I 

specified FGC-containing contigs as plasmids, whenever a plasmid replication system was found on the 

same contig. All other FGCs were regarded as chromosome-encoded. Surprisingly, 21 of 43 fla2-type FGCs 

were associated to plasmids, among them were 9 DnaA-like, 7 RepABC and 5 RepB plasmids (Figure 10).  

 

Figure 14 fla3-type flagellum subtree of flagellar phylogeny. Strains are color coded according to their respective clades as 
determined in the phylogenomic analysis. The location of the FGC is documented in parenthesis after the strain name. Bold black 
writing indicates plasmid replicon types and grey indicates chromosomal location. Strains with additional fla1 FGCs are highlighted 
in grey. Bootstrap values of maximum likelihood (ML) are shown. Maximum ML support (100%) is represented by a black dot, ML 
support < 40 % is left out. 
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The distinct cluster on top of the phylogenetic fla2 tree exclusively consists of red clade3 strains with 

plasmid encoded FGCs containing five different replication systems.  

The most divergent flagellar gene cluster fla3 could also be pinpointed to a common origin with 100% 

bootstrap support (Figure 14). It was found in 23 strains within the dataset, including nine occurrences as 

sole FGCs and 14 times in combination with fla1. Except from the strains in clade8, the branching pattern 

of the fla3 tree could not be reconciled with that of the phylogenomic analysis. For example, fla3 FGCs of 

red clade3 and green clade4 strains were identified in two independent well-supported clusters each. Most 

fla3 FGCs are chromosomally encoded. The sole exception is the fla3 FGC of Octadecabacter arcticus DSM 

13978, which is encoded on a repB-II replicon. 

3.2.5. Genetic organization of Phaeobacter inhibens DSM 17395 fla1 and 

identification of diagnostic markers. 

In the previous parts of this study I have shown that the fla1-type flagellum is the most abundant and 

archetypal flagellar gene cluster (FGC) among all Rhodobacteraceae by phylogenetic analysis of four large, 

universally conserved flagellar proteins. But a typical FGC is composed of more than 30 genes (Macnab, 

2003) divided into several polycistronic operons, which are tightly regulated. In this chapter I describe the 

genetic organization of the fla1-type FGC exemplified for Phaeobacter inhibens DSM 17395, a well-

characterized model organism of the Roseobacter SFB (TRR51).  

 

Figure 15 Genetic organization of the fla1-type FGC of Phaeobacter inhibens DSM 17395. Genes on the leading strand are 
illustrated as right-hand facing arrows and lagging strand genes are facing left-hand. A) The core genecluster of P. inhibens fla1-
type FGC. Genes belonging to an operon were color coded. The operons were named after the first gene in the reading frame. 
The operon structures were derived from a transcriptomic dataset of P. inhibens using the RockHopper Software. Locations of 
putative binding sites for the universal motility regulator ctrA are indicated by stars. Checkered genes belong to the operon, but 
do not have a function in flagellar assembly B) Three additional flagellar genes belonging to the fla1 system were located upstream 
of the core FGC. 
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The fla1-type FGCs of Marinovum algicola DG898 and Ruegeria sp. TM1040 have previously been 

described by Frank et al. (2015) and Belas et al. (2009), respectively. Beyond the outcome of the former 

studies, operon structures were predicted using transcriptomic gene-expression data of P.inhibens DSM 

17395. Furthermore the genes of P.inhibens fla1 FGC were used as queries in a BLAST analysis comprising 

the whole dataset of 306 Rhodobacteraceae to analyze the fla1 FGC over the whole phylogenetic width 

regarding presence and absence of flagellar proteins in all fla1 representatives. This approach was aimed 

to identify proteins which unambiguously identify fla1 and distinguish it from fla2- and fla3-type FGCs. The 

fla1-type FGC of P. inhibens spans approximately 32 kb on the chromsome and is located in close proximity 

(60 kb) to the chromosomal replicase dnaA. It consists of 36 genes flanked by motB (PGA1_c35560) at the 

start and flgD (PGA1_c35910) at the end. The genetic organization of the FGC is illustrated in Figure 15 

and is largely syntenous to other fla1 FGCs (Belas et al., 2009; Frank et al., 2015a). Using a RNA-sequencing 

dataset of P. inhibens from the exponential phase and the software RockHopper, eight independent 

polycistronic operons within the FGC were predicted, which were color coded and named after the first 

gene in the resulting mRNA (Figure 15). Furthermore, two monocistronic genes, motB and fliI respectively, 

have been identified within the FGC. These operon structures are partly supported by the presence of 

binding sites for the cell cycle response regulator CtrA, which regulates the flagellar motility and cell cycle 

in many Alphaproteobacteria (Francez-Charlot et al., 2015; Zan et al., 2013). The FGC of P. inhibens was 

screened for the presence of the conserved binding motif of CtrA (TTAA-N7-TTAA, Quon et al. 1998) with 

one DNA-residue substitution allowed. In total 10 binding sites were identified within the FGC (Figure 15). 

This suggests that at least the operons flgE, fliF, fliL, flgB, flgJ and fliK as well as the single genes motB and 

fliI are under control of CtrA. However, no CtrA binding site was identified in the flhA operon and the single 

genes upstream of the FGC. The genes of the motor-switch proteins fliM (PGA1_c12720) and fliG 

(PGA1_c18800) were found upstream of the core FGC (Figure 15B) through PSI-BLAST searches with the 

sequences of the well characterized flagellum of the alphaproteobacterium Caulobacter crescentus 

NA1000. The KEGG flagellar assembly reference map reveals that the fla1 FGC of Phaeobacter inhibens 

contains all genes necessary to assemble a functional flagellum, except from fliO and fliD. Apart from that 

the P. inhibens fla1 FGC contains four conserved hypothetical proteins lacking homology to any known 

functions, which were previously identified by Frank et al. (2015) in different fla1-type FGCs including 

Marinovum algicola DG898. The proteins were designated according to their relative position within the 

chromosome of P. inhibens and will hence be referred to as CP1 to CP4 throughout the thesis. CP1 

(PGA1_c23640) was found far upstream of the fla1 FGC (1.2 Mbp) as monocistronic gene, while CP2 

(PGA1_c35660), CP3 (PGA1_c35670) and CP4 (PGA1_c35690) were found within the fliL-operon of the fla1 

FGC. A more detailed analysis of these four proteins will be conducted later in this thesis. An exhaustive 
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BLASTp analysis (Supplementary Table 4) of our 306 Rhodobacteraceae with an e-value cutoff at e-5 

revealed that all four conserved proteins are found in most fla1-type FGCs with a few exceptions. None of 

the fast evolving fla1 Paracoccus species and Donghicola eburneus (Supplementary figure 7B) harbor CP4 

and the other CPs got lost sporadically in a few species. Strikingly, CP2 and CP4 were exclusively found in 

fla1-type FGCs with a few exceptions, while homologs of CP1 and CP3 were also identified in fla2 FGCs, 

albeit with a low conservation reflected by e-values of about e-10. However, CP2 is also present in three 

clade 3-strains with fla2-type FGCs, namely Roseivivax halodurans, Roseivivax atlanticus and Yangia sp. 

CCB-MM3. A closer look into their genomes revealed a residual cluster of fla1 flagellar genes comprising 

of fliP, fliN, fliH, fliF, CP2 and CP3. These genes were also found in closely related, unflagellated Roseivivax 

strains and are probably the remains of an inactivated fla1-type FGC (Supplementary figure 8).  

The BLAST analyses were expanded to fla2 and fla3 FGCs with the FGCs of Marinovum algicola DG898 and 

Rhodobacter sphaeroides 2.4.1 respectively as references in order to identify diagnostic markers for the 

other two FGCs. From this analysis a hypothetical protein (MALG_04541) within the plasmid encoded fla2-

type FGC of Marinovum algicola turned out to be best suitable as diagnostic marker for fla2. It occurred in 

each of the 43 fla2-type FGCs and in none of the fla1 or fla3 FGCs. The fla3 FGC is very divergent from the 

other two FGCs and most proteins could be used for its identification. The filament cap protein FliD 

(COC_RS0108550) might be of peculiar interest, since a functional homolog was neither found in fla1 nor 

fla2 FGCs.  

3.2.6. In-silico characterization and subcellular localization of CP1 to CP4 

Four hypothetical proteins CP1 to CP4 are conserved throughout the majority of fla1 type FGCs. Not much 

is known about their function. In Ruegeria sp. TM1040 immotile transposon mutants of two of the four 

hypothetical proteins have been identified (Belas et al., 2009). It was hypothesized that TM1040_2949 

(CP2) may act as determinant for the positioning of the flagellum due to weak homologies the to 

Caulobacter crescentus NA1000 protein PflI. This protein was reported to be responsible for the polar 

positioning of flagella in Alphaproteobacteria and it was stated to be absent in non-flagellated or 

peritrichously flagellated species (Obuchowski and Jacobs-Wagner, 2008). In transposon mutants of 

putative pflI (CP2) a static but completely assembled flagellum was detected (Belas et al., 2009). 

Furthermore a transposon mutant of a homolog to CP4 from Ruegeria sp. TM1040 (TM1040_2952) was 

investigated in two studies. The first study claimed a loss of flagellar biosynthesis in the mutant and an 

impaired growth stimulation in co-culture with a dinoflagellate (Miller and Belas, 2006), while the second 

study showed a still intact flagellar biosynthesis for this mutant (Belas et al., 2009). Beyond that the 
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function of CP2 and CP4, as well as CP1 and CP3 remains unclear and has to be elucidated. This chapter 

provides a brief description of CP1 to CP4 regarding their genetic neighbourhood, conserved domains and 

subcellular location based on bioinformatic preditions. CP1 (PGA1_c23640) is a monocistronic gene far-off 

upstream (1.2 Mbp) the flagellar superoperon of P. inhibens, which encodes a 591 aa (65.5 kDa) protein 

without any conserved domains other than three copies of a domain of unknown function (DUF1217). 

BLASTp analysis of CP1 allowed no functional classification and subcellular localization prediction with 

MetaLocGramN (Magnus et al., 2012) identified an extracellular localization with a probability of 60 %. 

Indeed CP1 was detected in the extracellular fraction in a holistic proteomics approach of P. inhibens 

(Koßmehl et al., 2013). Based on the position of CP1 within the fla1-type FGC in many other roseobacters, 

e.g. Salipiger mucosus DSM 16094 and Marinovum algicola DG898 (Frank et al., 2015a), a function for 

flagellar biosynthesis or regulation is suggested. The genes of CP2, CP3 and CP4 are grouped together 

within the fliL operon of Phaeobacter inhibens. CP2 is located directly downstream of fliL and upstream of 

CP3. CP3 and CP4 are intermitted by motA (Figure 15). The localization of CP2 to CP4 within the fliL operon 

in almost all fla1-type FGCs suggests a function most likely in motor-associated tasks, since the genes of 

known function of this operon, motA and fliL, are part of the flagellar stator (Macnab, 2003). Neither the 

CP2 nor the CP4 protein exhibits conserved domains or homologies to any functionally known protein in 

BLASTp analyses. More sensitive, PSI-BLAST analysis against the genome of Caulobacter crescentus indeed 

allowed to identify a weak homology of P. inhibens CP2 to pflI as described in Belas et al. (2009) for 

Ruegeria sp. TM1040.  The CP3 protein possesses a conserved MotE domain. MotE is a periplasmic 

chaperone for correct folding and decisive stabilization of MotC, which in turn interacts with the 

periplasmic portion of MotB in Sinorhizobium meliloti (Eggenhofer et al., 2004). However, BLASTp analyses 

could neither identify homologies of CP3 with MotE below the threshold (30 %, 1e-5) nor any MotC 

homolog in P. inhibens, indicating another function for CP3. Subcellular location analyses exposed an N-

terminal Sec-pathway signal peptide (Pred-TAT, Phobius, TMHMM) as well as a putative transmembrane 

sector (TMHMM) for CP3, thus the protein might be secreted to the periplasm and anchored to the inner 

membrane. The subcellular localization analysis of CP2 predicted a membrane bound protein with a 

cytoplasmic N-terminus (TMHMM, Phobius), which was physiologically validated through detection of the 

protein in the inner membrane fraction (Oldenburg, data not shown). CP4 protein harbors a predicted sec-

signal peptide and is therefore most probably periplasmic. 
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03.2.7. Physiological swimming motility tests reveal functionality of all three 

FGCs  

In the first part of the thesis I gathered information about the three flagellar gene clusters of 

Rhodobacteraceae and shed light on the evolution and origin of these FGCs. Here I investigated their 

function. Information on the functionality of the three distinct FGCs was collected through literature 

search and physiological tests of 120 Rhodobacteraceae strains. Parts of this chapter have been published 

in Bartling et al., 2018 “The first world swimming championships of roseobacters − Phylogenomic insights 

into an exceptional motility phenotype” (Bartling et al., 2018) 

Motility of Rhodobacteraceae in the literature 

Through a literature search of species-descriptions of 230 type strains from our dataset I tried to retrieve 

comprehensive information regarding the position of the identified flagella. Supplementary Table 2 

summarizes the results from this analysis. According to the species descriptions 88 of 230 strains were 

motile by means of flagella under the tested conditions, while 148 strains remained immotile. In four 

studies, unclear statements regarding the motility were made. In total, 145 fla1-, 22 fla2- and 5 fla3-strain 

descriptions, were analyzed. Additionally strain descriptions for fla1 and fla2 (14) as well as fla1 and fla3 

(9) harboring strains were investigated. 35 of the strains were non-flagellated at genome level. Regardless 

of the flagellar localization at least one flagellated representative was described for all types (fla1, fla2, 

fla3) and all combinations of FGCs, indicating functionality of all three FGCs of Rhodobacteraceae.  
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Figure 16 Pie charts reflecting the localization of flagella in fla1 and fla2 strains according to species descriptions. “Motile 
(other)” includes, peritrichous flagellation, no statement regarding the localization of the flagellum or tumbling. “Unclear 
statement” resembles statements such as “daughter cells may be motile”. 

A closer look onto the fla1-FGC-type strains revealed a monopolar flagellation for the majority (36/54) of 

the flagellated strains (Figure 16). However, subpolar flagella were identified in Roseobacter denitrificans, 

Roseobacter litoralis and Roseivivax roseus (Shiba, 1991; Zhang et al., 2014) and peritrichous flagellation 

was described in Tropicimonas isoalkanivorans (Harwati et al., 2009b), Tropicibacter napthalenivorans 

(Harwati et al., 2009a) and Ruegeria arenilitoris (Park and Yoon, 2012). In contrast the majority of 

flagellated fla2-type (7/10) strains harbor a subpolar flagellum. Though, polar flagella were described in 

Thalassobius maritimus (Park et al., 2011) and Sulfitobacter litoralis (Park et al., 2007). Only two species 

descriptions of fla3-type FGC strains contained information on flagellar localization. Thus, 

Planktomarina temperata assembled a monopolar flagellum (Giebel et al., 2013) and 

Thalassobius gelantinovorans was flagellated peritrichously (Rüger and Höfle, 1992). 

Physiological tests 

I investigated the capacity of swimming motility of genome-sequenced marine Rhodobacteraceae on soft 

agar plates. Based on an initial set of about 150 strains, which were obtained from the German Collection 

of Microorganisms and Cell Cultures (DSMZ), the final taxon sampling was limited to 120 well-growing 

strains that could be tested under comparable conditions at 28°C. All but six of them represent type strains 

that reflect the organismal diversity of the Roseobacter group (Michael et al., 2016; Simon et al., 2017). 
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The selected bacteria cover the phylogenetic depth of Rhodobacteraceae, which are divided into eleven 

distinct clades as shown in the species tree (Supplementary figure 7). A comprehensive list of all tested 

strains can be found in Supplementary Table 2 and pictures of the motility assay plates are shown in 

Supplementary figure 9. About half of the strains (56/120) were motile under the tested conditions and 

49 of them exhibited the characteristic swimming zone after two to nine days of incubation 

(Supplementary figure 9). Swimming motility is widely distributed among roseobacters, but the respective 

capacity has yet not been observed in strains belonging to clade 5 and clade 8. Seven strains showed a 

locally restricted movement on soft agar plates corresponding to a completely different motility type. It is 

associated with a characteristic dendritic morphology that has earlier been reported for Pseudodongicola 

xiamenensis DSM 18339 (Michael et al., 2016). 

Swimming motility of bacteria essentially depends on the presence of a flagellum and three different FGCs, 

which are designated fla1, fla2 and fla3, have been identified in Rhodobacteraceae (Frank et al., 2015a). 

The absence of any flagellar system in 14 of the 120 tested strains correlates with the lack of this capacity 

(Supplementary Table 2, Supplementary figure 9). However, the presence of one or even two FGCs does 

not necessarily allow predictions about the ability to swim on agar plates under laboratory conditions, 

which was exemplified by 48 immotile strains with FGCs including the model organism Dinoroseobacter 

shibae DSM 16493 (fla1), Sulfitobacter litoralis DSM 17584 (fla2), Sulfitobacter delicatus DSM 16477 (fla1, 

fla2) and Defluvimonas indica DSM 26270 (fla1, fla3). The most abundant fla1-type flagellum enables 

swimming of well investigated roseobacters belonging to clade 1 such as Silicibacter sp. TM1040 and 

Phaeobacter inhibens DSM 17395 (Belas et al., 2009; Frank et al., 2015b). Furthermore, single fla2- or fla3-

type FGCs are also sufficient for swimming motility as shown for Loktanella pyoseonensis DSM 21424 

(clade 4) and Thalossobius gelatinovorans DSM 5887 (clade 3), respectively. Our standardized assay 

allowed to compare the speed of swimming motility of the 120 tested Rhodobacteraceae on soft agar 

plates. The scoring of “the first world swimming championships of roseobacters” was restricted (i) to the 

typical swimming phenotype and (ii) to strains with a single FGC to distinguish between the three flagellar 

types. The fastest swimmer of 74 tested fla1 strains was Tropicibacter multivorans DSM 26470 reaching 

two thirds of the soft agar plate after two days of incubation (Figure 17).  
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Figure 17 Comparison of the fastest swimmers on soft agar plates harboring as solitary fla1-, fla2- or fla3-type flagellum. 

The winner of the fla2-category with 17 strains Yangia pacifica DSM 26894 was much slower and needed 

six days for half of the distance to the border of the agar plate. Finally, the Olympic spirit counted for 

Thalassobius gelatinovorans DSM 5887, the only tested fla3 strain that required nine days to form a small 

swimming zone spanning a quarter of the total distance. 

3.2.8. Dendritic motility 

The dendritic motility phenotype has been observed in seven of the 120 investigated Rhodobacteraceae 

(Figure 18). Based on the liquid culture spotted in the midst of the soft agar plate, two to ten discrete 

dendrite arms are reproducibly formed after two days of incubation. Horizontal migration of the dendrites 

generally starts from the central spot, whereas a branching or formation of secondary  



56 
 

 

Figure 18 Dendritic motility of seven Rhodobacteraceae. The strains were incubated on 0.3% soft agar for two to three days. 

dendrites has not been observed. This pattern might reflect a regulatory or genetic heterogeneity of the 

respective cultures that allows single starter cells to migrate. The motile bacteria etched a noticeable 

trench into the agar, which remained liquid filled after the full dendrites have formed. The striking motility 

phenotype occurs sporadically in about 5% of the tested Rhodobacteraceae and it has been found in five 

distantly related phylogenetic lineages i.e. in clade 1, 2, 3, 7 and 8. Its clustered occurrence in three of the 

five tested type strains of the genus Celeribacter is indicative of the heredity of this trait (Fig. 1). It is 

noteworthy that C. neptunius DSM 26471 and C. baekdonensis DSM 27375, which both have a well-

supported nested phylogenetic position within the genus Celeribacter (all branches are supported by 100% 

BP), showed the typical swimming motility. This phenotype is in agreement with the presence of a solitary 

fla1-type FGC, but this flagellar system is found in all five Celeribacter strains thus raising the question 
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about its requirement for dendritic motility. Further reasonable doubts arose by the genetic equipment of 

Pseudodonghicola xiamenensis DSM 18339 that comprises a solitary fla2-type FGC, but exhibits the 

probably most striking dendritic phenotype (Fig. 3). The final proof that flagella are not required for 

dendritic motility was provided by our nonbiased strain selection, which included 14 genome-sequenced 

type strains that are lacking any genes for the formation of a flagellum (Supplementary Table 2). Two of 

them, these are Sulfitobacter pseudonitzschiae DSM 26824 (clade 2) and Roseovarius pacificus DSM 29589 

(clade 3), are motile and form characteristic dendrites irrespectively of the missing swimming machinery 

(Figure 18). 

3.2.9. The genetic basis of dendritic motility 

The availability of draft genomes from all 120 Rhodobacteraceae strains investigated in the current study 

allowed us to use comparative genomics as a tool to gain insight into the basis of dendritic motility. The 

approach based on the underlying assumption that the genetic foundation of this striking phenotype is 

represented by a shared set of genes in all dendritic strains. Therefore, I was looking for conserved genes 

present in the genomes of these seven strains and absent in the genomes of the 113 remaining non-

dendritic ones. Unfortunately, this analysis did not yield any candidate genes. I hence concluded that (i) 

the phenotype originated either independently and is caused by different genes at least in some species 

or (ii) that some non- dendritic strains from our study harbor the genes, but did not show the phenotype 

under the tested conditions. Consequently, we used less stringent criteria and searched for genes that are 

present in at least five of the seven dendritic strains and that are absent in more than 75 % of the 113 

negative strains. This analysis resulted in the identification of 35 genes, of which 23 can be grouped into 

seven distinct clusters based on their positional neighborhood in some genomes (Supplementary Table 5). 

They contain e.g. genes for the de novo synthesis of ribonucleotides (cluster 1), the formation of the 

cytochrome bo terminal oxidase complex (cluster 3) and a glutathione/cysteine ABC-transporter required 

for cytochrome bd biosynthesis (cluster 7). However, only a single gene encoding a Fis family 

transcriptional regulator from cluster 5 is present in all seven strains and none of the candidate genes is 

exclusively found in dendritic strains. The identified genes are also present in 4 to 28 genomes of non-

dendritic strains. This finding indicates additional functions aside from dendritic motility and supports the 

prediction that additional strains might also show this phenotype under different test conditions. 

Nevertheless, there is one cluster comprised of three genes that is of particular interest. Cluster 2 is 

present in five of the seven dendritic strains, with the exception of Celeribacter marinus and Paracoccus 

homiensis (Table 5,Supplementary Table 5). 
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Table 5 Candidate genes for dendritic motility predicted via comparative genomics. Accession numbers and locus tags are shown. 

Candidate Gene Gene 
Sulfitobacter 

pseudonitzschiae 
Roseovarius 

pacificus 
Celeribacter 

indicus 
Celeribacter 
halophilus 

Pseudodonghicola 
xiamenensis 

Celeribacter 
marinus 

Paracoccus 
homiensis 

#/7 in 
 positives 

#/113 in 
negatives 

Cluster 2  NZ_JAMD01000005  NZ_FRBR01000022  NZ_CP004393.1  NZ_FORY01000004  NZ_KE386893.1      
adhesin transport system/ TolC  SUH3_19785 BUB53_RS20460 P73_4140 BM152_RS04765 G455_RS0122235 - - 5 5 
outer membrane protein insertion porin family  SUH3_19800 BUB53_RS20470 P73_4137 BM152_RS04780 G455_RS0122270 - - 5 4 
multi-sensor_hybrid_histidine_kinase  SUH3_19815 BUB53_RS20455 P73_4132 BM152_RS04800 - - - 4 5 
LuxR family transcriptional regulator  SUH3_19810 BUB53_RS20460 P73_4133 BM152_RS04795 G455_RS0119180 - - 5 12 
           

Cluster 8  NZ_JAMD01000004   NZ_CP004393.1  NZ_FORY01000004  NZ_KE386893.1      
type II and III secretion system protein cpaC SUH3_17295 - P73_4120 BM152_RS04860 G455_RS0122250 - - 4 1 

hypothetical_protein cpaD SUH3_17300 - P73_4121 BM152_RS04855 G455_RS0122255 - - 4 1 
Flp_pilus_assembly_protein_TadB tadB SUH3_17315 - P73_4124 BM152_RS04840 G455_RS25290 - - 4 9 
hypothetical_protein tadC SUH3_17330 - P73_4127 BM152_RS04825 G455_RS0122265 - - 4 6 
tetratricopeptide repeat protein tadD SUH3_17335 - P73_4128 BM152_RS04820 G455_RS0122275 - - 4 1 
           

https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000005.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169901
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_KE386893.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_KE386893.1
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Two of the genes in this cluster are involved in outer membrane processes and adhesion secretion. They 

encode a porin family outer membrane assembly factor (see e.g. P73_4137) and an adhesion transport 

system (TolC; P73_4140). The third gene represents a LuxR-type transcriptional regulator (P73_4133). 

Remarkably, these three genes also exhibit the lowest abundance in non-dendritic strains, with counts of 

4, 5 and 12, respectively (Supplementary Table 5). A BLASTP search with the Celeribacter indicus outer 

membrane protein (P73_4137) revealed the presence of orthologous assembly factors also in Celeribacter 

baekdonensis (WP_009573160), Sulfitobacter dubius (WP_093928972), Roseivivax isoporae 

(WP_084615355) and Ruegeria mobilis (WP_065317496). A closer look at the motility plates of C. 

baekdonensis (clade 7) and R. isoporae (clade 3B) showed some denser areas in the characteristic 

swimming zone that might represent a residual capacity of dendritic motility (Supplementary figure 9). In 

order to identify further candidate genes we performed another genome comparison focused on the five 

dendritic strains containing the three genes of cluster 2. Accordingly, we excluded C. marinus and P. 

homiensis from this analysis and adjusted our search criteria to genes that are present in four of the 

remaining five dendritic strains and that are absent in more than 90 % of the negative strains. This more 

stringent analysis allowed to identify 17 candidate genes including the TolC adhesin and the outer 

membrane assembly factor from cluster 2 (Supplementary Table 6). The LuxR-type regulator could not be 

identified due to the 90% criterion, but the comparison revealed a multi-sensor hybrid histidine kinase 

(P73_4132) that is associated with cluster 2 in four of the five dendritic strains (Supplementary Table 6). 

Nine of the 17 candidate genes are unclustered and their annotations provide no specific hint for an 

involvement in bacterial motility. However, among the identified candidate genes a remarkable number 

of five pilus-related biosynthesis genes that group together and form cluster 8 were found in four dendritic 

strains (Supplementary Table 6). CpaC, cpaD, tadB, tadC and tadD are required for the formation of type 

IVb tight adherence (Tad) pili (Tomich et al., 2007), which are essential for the host-colonization and 

predation of Bifidobacterium breve, Bdellovibrio bacteriovous and Vibrio vulnificus (Avidan et al., 2017; 

O’Connell Motherway et al., 2011; Pu et al., 2018). The complete set is present in S. pseudonitzschiae, C. 

indicus, C. halophilus and P. xiamenensis, but missing in the draft genome of R. pacificus (Table 2). The 

pilus genes exhibit a conspicuous specificity as exemplified by cpaC, cpaD and tadD that were only 

identified in one strain apart from the four dendritic strains, namely Celeribacter baekdonensis. In S. 

pseudonitzschiae (SUH3_17295 to SUH3_17335) and both Celeribacter strains (P73_4120 to P73_4128; 

BM152_RS04820 to BM152_RS04860) the five genes are located in a structurally absolutely conserved 

operon that contains eleven pilus-related genes (Figure 19). This operon structure largely differs from the 

gene cluster of P. xiamenensis, where the five detected genes are differently arranged. However, a BLASTn 

comparison of the three conserved 11-kb operons revealed only a comparably low degree of nucleotide 
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sequence conservation limited to some of the proteins, which reflects a comparably long evolutionary 

distance to the common ancestor of this Tad pilus module.  

 

Figure 19 Comparison of structurally conserved pilus gene clusters from Rhodobacteraceae. Genes for type IVb tight adherence 
(tad) pili and their assembly (cpa) are shown in ocher and blue, respectively. The pilus assembly gene pilA is highlighted in green. 

Finally, in the genomes of C. indicus (P73_4120 - P73_4140), C. halophilus (BM152_RS04765 - 

BM152_RS04860) and P. xiamenensis (G455_RS25285 - G455_RS25290) the pilus specific genes of cluster 

8 are neighboring the initially identified genes from cluster 2 (Table 5). Both clusters comprise up to 20 

genes that might be sufficient to assemble a functional pilus. In Sulfitobacter pseudonitzschiae all genes 

are present, but the two clusters are unrelated. 
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3.3. Motility Screening of Phaeobacter inhibens DSM 17395 transposon 

mutants 

3.3.1. Establishment of working mutants 

In order to determine the genes essentially contributing to the flagellar motility of fla1 flagellar gene 

clusters (FGC) I made use of the prior established transposon mutant library of 

Phaeobacter inhibens DSM 17395 (compare chapter 3.1). In comparison to other Rhodobacteraceae, P. 

inhibens harbors a complete fla1 FGC as sole source for its flagellar motility and its motility could be easily 

observed on marine broth medium with 0.3 % agar concentration, whereas the second well-established 

Roseobacter model organism, Dinoroseobacter shibae, remained immotile under these conditions (Figure 

20). 

 

Therefore all 4954 initially established transposon mutants of P. inhibens were screened on large soft agar 

plates. Half concentration of marine broth (0.5 MB) substituted with 120 µg/ml was used to slow down 

growth and keep up selective pressure. Plates were incubated for two days and then checked for immotile 

mutants. Figure 21 exemplifies the outcome of the motility screening using a picture of plate 35 after two 

days of incubation. A set of reference mutants and controls was established. An intergenic transposon 

mutant (Tm#23) with transposon insertion between PGA1_c05250 and PGA1_c05260 was used as motility 

reference in each of the four corners of the test plate (blue boxes). Furthermore a sequencing positive 

Figure 20 Motility Assay of Phaeobacter inhibens DSM 17395 and Dinoroseobacter shibae DSM 16493. 3 µl of an exponential culture 
were spotted into the middle of a marine broth soft agar plate (0.3%) and incubated at 28°C for 5 days 
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control (Tm#304) and negative control (medium) were set up (red boxes). Out of the 94 transposon 

mutants on plate 35 only the three mutants Tm#3361, Tm#3370 and Tm#3398 were regarded as immotile. 

Mutants with eased motility were considered motile and were therefore excluded from further analyses. 

Sequencing of arbitrary PCR products revealed transposon insertion in the genes of motB (PGA1_c35560), 

flhA (PGA1_c35710) and a hypothetical protein (PGA1_c35630) within the flagellar gene cluster, 

respectively. The two eye-catching white mutants were affected in the tda biosynthesis genecluster 

located on the 262 kb chromid of Phaeobacter inhibens, but were not further investigated here. 

 

Figure 21 Phaeobacter inhibens Motility Screening of plate 35 with transposon mutants Tm#3346 -3439. 94 
transposon mutants were spotted on 0.5 MB soft agar plates with kanamycin and icubated for 2 days at 28°C. 
Blue boxes show the motility control mutant Tm#23, red boxes show sequencing positive control Tm#304 
and negative control. Green boxes indicate nonmotile transposon mutants. 



  Results 
 

63 
 

Analogous screening of all plates resulted initially in the accumulation of 98 non-motile Phaeobacter 

inhibens transposon mutants. Reassessment of motility on a fresh plate was carried out to exclude false 

positives due to local agar concentration differences on the large soft agar plate and reduced the set to 59 

mutants. After calculating that only 44.6 % of all P. inhibens genes were disrupted by the transposon 

mutagenesis approach I decided to establish and screen another 8000 mutants, keeping only the non-

motile mutants. These additional mutants raised the total set to 158 non-motile transposon mutants with 

known insertion sites. A comprehensive list of all non-motile mutants with known transposon insertions 

can be found in the appendix (Supplementary Table 3). A working set of transposon mutants was defined 

according to two criteria.  

1. Flagellar gene cluster:  One transposon mutant per gene. 

2. Other genes: At least two independent, immotile mutants. 

The first criterion was fulfilled by 29 of the 36 genes of the 32 kb fla1 FGC. Multiple immotile transposon 

mutants were obtained for these genes, including the three conserved hypothetical proteins CP2, CP3 and 

CP4 within the core genecluster (Figure 22). Also a mutant of the flagellar biosynthesis repressor gene flbT 

was acquired from the initially established transposon library. Although the phenotype of ΔflbT 

(Supplementary figure 10) is motile, the mutant was kept within the set, because it is part of the FGC. 

Furthermore, the flgD mutant exhibited motility after prolonged periods of incubation (Supplementary 

figure 11). No mutants were generated for the genes fliN (PGA1_c35620), fliL (PGA1_c35650), flgA 

(PGA1_c35770), flgB (PGA1_c35830), flgJ (PGA1_c35890) and PGA1_c35740. In addition the transposon 

insertions of the flagellar motor switch fliG and the gene for the conserved hypothetical protein CP1 

upstream of the FGC lead to immotile phenotypes. These genes were regarded as parts of the FGC, 

independent of their upstream location, due to the fact that they are found within fla1 FGCs in other 

strains. A list of all FGC mutants from the working set is presented in   

Figure 22 Transposon mutants of P. inhibens flagellar genecluster. The schematic representation of the fla1-type FGC including 
upstream genes fliG and CP1 indicates available transposon mutants by green arrows. No mutants were generated for the genes 
displayed by red arrows. 
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Table 6. Pictures of motility assays of all FGC mutants are shown in Supplementary figure 10. 

 

 

 

The second criterion was satisfied by only a small number of diverse genes. Immotile phenotypes were 

observed in transposon mutants of the genes ctrA (PGA1_c14360), cckA (PGA1_c15240) and chpT 

(PGA1_c15530), the three crucial genes of the CtrA-phosphorelay. More than two immotile mutants 

(Supplementary figure 12) were furthermore isolated of the genes algC (PGA1_c24340), ntrX 

(PGA1_c14810) and chvG (PGA1_c01160). The working mutants of the genes lying outside of the FGC are 

shown in Table 7. All other mutants, except from the CtrA-phosphorelay mutants (ctrA, cckA, chpT) and a 

conspicuous phenotype found in Tm#4491 (PGA1_c08510) and Tm#4436 (PGA1_c14260), are not further 

analyzed in this thesis.  

 

  



  Results 
 

65 
 

Table 6 List of 32 selected P. inhibens DSM 17395 working mutants from the flagellar gene cluster. One immotile transposon 
mutant of each mutated gene of the fla1-type flagellar system was selected out of the pool of independent mutants. The exact 
insertion site was validated by PCR and sequencing of PCR products. *The phenotype of flbT on ½ MB motility agar is motile. 

Flagellar gene cluster mutants        
 

Tm # product gene locus tag Seq # insertion  Ind. 

mutants 

3290 flagellar motor switch protein FliG fliG PGA1_c18800 4237 1952268+ 3 

1440 hypothetical protein CP1 PGA1_c23640 2985 2466771+ 2 
3361 chemotaxis protein MotB motB PGA1_c35560 2908 3728713+ 4 

782 flagellar hook protein FlgE flgE PGA1_c35570 3603 3729860+ 10 
4443 flagellar hook protein FlgK flgK PGA1_c35580 2909 3731763+ 3 

2118 flagellar hook protein FlgL flgL PGA1_c35590 2901 3732047+ 3 
3592 flagellar P-ring protein FlgI flgI PGA1_c35600 2910 3733226- 6 

4518 flagellar biosynthesis protein FliP fliP PGA1_c35610 2977 3735138+ 1 

3398 ABC transporter ATP-binding protein fliH PGA1_c35630 3606 3734959- 1 

3068 flagellar M-ring protein FliF fliF PGA1_c35640 3604 3737238+ 8 

1631 hypothetical protein CP2 PGA1_c35660 2978 3738902- 3 

1034 hypothetical protein CP3 PGA1_c35670 3605 3738994- 2 
5031 flagellar motor protein MotA motA PGA1_c35680 4238 3740309+ 1 

2607 hypothetical protein CP4 PGA1_c35690 2902 3742556+ 6 
4426 lytic transglycosylase sltF PGA1_c35700 3607 3743264- 1 

710 flagellar biosynthesis protein FlhA flhA PGA1_c35710 2979 3745734- 5 

4759 flagellar biosynthesis protein FliR fliR PGA1_c35720 4240 3746302+ 3 
4441 flagellar biosynthesis protein FlhB flhB PGA1_c35730 2912 3747729- 2 

2884 flagellar basal body-associated protein FliL fliL PGA1_c35750 2980 3748834- 4 

743 flagellar L-ring protein FlgH flgH PGA1_c35760 2981 3749152- 1 

3456 flagellar basal body rod protein FlgG flgG PGA1_c35780 2913 3750674- 6 

2665 flagellar basal body rod protein FlgF flgF PGA1_c35790 2903 3751256- 2 

4452 flagellar biosynthesis protein FliQ fliQ PGA1_c35800 2914 3751630+ 2 

1897 flagellar hook-basal body protein FliE fliE PGA1_c35810 2904 3751893+ 2 

4472 flagellar basal body rod protein FlgC flgC PGA1_c35820 2915 3752253+ 1 

1597 ATP synthase fliI PGA1_c35840 2905 3753928- 1 
2437* flagellar biosynthesis repressor FlbT flbT PGA1_c35850 2982 3755272+ 1 

3775 flagellar biosynthesis regulatory protein FlaF flaF PGA1_c35860 2983 3755769+ 4 

4458 flagellin fliC PGA1_c35870 3608 3756862- 2 
3876 FlgN-like protein flgN PGA1_c35880 2907 3757350- 3 

3948 flagellar hook-length control protein fliK PGA1_c35900 2906 3758574- 3 

4473 flagellar basal body rod modification protein flgD PGA1_c35910 2916 3759992+ 1 
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Table 7 List of immotile P. inhibens DSM 17395 transposon mutants located outside of the fla1-type genecluster 

Other genes        
 

Tm # product gene locus tag Seq# insertion site independent 

mutants 

4974 sensor protein ChvG chvG PGA1_c01160 4239 110670+ 6 
4436 peptidase M50 rseP PGA1_c14260 2900 1481491+ 3 
4407 cell cycle response regulator ctrA PGA1_c14360 2891 1490614- 3 

4516 nitrogen assimilation regulatory protein NtrX ntrX PGA1_c14810 2897 1536811+ 11 

4437 two-component system response regulator cckA PGA1_c15240 2895 1588155+ 5 
4380 Uncharacterized protein conserved in bacteria chpT PGA1_c15530 2887 1616227- 3 

4548 Phosphomannomutase AlgC algC PGA1_c24340 2898 2539880- 3 

4491 RNA polymerase sigma factor ECF ecf PGA1_c08510 2899 879262+ 2 

       

 

 

3.3.2. Validation of transposon insertions 

Phaeobacter inhibens DSM 17395 is able to form strong biofilms, especially in high cell density cultures, 

such as colonies on an agar plate (Frank et al., 2015b). It was reported that the so called rosette structures 

are shaped by individual cells moving towards each other and coupling their cells poles through a N-

acetylglucosamine-containing polysaccharide (Segev et al., 2015). This biofilm formation capacity and the 

observation that rosettes are not formed by cell division may lead to composite colonies containing 

wildtype- or independent mutants. Additionally the EZ-Tn5 transposon utilizes kanamycin as selective 

marker. Kanamycin diffuses through the gram-negative membrane and inhibits the protein biosynthesis 

through binding of the 30S-subunit of the bacterial ribosome. And yet there is a strong influence on bio-

availability depending on the salt-concentration in the medium, so that high doses of kanamycin are 

required to inhibit growth of P. inhibens on half strength MB (Piekarski et al., 2009). Furthermore, the 

Sanger sequencing of arbitrary PCR products sometimes yielded ambiguous PCR signals. In these cases the 

exact determination of the transposon insertion failed. These circumstances document the need for a 

careful validation of the mutants. Therefore, I decided to passage the working mutants on fresh ½ MB agar 

plates with 120 µg/ml kanamycin three times consecutively to remove any residual cells, which might 

overgrow the culture under non-selective conditions. After this procedure, mutants were cultured in MB 

liquid medium without selective pressure and genomic DNA was isolated. A PCR reaction with gene-

specific primers flanking the putative insertion site of the transposon, as determined by arbitrary PCR, was 
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performed with the isolated DNA as template. The outcome of the PCR shift assay is exemplified with the 

mutants CP1 to CP4 in Figure 23.  

 

Figure 23 Agarose gel electrophoresis on 1% gel of PCR shift assay of transposon mutants CP1 to CP4. Genomic DNA of FGC 
transposon mutants was isolated and PCR with specific primers, flanking the putative insertion site, was conducted. Each gel 
shows the shift of one FGC mutant, with mutant template in the first lane and wildtype DNA template in the second lane. The 
exact insertion site of the transposon is indicated on bottom, as determined by sequencing PCR products 

The PCR shift assay clearly showed the absence of a wildtype sized PCR product in CP1 to CP4. Thus the 

mutants were free from residual Phaeobacter wildtype cells or other transposon mutants. Furthermore, 

the presence of the EZ-Tn5 transposon was demonstrated unequivocally by a 2001 bp size shift compared 

to the respective band of the wildtype, documenting that the transposon indeed disrupted the gene 

determined by arbitrary PCR. The PCR products were purified and again sequenced with the internal 

transposon primer P812. This allowed the identification of the exact insertion site of the transposon and 

the mutants have been completely validated. The thorough authenticity check was successful for all 32 

transposon mutants of the flagellar gene cluster (Supplementary figure 13) and the seven other genes 

(Supplementary figure 14).  

3.3.3. Genetic complementation validates the essentiality of CP1 to CP4 for fla1-

type flagellar motility 

The authentic transposon mutants of CP1 to CP4 were inoculated on marine broth soft agar plates after 

complete validation and were incubated for three days. None of the four mutant strains was able to swim. 

To exclude polar effects, which might influence the expression of downstream genes, vector constructs 

for genetic complementation have been constructed. To complement CP1, the full length gene 

(PGA1_c23640) and the intergenic region upstream were amplified and ligated into the broad host-range 

vector pBBR1-MCS5, containing a gentamicin resistance gene (Kovach et al., 1995). The resulting construct 
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was named CP1-pBBR1-MCS5. CP2 and CP3 are in the midst of the fliL operon. Therefore the complete 

open reading frames were amplified and fused with the constitutive gentamicin promotor prior to cloning 

into pBBR1-MCS5, which yielded the overexpression constructs Gm::CP2-pBBR1-MCS5 and Gm::CP3-

pBBR1-MCS5. CP4 however is the last gene of the fliL operon and hence a 5329 bp insert of the full operon 

including the promotor region of fliL was cloned resulting in construct comp1-pBBR1-MCS5. That way 

expression of CP4 under the control of the natural promotor was achieved. For additional information on 

the construction of the complementation constructs see 2.2.4., Supplementary Table 1 for the primers 

used in the process and Supplementary figure 15-6 for the resulting vector maps.  

 

Figure 24 Motility Assays of complemented transposon mutants of CP1 to CP4. Marine broth soft agar plates (0.3% Agar) with 
P. inhibens wildtype, transposon mutants of CP1-CP4, transformands of the transposon with constructs CP1-pBBR1-MCS5, 
Gm::CP2-pBBR1-MCS5, Gm::CP3-pBBR1-MCS5 and comp2-pBBR1-MCS5 and transposon mutants transformed with empty pBBR1-
MCS5 were incubated for 3 days at 28°C. 

The constructs and an empty pBBR1-MCS5 control were transformed into competent cells of the 

respective transposon mutants via electroporation (2.1.2.) and plated on 0.5 MB with 40 µg/ml gentamicin 

and 120 µg/ml kanamycin. Motility was completely restored in transformand-colonies with 

complementation constructs, while transformands containing the empty vector remained non-motile 
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after three days of incubation (Figure 24). Hence, the causative mutation for the motility phenotype in all 

four mutant strains was derived from the gene disruption through the transposon insertion into CP1 

to CP4. CP1 to CP4 are directly involved into the flagellar motility of Phaeobacter inhibens. The motility of 

CP2 and CP3 was also restored after transformation of the fliL-operon comprising construct comp1-pBBR1-

MCS5 (data not shown). 
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3.3.4. CP1 and CP4 mutants assemble a complete but static flagellum 

In the previous chapter the genes of CP1, CP2, CP3 and CP4 were shown to be essential for swimming 

motility of Phaeobacter inhibens DSM 17395. But the function of the proteins remains unclear. To answer 

the question, whether the transposon mutants of these genes still synthesize a flagellum, is a first step to 

unravel the function of the proteins. The flagellar assembly is a tightly regulated process with several 

feedback checkpoints, which is well characterized in e.g. Salmonella typhimurium (1.3.). We conducted a 

novel approach to identify secreted flagellar proteins in culture supernatant from Phaeobacter inhibens, a 

set of reference mutants and CP1 to CP4 by mass spectrometry in order to obtain inference on the function 

of the conserved proteins. In Salmonella typhimurium the pattern of secreted flagella proteins changed in 

flagella mutants according to the function of the mutated gene (Komoriya et al., 1999).  

 

Figure 25 Secreted flagellar proteins of Phaeobacter inhibens and comparison to Salmonella typhimurium. The secreted 
flagellar proteins of Phaeobacter inhibens as determined by our novel exoproteomics approach (red boxes) compared to the 
flagellar secretome of S. typhimurium (Komoriya et al., 1999).  

While a mutant of the motor protein MotB expressed and secreted the proteins of a functional but static 

flagellum, the secretion pattern of an “early” mutant changed dramatically up to complete termination of 

secretion. Furthermore FliC is only secreted when all other components were successfully assembled into 

a filamentless flagellum and its detection is therefore the ultimate proof of a thoroughly assembled export 

apparatus (Komoriya et al., 1999). Firstly, we determined the secreted flagellar proteins of P. inhibens DSM 

17395 and the presumably flagellated transposon mutant of motB in three biological replicates as 

reference. Constitutively, highly secreted hemolysin-like proteins served as internal standard 
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(Supplementary Table 7). However, we mainly focused on qualitative presence or absence of proteins 

rather than quantification of secreted protein amounts. The detected flagellar protein secretion pattern 

of P. inhibens (Figure 25, Supplementary Table 7) comprises P- and L-ring (FlgI and FlgH) proteins, the distal 

rod protein (FlgG), as well as the proteins of the hook (FlgE), hook-junction (FlgK) and hook-length control 

(FliK). By far the strongest signal was detected for flagellin (FliC). The pattern of transposon mutant strain 

motB additionally covers the proximal rod protein (FlgF) and the basal body protein (FliE). The latter was 

not detected in any other strain. In comparison to Salmonella as published by Komoriya et al. (1999) the 

pattern of Phaeobacter secreted flagellar proteins varies in detection of various proteins, while others 

were not detected (Figure 25, Supplementary Table 7). In each Salmonella and Phaeobacter secretion 

experiments only one of the three proteins comprising the proximal rod body, FlgC and FliE respectively, 

was detected. The flagellar hook junction protein FlgL, which was found in the extracellular fraction (Lars 

Wöhlbrandt, unpublished) was only detected in single replicates of P. inhibens wildtype and ∆motB 

mutants in our experimental setup and it was therefore excluded from further analyses, while it was 

constantly found in Salmonella.  

 

Figure 26 Presence and absence matrix of flagellar proteins detected in the exoproteome analysis. Each tested strain is 
displayed in an individual column. A ∆ indicated the respective transposon mutant and Wt denotes Phaeobacter inhibens DSM 
17395. The detected proteins are listed in individual rows and presence (green box) or absence (red box) in the supernatants is 
displayed. Strains were sorted by a clustering algorithm comparing the secretion patterns. 

Other proteins found in Phaeobacter, but not in Salmonella were FlgH, FlgI and FliK and vice versa the hook 

cap protein FlgD and not surprisngly the Filament cap FliD, since no homolog protein was found in 

Phaeobacter. We also defined a transposon mutant reference set including mutants of ctrA, fliI and fliK 

representing each class of flagellar assembly with the exception of the class IV protein (FliC) and the 

mutant of flgH, a protein secreted independently from the flagellar secretion apparatus via the SecII-
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Pathway (Cohen and Hughes, 2014; Erhardt et al., 2010). None of the previously described flagella proteins 

were detected in the supernatant of the ctrA and flgH mutants, whereas the secretion pattern of the fliI 

mutant only consisted of FlgH (Figure 25, Supplementary Table 7). In the supernatant of the fliK mutant 

FlgE and surprisingly FliK were the only detected proteins. The secretion pattern of the CP2 and CP3 

mutants was only composed of FlgH. Other flagellar components such as FliC were ultimately not detected. 

Hence, in supernatants of CP2 and CP3 mutants no evidence for the assembly of a flagellum was found 

and their secretion pattern was most comparable to the secretion pattern of the fliI mutant. Furthermore, 

in supernatants of the CP1 mutant a wildtype-like protein set plus FlgF was detected. Most importantly, 

FliC was found in the supernatant of CP1, which indicates the assembly of a complete flagellum. FliC was 

also detected in the supernatant of the CP4 mutant, accompanied by FlgH, FlgK and FlgE. Since FliC was 

secreted in both CP1 and CP4 a flagellum is likely present in these mutants regardless of their non-motile 

phenotype. For an independent consolidation of the presence of flagella the mutant strains were 

examined under the scanning electron microscope.  

 

Figure 27 Scanning electron micrograph of Phaeobacter inhibens DSM 17395. The cells were cultivated in YTSS medium under 
rigorous shaking until the stationary phase. Flagellum is indicated with an arrowhead. Flagella were visible at some but not all 
cells. 

The cultures were grown on YTSS medium with rigorous shaking until the late exponential to stationary 

phase. The P. inhibens wildtype culture served as positive control and was examined under the light 

microscope for motile cells prior to preparation. Figure 27 shows a micrograph of a monopolar flagellated 

Phaeobacter inhibens DSM 17395 cell with a bundle of five flagella. Only a small proportion of the cells in 

the wildtype culture were flagellated, while the majority remained not flagellated and tightly associated 
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with other individuals (Figure 28). Most flagellated P. inhibens cells were equipped with a single monopolar 

flagellum of different length.  

 

Figure 28 Scanning electron overview micrograph of Phaeobacter inhibens DSM 17395. Some flagella are marked with white 
arrowheads. Flagella were visible at some but not all cells 

The outcome of the scanning electron micography of Phaeobacter inhibens is in compliance with the 

results of the exoproteomic analysis, where flagella proteins, especially FliC, were detected. No flagella 

where detected in the transposon mutant of ctrA, which is the master regulator of flagellar motility and 

served as the negative control in both experiments. Furthermore, no flagella were present in the 

transposon mutants of the flagellar L-Ring protein FlgH and the export ATPase protein FliI (Supplementary 

figure 23). Some short and thick filaments were detected in the mutant strain of fliK. Surprisingly, in CP1 

mutant cells no flagella could be detected by scanning electron micrography (Figure 29A), although the 

protein secretion pattern largely resembled that of the wildtype. In some cells an unusual, yet undefined 

structure was detected at one of the cell poles instead of a flagellum (Figure 29B). The cells were obviously 

attached to the surface of the object slide by means of this secreted matter. However, a similar secreted 

matter was detected in most other strains, but it rather occurred between attached cells. We were not 

able to detect flagella in the mutant strains of CP2 and CP3 via electron micrography, however some 

filamentous structures that might represent flagella or truncated flagella were sporadically found in both 

mutants (Supplementary figure 23). 
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Figure 29 Scanning electron micrographs of P. inhibens DSM 17395 CP1 transposon mutant. A) Overview of the preparation of 
CP1 mutant cells. In strain CP1 no flagella were visible. B) Detailed micrograph of CP1 mutant cells polar secretion. The polar 
secretion is highlighted by broken circles. 
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Figure 30 Scanning electron overview micrograph of CP4 transposon mutant. Some flagella are marked with white arrowheads. 
CP4 mutant exhibited wildtype like flagellation. 

 

Table 8 Comparison of motility related traits of the wildtype and CP transposon mutants of P. inhibens. 1) Motility was tested 
on marine broth plates with 0.3 % agar. 2) Motility from broth cultures was determined by light microscopy at 1000x magnification 
in wet mounts. 3) Secreted flagellar proteins were detected by a coupled nano-LC-IonTrap-MS approach. 4) Presence or absence 
of flagella was monitored with a scanning electron microscope.  

 Motility agar1 Motility broth2* Flagellum Exoproteom3 Flagellum SEM4 

Wildtype  + + + + 

CP1 - - + - 

CP2 - - - (-) 

CP3 - - - (-) 

CP4 - - + + 

 

The transposon mutant strain of CP4 exhibited wildtype-like flagellation (Figure 30). A comparison of the 

findings of the exoproteomic assay and electron micography, as well as the motility of the strains, can be 

found in Table 8.  
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3.4. Transcriptomic analysis of the CtrA-phosphorelay 

The previous chapters were focused on the characterization of the non-motile mutants from the flagellar 

gene cluster and especially the four conserved hypothetical proteins with unknown function. But as Table 

7 denoted, more mutants with a non-motile phenotype were detected in the motility screening. One of 

these mutants is of conserved cell cycle response regulator CtrA. CtrA is known as the central cell cycle 

regulator in the Caulobacterales strain Caulobacter crescentus NA1000, where ctrA is essential for cell 

viability and regulates genes involved in polar morphogenesis, DNA replication and cell division, as well as 

flagellar motility (Laub et al., 2002; Quon et al., 1996). The conserved ctrA gene is found throughout the 

Alphaproteobacteria and has been studied in many species, thereunder Dinoroseobacter shibae (Wang et 

al., 2014), Sphingomonas melonis (Francez-Charlot et al., 2015), Ruegeria sp. KLH11 (Zan et al., 2013) and 

Caulobacter crescentus. The outcome of these studies regarding the CtrA regulon differed strongly 

depending on the examined species, which raises the necessity for individual characterization of each 

species. CtrA is the final regulator of a tripartite phosphorelay comprising additionally the response 

regulator CckA and the phosphotransferase ChpT and all components are mandatory for the regulating 

function of CtrA (Wang et al., 2014). In contrast to C. crecentus the ctrA, cckA and chpT genes are not 

essential for cell viability in the so far examined roseobacters such as Ruegeria sp. TM1040, Ruegeria sp. 

KLH11 and D. shibae (Belas et al., 2009; Wang et al., 2014; Zan et al., 2013) and P. inhibens (current thesis). 

In this part of the study I investigated the contribution of the CtrA-phosphorelay to the regulation of the 

fla1 flagellum on species level in Phaeobacter inhibens DSM 17395 via Illumina based gene expression 

analysis. More importantly and to understand the general of CtrA for Rhodobacteraceae, I compared the 

differentially expressed genes of ctrA mutants in distantly related roseobacters; Phaeobacter inhibens 

DSM 17395 (this study) and Dinoroseobacter shibae DFL-12 (Wang et al., 2014).  

3.4.1. The CtrA-phosphorelay in Phaeobacter inhibens is crucial for motility 

BLAST analyses of the protein sequences of C. crescentus revealed highly conserved homologous proteins 

of CtrA (74 % identity) and CckA (46 %) in P. inhibens DSM 17395. A homolog of ChpT could only be 

detected with the more sensitive PSI-BLAST resulting in a hit of weak homology (31 %). The genes ctrA 

(PGA1_c14360), cckA (PGA1_c15240) and chpT (PGA1_c15530) were affected in the transposon 

mutagenesis of P. inhibens DSM 17395 (Table 7). The transposon mutants of all three components of the 

CtrA-phosphorelay were non-motile on 0.3 % soft agar plates (Figure 31). Specific PCR and resequencing 

of PCR products confirmed the identity of the mutants (Supplementary figure 14). Genetic 

complementation constructs were obtained by ligation of full length genes under control of their natural 

promoters into the pBBR1-MCS5 broad host-range vector with a gentamicin resistance. The cloning 
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procedure is described in Supplementary figure 19-21. The resulting constructs ctrA-pBBR1-MCS5, cckA-

pBBR1-MCS5 and chpT-pBBR1-MCS5 and an empty vector control were transformed into competent cells 

of their corresponding transposon mutant. Kanamycin and gentamicin resistant colonies were obtained 

and swimming motility was restored in these colonies, thus proving the transposon insertion was causing 

the non-motile phenotype (Figure 31).  

 

Figure 31 Motility Assays of ctrA, cckA and chpT mutants and genetic revertants. Motility assays on 0.3% soft agar plates after 
three days of incubation. In the first column the P. inhibens DSM 17395 wildtype is shown. The second column shows pictures of 
the non-motile transposon mutants ctrA, cckA and chpT from top to bottom. The third column shows the same mutants 
complemented with the respective constructs ctra-pBBR1-MCS5, ccka-pBBR1-MCS5 and chpT-pBBR1-MCS5. The fourth column 
shows transposon mutants transformed with the empty vector pBBR1-MCS5 (vector-control) 

Hence, all three components of the CtrA-phosphorelay can be regarded as essential for swimming motility 

of P. inhibens DSM 17395, but not for cell viability. Growth curves revealed comparable growth of the ctrA, 

cckA and chpT compared to the P. inhibens wildtype without any major growth deficiencies, indicating 

minor involvement of the phosphorelay into crucial cell divison functions (Supplementary figure 24). Light 

microscopy and electron micorgraphy of the ctrA mutant showed a slight reduction of cell heterogeneity 

of the ctrA mutant compared to P. inhibens wildtype (Supplementary figure 25). The ctrA mutant cells 

were constantly of small size, while the wildtype culture also contained longer cells.  
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3.4.2. Establishment of transcriptomic dataset 

Whole RNA was isolated from exponentially grown cultures of P. inhibens and the three mutants of the 

CtrA-phosphorelay in duplicates as described in the material and methods section and quality of RNA 

(Supplementary figure 26) was assessed in-lab a 1 % agarose gel electrophoresis. The two major RNA bands 

of the 23S and 16S rRNA were visible alongside a fine smear and a small distinct band. Furthermore a 

sensitive DNA specific PCR was conducted using P256 and P257 (Supplementary Table 1F) to test whether 

the DNAse digestion was successful and the samples were free of genomic DNA.  

Table 9 Overview on obtained reads from the Illumina RNA-sequencing. The number of raw reads, mapped, unassigned and 
excluded reads obtained from the sequencing of P. inhibens and mutant RNA. * Low quality reads below a score of 20 and/or 
length of 30 nucleotides were excluded during quality filtering. 

 JP112 JP113 JP114 JP115 JP116 JP117 JP118 JP119 Average 

Strain P. inhibens P. inhibens ctrA ctrA cckA cckA chpT chpT  

Replicate A B A B A B A B  

Raw Reads 35,599,931 28,959,843 34,859,275 29,013,716 34,335,608 29,716,587 27,188,687 48,404,955 33,509,825 

Mapped Reads 29,245,922 22,360,594 28,375,969 22,927,755 27,877,578 23,124,997 20,939,992 39,310,125 26,770,366 

No Feature 4,408,211 4,354,148 4,669,192 4,367,559 4,700,188 4,477,419 3,588,302 5,605,845 4,521,358 

Unmapped 968,878 1,016,486 736,443 727,356 790,223 826,365 1,769,365 1,715,193 1,068,788 

Excluded Reads* 976,920 1,228,615 1,077,671 991,046 967,619 1,287,806 891,028 1,773,792 1,149,312 

 

A serial dilution of 10 ng to 1 pg of template wildtype DNA was applied to determine the sensitivity of the 

PCR assay. The detection limit of the PCR assay was below 10 pg of DNA. No PCR products were obtained 

using isolated RNA as template. Hence, the RNA was assumed intact and devoid of genomic DNA. Illumina 

HiSeq libraries of duplicate RNA samples of each strain were established according to the manufacturers’ 

specifications and RNA sequencing was conducted on a Illumina HiSeq machine.  On average 33,509,825 

reads were obtained throughout the replicates and strains. Clipping of adaptors and quality filtering, which 

only allowed reads of fastq quality scores above 20 and clipped read length of at least 30 nt, lead to the 

exclusion of 1,149,312 reads on average. Mapping of the filtered reads against the genome sequence of 

P. inhibens DSM 17395 with bowtie2 resulted in the alignment of 26,770,366 reads. After mapping, further 

quality control regarding the reproducibility of biological replicates was conducted. The individual 

biological replicates were correlated to each other using the spearman correlation of logarithmized 

countdata. The correlation coefficient of all strains was 0.996 (Supplementary figure 27), reflecting really 

good reproducibility.  

3.4.3. Transcriptomic analysis showed fundamental overlap in expression 

patterns of ctrA, cckA and chpT mutants  
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A table containing all Phaeobacter inhibens DSM 17395 genes and their Log-2-fold changes (Log2FC) in the 

ctrA, cckA and chpT transposon mutants compared to the wildtype can be found in Supplementary Table 

8. Genes with an absolute Log2FC change greater than 1 and a false discovery rate (FDR) below 0.05 were 

regarded as differently expressed in the transposon mutant strains compared to the wildtype P. inhibens 

DSM 17395.  

 

Figure 32 Venn Diagram of differentially expressed genes in ctrA, cckA and chpT transposon mutants compared to the wildtype. 
Differently expressed genes are shown in black, downregulated genes are shown in blue and upregulated genes are indicated by 
red color. Each  

In the ctrA transposon mutant 215 genes were differentially expressed, of which 177 were down regulated 

and 38 were upregulated (Figure 32). ctrA shares 70 differentially expressed genes with the transposon 

mutant of cckA and two with chpT. 16 genes were solely differentially expressed in the ctrA mutant. In the 

mutants of cckA and chpT, 204 and 147 genes were differentially expressed. 170 and 134 of these genes 

were downregulated and 34 and 13 genes were upregulated, respectively. The majority of genes was 

differentially expressed in all three transposon mutants and comprised a core regulon of 127 genes. Since 

most of the genes are co-regulated in all three mutants the assumption was made, that CtrA, CckA and 

ChpT build a regulatory network with CtrA as transcription factor. Hence, the expression analysis is mainly 

focused on results of the core regulon and especially the overlap of expression in CtrA and CckA. The 

log2FC of the 127 differentially expressed genes of the core regulon of all three proteins are shown in 

Supplementary Table 9 and the regulative overlap between CtrA and CckA can be found in Supplementary 
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Table 10. In the following subchapters the most outstanding differentially expressed genes will be 

discussed. 

3.4.4. CtrA is the master regulator of motility in Phaeobacter inhibens DSM 

17395 

The most striking change in gene expression in all three mutants was unambiguously found within the 

flagellar gene cluster (Figure 33). 

 

Figure 33 ctra regulation of fla1 flagellum in Phaeobacter inhibens DSM 17395. Heatmap shows expression pattern (log2FC) of 
fla1 flagellar biosynthesis genes in ctrA, cckA and chpT transposon mutants per operon alongside the genetic organization of the 
FGC (compare Figure 15). Genes not significantly, differentially expressed (log2FC <1) are marked with a red dot. Stars indicate 
putative CtrA-binding sites. 

The complete fla1 type FGC, with the exception of five genes (fliH, fliR, flhB, PGA1_c35740 and fliI), was 

differentially expressed in the consistant with the observed expression data in the transposon mutants. 

With the exception of fliH and fliI all genes directly downstream of a CtrA-binding site were significantly 

downregulated. Thus, the expression data are also in agreement with the predicted operon structure. One 

exception was fliC, in which by far the highest downregulation (log2FC ~ -6) was observed. The log2FC of 

the two downstream genes flaF and flbT was only half as strong, which suggests an independent 

expression of fliC. Significant downregulation was also monitored for the three monocistronic flagellar 

genes fliM, fliG and CP1 upstream of the FGC. The expression of CP1 upstream and CP2, CP3 and CP4 within 
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the FGC under control of the CtrA-phosphorelay provided independent proof of the function of these 

genes for flagellar biosynthesis. Taken together these results clearly document that CtrA is the master 

regulator of fla1-dependent motility in P. inhibens DSM 17395. 

3.4.5. CtrA-phosphorelay regulates chemotaxis 

The genome sequence of Phaeobacter inhibens DSM 17395 harbors 21 genes involved into chemotactic 

control of the fla1-type flagellum, of which twelve are membrane-bound methyl-accepting chemotaxis 

proteins (MCP) and nine are intracellular signal transducers (che genes). All che genes are encoded 

extrachromosomally on the 262-kb chromid in a single cluster (PGA1_262p02090 – PGA1_262p02170), 

apart from a chimeric protein containing CheB and CheR domains (PGA1_c16580). However, both CheA 

(PGA1_262p02120) and CheR (PGA1_262p02100) are also present on the 262-kb chromid as solitary 

genes, as well as two copies of CheY. Additionally, three of the MCP genes are located on this 

extrachromosomal element. Thus, most (9) MCPs are encoded on the chromosome. The majority of che 

and MCP genes were differentially expressed in the Phaeobacter inhibens mutants of the CtrA-

phosphorelay. Figure 34 shows the significantly downregulated genes in a chemotaxis pathway map 

derived from KEGG. In the three mutants of the CtrA-phosphorelay all che genes were significantly 

downregulated compared to wildtype expression. The sole exception was the chimeric cheR/cheB gene on 

the chromosome (PGA1_c16580), which was not differentially expressed (Supplementary Table 8) in either 

of the mutants. Furthermore the three MCPs on the 262-kb chromid and six of the nine MCPs on the 

chromosome were downregulated. Accordingly the expression of the remaining three MCPs 

(PGA1_c11800, PGA1_c14110, PGA1_c27460) was not affected in any of the mutant strains. 
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Figure 34 Schematic map of the chemotaxis pathway in Phaeobacter inhibens DSM 17395 and heatmap of differentially 
expressed genes in ctrA, cckA and chpT mutants. The map is derived from the Kegg pathway database and shows the regulatory 
connections in chemotaxis as of homology. Heatmaps below or besides the genes show the log2FC of differentially expressed 
(log2FC > 1; p-value < 0.05) chemotaxis genes in ctrA, cckA and chpT transposon mutants.+P/-P denote phosphoryltaion and 
dephosphorylation and +CH3/-CH3 denote methylation and demethylation, respectively. 

3.4.6. CtrA-phosphorelay regulates the expression of a prophage in Phaeobacter 

inhibens DSM 17395 

According to the prophage and bacteriophage prediction web tool PHASTER the genome of 

Phaeobacter inhibens DSM 17395 harbors three prophage regions positioned closely together, in the 

middle of the chromosome related to dnaA. The first region, consisting of 18 genes (PGA1_c17690-17860) 

on 15.6 Kb is likely to be a Roseobacter specific gene transfer agent (GTA), as the genetic organization and 

number of genes equaled that of a GTA of Dinoroseobacter shibae (Wang et al. 2014). The second 

(PGA1_c18210-18680) and third region (PGA1_c22280-22660) were identified as prophages according to 
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PHASTER. 

 

Figure 35 Heatmap of P. inhibens CtrA-phosphorelay mutants regarding the the 35.6 Kb prophage region 2. Significantly, 
differentially expressed genes (log2FC > 1; p-value < 0.05) affected in all three mutants (ctrA, cckA, chpT) are marked with a yellow 
star. Significant downregulation in only one or two of the mutants is indicated by a black dot within the heatmap. Due to generally 
low expression values, slight, insignifcant downregulation was considered as an exception and is marked with a blue hexagon. 
Locus tags of affected genes are shown besides the heatmap. 

The putative prophage region 2 showed homologies to a truncated Enterobacter phage Arya (NC_031048) 

among others. However, the analysis of differentially expressed genes (log2FC > 1, p-value < 0.05) resulted 

in the identification of many downregulated prophage genes (region 2) in the mutants of the CtrA-

phosporelay (Figure 35). A slight downregulation was detected for all but eight genes (unregulated) and 

another gene (PGA1_c18610), which was slightly but not significantly upregulated in ctrA and cckA. 

Although the expression levels were comparably low overall, (logCPM values, Supplementary Table 8) 23 

of the 48 region 2 genes were significantly downregulated in all three mutants. Especially the genes at the 

start with a homology to Enterobacter phage Arya were significantly affected, among them structural 

genes for the assembly of baseplate, tail and capsid.  

3.4.7. CtrA is involved in cyclic-di-GMP messaging 

A very important intracellular messenger molecule for the regulation of various cellular processes, 

including motility, biofilm formation and adhesion, is cyclic di-guanosine monophosphate (c-di-GMP). 

Elevations in intracellular c-di-GMP levels are maintained by GGDEF domain containing diguanylat-

cyclases, while decreases are dependent on EAL-domain phosphodiesterases. The intracellular 

concentration of this messenger molecule plays a crucial role for the lifestyle differentiation from a stalked, 

adherent cell to a swarmer cell during cell cycle progression of Caulobacter crescentus (Jenal and Malone, 
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2006). A high intracellular c-di-GMP concentration through an introduced diguanylate-cyclase was shown 

to enhance biofilm formation in Ruegeria mobilis while a low concentration through introduction of a 

phosphodiesterase resulted in a reduced capacity to from biofilms (D’Alvise et al., 2014). Hence, it was 

assumed that diguanylate-cyclases play a crucial role for the swim-or-stick lifestyle in roseobacters. A 

BLASTp analysis with the conserved GGDEF domain (SMART-database) characteristic for diguanylate-

cyclases against the genome of P. inhibens DSM17395 identified seven diguanylate-cyclases. Three of them 

were tandem GGDEF-EAL domain proteins and furthermore one EAL-domain phosphodiesterase was 

identified (Table 10). 

Table 10 Diguanylat-cyclases and phosphodiesterases of Phaeobacter inhibens DSM 17395. Diguanylate-cyclases were identified 
using the consensus sequence of the GGDEF domain from the SMART-database and phosphodiesterases using the EAL-domain 
consensus. Some proteins contain both domains. These are so called tandem proteins 

 GGDEF-domain EAL-domain function 

PGA1_c02100 yes yes Tandem 

PGA1_c03410 no yes Phosphodiesterase 

PGA1_c08540 yes no Diguanylate-cyclase 

PGA1_c08600 yes no Diguanylate-cyclase 

PGA1_c09440 yes no Diguanylate-cyclase 

PGA1_c16470 yes yes Tandem 

PGA1_c26440 yes no Diguanylate-cyclase 

PGA1_c31770 yes yes Tandem 

 

 

Figure 36 Heatmap of log2FC in gene expression of the identified diguanylate-cyclases and phosphodiesterases in CtrA-
phosphorelay mutants. Significantly, differentially expressed genes (log2FC > 1; p-value < 0.05) affected in all three mutants (ctrA, 
cckA, chpT) are marked with a yellow star.  

The transcriptomic data analysis revealed a significant downregulation (log2FC > 1; p-value < 0.05) of the 

four diguanylate-cyclases PGA1_c02100, PGA1_c09440, PGA1_c26440 and PGA1_c31770 as well as the 

phosphodiesterase PGA1_c03410 (Figure 36). The only identified phosphodiesterase (PGA1_c03410) and 

the diguanylate-cyclase and PGA1_c08540 are weakly homolog to the flagellum specific 
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phospodiesterases tipF and pleD of Caulobacter crescentus. This result clearly shows a regulatory 

involvement of the CtrA-phosphorelay into c-di-GMP signaling in P. inhibens DSM 17395. 

3.4.8. Downregulation of TDA biosynthesis in ctrA and cckA but not chpT 

All representatives of the genus Phaeobacter produce, among others, the secondary metabolite 

compound tropodithieticacid (TDA). Besides its antimicrobial activity it was also described as signaling 

molecule (Beyersmann et al., 2017). The presence of active TDA correlates with a characteristic brown 

pigment (Alvise et al., 2016), hence the name of the genus Phaeobacter (Greek, phaeos, dark/brown). 

 

Figure 37 Heatmap of log2FC in gene expression of the 262-Kb chromid encoded TDA biosynthesis genecluster and two 
siderophore geneclusters  

The chromid-encoded TDA biosynthesis cluster of Phaeobacter inhibens DSM 17395 was strongly 

downregulated in the ctrA and cckA transposon mutant strains (Figure 37; Supplementary Table 8, 

Supplementary Table 10). The TDA resistance genes (Wilson et al., 2016) tdaR1 (PGA1_262p00910), tdaR2 

(PGA1_262p00920) and tdaR3 (PGA1_262p00930) as well as the biosynthesis genes tdaC 

(PGA1_262p00960), tdaD (PGA1_262p00950) and tdaE (PGA1_262p00940) were affected the strongest 

by an average log2FC of 3.8. The TDA biosynthesis genes tdaA (PGA1_262p00980), tdaB 

(PGA1_262p00970) and tdaF (PGA1_262p00810) were downregulated to a lesser extent. The chromid 

encoded copy of the synthesis gene paaZ (PGA1_262p00800) of the TDA precursor 3-oxo-5,6-dehydro-

suberoyl-CoA (Berger et al., 2012) was also significantly downregulated (log2FC = -2.8). However, in the 

chpT transposon mutant the expression of these genes was not significantly altered compared to the 

wildtype. A similar effect was observed for two iron-siderophore geneclusters on the chromosome and 

the 78 Kb chromid. These clusters were strongly upregulated in the ctrA and cckA mutant, but slightly 

downregulated in the chpT mutant.  
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3.4.9. The conserved CtrA regulon of Rhodobacteraceae - Comparison of 

transcriptomic data from ctrA mutants of P. inhibens and D. shibae 

The analyses of RNA-sequencing datasets of Phaeobacter inhibens DSM 17395 CtrA-phosphorelay mutants 

showed that CtrA is the master regulator of fla1 motility in P. inhibens. Besides the flagellar assembly 

genes, the regulation of many other genes and geneclusters were affected by the transposon insertion 

into the three phosphorelay genes, among them chemotaxis, a prophage and genes involved in cyclic-di-

GMP signaling. The CtrA-phosphorelay is characteristic for Alphaproteobacteria, including the 

Rhodobacteraceae. I hypothesized that not only the genes but also the regulon of the CtrA-phosphorelay 

is conserved in Rhodobacteraceae, especially in regard to the regulation of the fla1 flagellum. The two 

distantly related model organisms Phaeobacter inhibens DSM 17395 and Dinoroseobacter shibae DFL-12, 

which reflect the physiological diversity of Rhodobacteraceae, harbor a fla1-type flagellum. Transcriptomic 

datasets of CtrA-phosphorelay mutants have been established for D. shibae (Wang et al., 2014). Thus, this 

chapter compares the transcriptomic datasets of both strains in order to identify  a core regulon of the 

CtrA-phosphorelay that should be representative for Rhodobacteraceae. The first step, in order to 

compare the transcriptomic data of ctrA mutants of P. inhibens DSM 17395 and D. shibae DFL-12, was to 

establish an array of orthologous genes. Via BLAST alignments of all amino acid sequences from the 

genomes of Phaeobacter inhibens DSM 17395 and D. shibae the bidirectional best hits in both strains were 

detected. In total 2333 orthologous hits below an e-10 e-value cutoff were identified. The differentially 

expressed genes of exponentially growing D. shibae ∆ctrA, ∆cckA and ∆chpT cultures in half-concentrated 

marine broth medium (Wang et al., 2014) were compared with the expression data of exponential P. 

inhibens ctrA, cckA and chpT transposon mutant cultures. The D. shibae mutant expression data 

(Additional File 1) compared to its wildtype were taken from Wang et al. 2014 and not from microarray 

raw data. To determine significantly, differentially expressed genes, the same criteria of absolute log2FC 

> 1 and p-value < 0.05 were applied. Accordingly, in the ctrA mutant of D. shibae 198 genes were 

differentially expressed, of which 169 were down- and 29 were upregulated (Figure 38). In the cckA mutant 

the expression of 106 genes was significantly changed (100 down, 6 up) and the knockout of chpT affected 

156 genes (138 down, 18 up). The regulatory overlap of CtrA-phosphorelay mutants between P. inhibens 

and D. shibae was also determined with the help of list of orthologous genes. In total 146 orthologous 

genes were identified to be regulated differentially in either or both of the two organisms (Supplementary 

Table 11). In the ctrA mutants the regulatory overlap between both organisms was limited to 42 exclusively 

downregulated genes (Figure 38).  
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Figure 38 Venn diagrams of overlap in CtrA-phosphorelay regulation between Phaeobacter inhibens and Dinoroseobacter 
shibae.Shown are three independent Venn diagrams of ctrA, cckA and chpT mutants of D. shibae (pink) and P. inhibens (brown). 
Black numbers depict total counts of significantly (log2FC > 1, p-value < 0.05), differentially expressed genes, while blue numbers 
show downregulated and red numbers upregulated genes.  

The core regulon of cckA and chpT between P. inhibens and D. shibae comprised 41 and 40 exclusively 

downregulated genes. A serine-protein kinase was differentially expressed in both strains only in the chpT 

mutants, but in all three mutants in the case of D. shibae (Figure 39, Supplementary Table 11). In P. 

inhibens ctrA and cckA mutants the log2FC value was just below the cutoff. The ctrA gene was differentially 

expressed in both ctrA mutants. Surprisingly the cckA and chpT genes were not differentially expressed in 

P. inhibens cckA and chpT mutants. A histidine kinase and a glycosyl-transferase were only differentially 

expressed in ctrA and cckA mutants in P. inhibens. Hence, the complete overlap of differentially expressed 

genes in all three mutants and both organism comprised 39 genes. Strinkingly, the majority of those 39 

core regulon genes was comprised of genes directly involved into assembly of the fla1 flagellum (Figure 

39). In total 32 structural and regulatory genes of the fla1 flagellum were differentially expressed in the 

two distantly related Rhodobacteraceae strains. The four conserved proteins CP1 to CP4, which are crucial 

for fla1 motility were among them. Aside from flagellar assembly two genes involved in cyclic-di-GMP 

signaling (PGA1_c02100/Dshi_0329; PGA1_c03410/ Dshi_3065), a response regulator 

(PGA1_c24500/Dshi_2631), a hypothetical protein (PGA1_c14350/Dshi_1507) upstream of ctrA, a DNA 

processing protein (PGA1_c06230/ Dshi_1138) and a nitrogenoxide-binding preotein (PGA1_c08590/ 

Dshi_2815), were part of the core regulon. Together these results indicate that CtrA is the master regulator 

of fla1 motility. Apart from that the regulatory overlap between mutants of the phosphorelay of the two 

distantly related species is negliable.
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Figure 39 Differentially expressed genes in CtrA-phosphorelay mutants with orthologous overlap in Dinoroseobacter shibae 
and Phaeobacter inhibens. Heatmap of 43 differentially expressed genes (logFC > 1, p-value < 0.05) of ctrA, cckA and chpT 
mutant strains, where only genes regulated in both organisms are shown. Bold annotated proteins are directly involved into 
flagellar motility. 

 

  



  Results 
 

89 
 

3.5. An alternative ECF sigma factor influences swimming motility and 

TDA resistance 

 

3.5.1. A conspicuous motility phenotype 

The motility screening for non-motile Phaeobacter inhibens DSM 17395 transposon mutants was carried 

out on large half strength marine broth soft agar plates and was evaluated after two days of incubation at 

28°C. Among the isolated mutants were three independent mutants of a peptidase gene (PGA1_c14260) 

and two mutants of an extracytoplasmic function (ECF) sigma factor (PGA1_c08510), which were regarded 

as non-motile under screening conditions. Further analyses were carried out with one of the peptidase 

mutants (Tm#4436) and one ECF mutant (Tm#4491).  

 

Figure 40 Motility assay of peptidase M50 and ECF sigma factor transposon mutants. Strains were incubated on full strength 
marine broth medium supplemented with 0.3 % agar and 120 µg/µl kanamycin. A transposon mutant of Phaeobacter inhibens 
DSM 17395 with transposon insertion in an intergenic region was used as reference strain. Pictures were taken after 2 and 5 
days. 

However, after re-evaluation of motility on fresh soft agar plates substituted with 120 µg/ml kanamycin 

and a longer incubation period these mutants were motile and showed a  
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Figure 41 Time-lapse of ECF sigma factor transposon mutant swimming motility. Shown are pictures from a time-lapse video 
(Supplementary data 2) of the ECF sigma factor transposon mutant on 0.3 % soft agar plates from the beginning of the recording 
(0h) in steps of 6 hours.  
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conspicuous phenotype (Figure 40). After 36 hours of incubation the colonies of Tm#4436 and Tm#4240 

appeared non-motile, with secondary colonies at a certain distance to the primary colony in case of the 

ECF mutant. A kanamycin resistant reference transposon mutant (Tm#4121), which was inserted in an 

intergenic region, showed wildtype-like swimming behavior, thus documenting that the transposon does 

not influence the motility. However, the mutants clearly showed motility after 5 days but did not cover 

the whole plate evenly in contrast to the reference mutant. Instead they swam in a spatial pattern what 

appeared like alternating, concentric rings of high and low cell density. This pattern was reminiscent of the 

characteristic bulls’ eye swarming motility pattern of Proteus mirabilis (Kearns, 2011), but the mutants 

were not able to move away from the point of inoculation on swarming plates containing 0.6 % agar (not 

shown). To further access this phenotype, time-lapse videos of the ECF mutant and the wildtype were 

recorded (Supplementary data 1-2, digital only). After inoculation the wildtype cells did not start to swim 

immediately, but grew to a high cell density first. After that swimming became apparent and cells spread 

evenly and omnidirectional over the plate. In contrast, the ECF cells seemed to start swimming first for a 

period of about 18 hours (Figure 41), followed by a non-motile phase of consolidation and growth 

(between hour 18 and 30). From the edges of the non-motile center colony a barely visible, motile 

subpopulation moved omnidirectional bridging a transition zone of about 0.3 cm width in which 

presumably no cells remained. After this zone was overcome a clearly visible halo was formed consisting 

of persistent cells from which motile cells emerged. At this stage the process repeated itself again and 

again, forming the unique spatio-temporal pattern. Once formed, the rings were sustained constantly for 

weeks. The further analyses were mainly focused on the mutant of the ECF sigma factor.  

3.5.2. Genetic context and classification of the ECF sigma factor 

The ECF sigma factor is the second gene in a small operon on the P. inhibens chromosome comprised of 

four genes (PGA1_c08500-c08530, Figure 42). The 219 amino acid protein harbors two conserved sigma70 

domains; hence it was classified as extracytoplasmic function sigma factor. Domain sigma70_r2 spans 

amino acids 56-121 and sigma70_r4 is positioned closer to the C-terminus at amino acids 151-203. The 

tool ECF finder classified the ECF into two subgroups, namely ECF01 and ECF20. However, ECF01-like ECF 

have not yet been identified in Alphaproteobacteria and sequence overlaps of ECF01 and ECF20 are known 

(Staroń et al., 2009). Thus PGA1_c08510 was regarded as ECF belonging to the ECF20 subgroup. Many ECF 

subgroups including ECF20 are usually co-expressed with a cognate anti-sigma factor, which keeps the 

sigma factor inactive in absence of the appropriate stimulus (Mascher, 2013). However, the prediction of 

anti-sigma factors is challenging, due to their small size and poor conservation (Staroń et al., 2009). ECF 

anti-sigma factors often have a small cytoplasmic domain connected to one or more transmembrane 
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regions. Hence, the most promising candidate for a PGA1_c08510 anti-sigma factor in P. inhibens was the 

158 amino acid protein of PGA1_c08520, which is located directly downstream of the ECF sigma factor 

(PGA1_c08510). Transmembrane region prediction using TMHMM revealed an N-terminal cytoplasmic 

part, a transmembrane region and C-terminal periplasmic residues (Supplementary figure 29).  

 

Figure 42 Genetic organization of the four gene operon containing PGA1_c08510 

BLASTp analyses with known ECF20 anti-sigma factors of Alphaproteobacteria (Staroń et al., 2009) 

revealed homology to PGA1_c08520 in some closely related strains. Out of the 46 classified and 

characterized alphaproteobacterial ECF20 anti-sigma factors, ten showed significant BLAST hits (1.00 E-05) 

when compared with the genome of Phaeobacter inhibens DSM 17395 and all of them were pointing 

towards PGA1_c08520 (Table 11). 

Table 11 Significant BLASTp results from known ECF20 anti-sigma factors. In total 46 Alphaproteobacterial ECF20 anti-sigma 
factors were analysed by Staroń and colleagues. Shown are the 10/46 proteins that resulted in significant hts (e-value < E-05) in 
the genome of Phaeobacter inhibens DSM 17395 

 

Common to all these proteins was the lack of a conserved anti-sigma domain. Unfortunately, no 

transposon mutant was obtained for PGA1_c08520. Downstream of PGA1_c08520 a hypothetical protein 

(PGA1_c08530) completes the operon. A classification of PGA1_c08530 as member of the heavy-metal 

resist protein family was indicated by the at Pfam database. At the start of the four-gene operon resides a 

calcium binding protein (PGA1_c08500) of the EF-hand family. It harbors two characteristic EF-hand 

calcium binding domains as predicted by the uniprot database. 

Locus Tag [Query] Organims [Query] Protein ID [Phaeobacter ] Identity [%] e- value Locus Tag [Phaeobacter ]

SKA53_01381 Loktanella vestfoldensis SKA53 WP_014879447 57 6.00E-10 PGA1_c08520

OB2597 00865 Oceanicola batsensis HTCC2597 WP_014879447 48 1.00E-07 PGA1_c08520

OG2516 15204 Oceanicola granulosus HTCC2516 WP_014879447 43 2.00E-07 PGA1_c08520

SPO2755 Silicibacter pomeroyi DSS-3 WP_014879447 50 3.00E-21 PGA1_c08520

TM1040 2176 Silicibacter sp. TM1040 WP_014879447 34 5.00E-12 PGA1_c08520

RB2654 21073 Rhodobacterales bacterium HTCC2654 WP_014879447 58 4.00E-07 PGA1_c08520

ISM_11985 Roseovarius nubinhibens ISM WP_014879447 40 7.00E-05 PGA1_c08520

ROS217_13856 Roseovarius sp. 217 WP_014879447 41 1.00E-05 PGA1_c08520

EE36_03013 Sulfitobacter sp. EE-36 WP_014879447 38 2.00E-09 PGA1_c08520

NAS141_07955 Sulfitobacter sp. NAS-14.1 WP_014879447 39 2.00E-09 PGA1_c08520
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3.5.3. Validation and complementation of the ECF sigma factor mutant 

The DNA of the ECF mutant was isolated after three consecutive passages on 

fresh half strength marine broth plates substituted with kanamycin. A specific 

PCR with primers P1428 and P1429 was used to visualize the transposon shift 

on an agarose gel (Figure 43). The presence of a 2898 bp PCR product and the 

absence of an 897 bp wildtype like product in the mutant proved the 

authenticity of the transposon mutant. The PCR product was sequenced and a 

BLAST search with the generated sequence (sequencing number 2899) against 

the genome sequence of Phaeobacter inhibens DSM 17395 allowed the 

determination of the exact insertion site on the chromosome (879262+). In 

order to genetically complement the transposon mutant the full length ECF 

gene (PGA1_c08510) was provided in trans under control of its natural 

promotor (Supplementary figure 22). The resulting construct ECF-pBBR1-MCS5 

was transformed into competent ECF mutant cells and the transformant 

showed wildtype-like swimming motility on soft agar plates containing gentamicin (Figure 44). The 

transposon insertion into PGA1_c08510 was hence proven to be causative for the ring swimming 

phenotype. 

  

  

3.5.4. Plasmid loss restores motility phenotype 

Figure 44 Motility assay of complemented ECF 
mutant after 5 days of incubation. 

Figure 43 Agarose gel 
electrophoresis on 1% gel of PCR 
shift assay of ECF transposon. 1) 
Mutant template Wt) Phaeobacter 
inhibens DSM 17395 DNA 
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The thorough investigation of the motility mutants resulted in a conspicuous observation. Colonies of the 

peptidase M50 mutant formed white seams around the edges of the brown center colony on older agar 

plates. One colony was picked and passaged on fresh half strength marine broth medium containing 120 

µg/µl kanamycin. And indeed natural white colonies of Tm#4436 were obtained among brown colonies. 

In total four colonies, two brown and two white ones, were transferred to soft agar plates. After incubation 

the ring swimming phenotype was still present in the two brown colonies (Figure 45A). However, the white 

colonies featured continuous swimming without the formation of the characteristic rings. Overall, cells of 

the white colonies moved much slower compared to the brown colonies. The phenotype of the white 

colonies was reminiscent of the phenotype of the P. inhibens ∆262 Kb curing mutant, which exhibits white 

colonies, due to the loss of the TDA biosynthesis genecluster, and retarded swimming motility. A PCR test 

was applied to check whether the white mutants have spontaneously lost the 262-kb chromid. All four 

mutants still harbored the transposon insertion in PGA1_c14260 visualized by the 2001 bp band shift 

compared to the wildtype (Figure 45B). A clearly visible PCR product was amplified in the wildtype and 

brown colony templates using a primer combination (P792/P793) for amplification of the TDA-pathway β-

esterase on the 262-kb chromid. No PCR products were visible in the natural white mutants. Therefore a 

plasmid loss was supposed for the natural white mutants. Natural white mutants of the ECF mutant were 

not obtained. It was assumed that a loss of the 262-kb chromid in the ECF mutant would also induce the 

loss of the ring swimming phenotype. 

 

Figure 45 Plasmid loss restores swimming phenotype. A) Four single colonies of passaged white-edged Tm#4436 colony were 
picked, transferred to soft agar plates and incubated for 6 days. B) PCR validation of isolated DNA of four peptidase mutants (1-
4) by transposon shift of 2001 bp compared to wildtype DNA (Wt) is shown on the left side of the 1% agarose gel. Detection of 
262-kb chromid in the four peptidase mutants and wildtype DNA is shown on the right. 
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To test this assumption a curing experiment was conducted with competent ECF mutant cells and a 

construct harboring the DnaA-likeI plasmid replication system of the natural 262-kb chromid and a 

gentamicin resistance gene (Petersen et al., 2011). This approach allows an aimed removal of natural 

plasmids through the incompatibility of the replication systems. After transformation, kanamycin and 

gentamicin resistant ECF colonies were obtained. The majority of the transformand-colonies showed a 

white color, with only a few remaining brown colonies amongst them. One brown and one white colony 

were picked and tested on soft agar plates for motility. After incubation for six days the ECF mutant formed 

the characteristic concentric rings (Figure 46), as well as the brown transformand from the dnaA-like curing 

approach. The PCR assay with primers against the ECF gene and the β-esterase of the TDA-pathway prove 

the presence of the 262-kb chromid in the brown colony (false positive). The white colony however, did 

not form the concentric rings and has a retarded swimming phenotype in analogy to the natural white 

mutant of the peptidase M50 gene. The PCR assay documented the absence of a 663 nt product in case of 

the white DnaA-like transformand, reflecting a successful curing of the 262 kb chromid.This is also 

documented by the abscnece of a absence of a product of tdaB (Supplementary figure 31). 

 

Figure 46 262 Kb Plasmid Curing of the ECF mutant 
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3.5.5. TDA biosynthesis is involved into development of the ring phenotype 

In the previous chapter it was shown that the curing of the 262-kb chromid in the ECF mutant resulted in 

the abolishment of the characteristic ring swimming phenotype of the ECF mutant. Two of the most 

important traits encoded on the 262-kb chromid of Phaeobacter inhibens DSM 17395 are the biosynthesis 

cluster of the antimicrobial compound TDA and the wealth of chemotaxis genes. I hypothesized that the 

loss of either of these traits might be causative for the reversal of the phenotype back to continuous 

swimming. The synthesis of TDA correlates with the brown color of the culture (Brinkhoff et al., 2004) and 

mutations in TDA biosynthesis are therefore easy to detect in high throughput screening approaches. 

Hence, this correlation was harnessed through the introduction of a second transposon into the ECF 

mutant and subsequent selection of white mutants. The mariner transposon harboring a gentamicin 

resistance gene was chosen as suitable mutagen. Usually, the pBT20 plasmid harboring the mariner 

transposon is transferred via conjugation from a donor strain into the new host, where it acts as suicide 

vector due to the missing replication initiation gene pir (Ebert et al., 2013). The E. coli ST18 strain, which 

is auxotroph for the general tetrapyrrole precursor aminolevulic acid (ALA), wis used as a donor and can 

be easily counter selected by the omission of ALA in the medium. However, the conjugation efficiency with 

the ECF mutant of Phaeobacter inhibens was insufficient. Hence, the pBT20 plasmid of E. coli ST18 was 

isolated and electroporated into competent ECF mutant cells. 96 white or lightly brownish kanamycin and 

gentamicin resistant colonies were transferred to a large half strength marine broth soft agar plate 

containing both antibiotics and incubated for three days (Supplementary figure 30). Among the 96 

investigated transformands the majority (91) showed the ring swimming phenotype, three were non-

motile and only two exhibited a normal swimming phenotype on soft agar plates. The genomic DNA of the 

two white mutants, dECFwhiteC1 and dECFwhiteF1, was isolated and investigated via arbitrary PCR with 

primers specific to the mariner transposon (Supplementary Table 1). Via arbitrary PCR the transposon 

insertion for dECFwhiteF1 was determined in the adenylosuccinate synthetase gene purA, which is not 

known to be involved into TDA biosynthesis, and for dECFwhiteC1 in the tdaB gene located on the 262-Kb 

chromid. Accordingly, a PCR with specific primers spanning the genes tdaA, tdaB and tdaC (P1489/1490) 

was conducted with dECFwhiteC1 DNA as template and the resulting PCR product was sequenced with 

primer P836. The exact transposon insertion site was identified in tdaB very close to the start codon 

(107,269-).  Furthermore a specific PCR documented the transposon insertion into tdaB and showed that 

the 262-kb chromid is still present in dECFwhiteC1 (Supplementary figure 31).  
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Figure 47 Motility Assay of ECF/tdaB double mutant dECFwhiteC1. Phaeobacter inhibens DSM 17395, the ECF sigma factor 
trasnsposon mutant and the ECF/tdaB double mutant were point inoculated in the midst of a half-strength marine broth 0.3% 
soft agar plate and incubated for five days at 28°C. 

On soft agar plates the mutant dECFwhiteC1 did not exhibit the ring swimming phenotype of the ECF 

mutant (Figure 47) and was able to cover the whole petri dish in five days comparable to the P. inhibens 

wildtype. The restored motility phenotype of the plasmid curing mutant can hence be traced back to the 

missing TDA biosynthesis cluster and a crucial role of TDA for the formation of the characteristic rings of 

the ECF mutant is evident. 

3.5.6. ECF knock out reduces resistance towards TDA 

The crucial role of TDA in the formation of the ring swimming phenotype of the ECF mutant was shown by 

a double mutant of ECF/tdaB with a restored swimming motility phenotype, and a 262-Kb chromid curing 

mutant with a restored, but retarded swimming phenotype. Both mutants were affected in their ability to 

synthesize the antimicrobial active molecule TDA, which is resembled in their white colored colonies. I 

hypothesized that the ECF mutant might be more susceptible to TDA than the wildtype and that the ring 

phenotype results from poisoning through its own produced antibiotic. In order to verify this hypothesis I 

designed a competition assay, where strongly diluted (1:20) Phaeobacter strain were plated onto 0.6% 

agar plates and a 3µl drop of another’s strain undiluted culture was spotted into the midst. 
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Figure 48 Competitive spot-lawn assay. Diluted (1:20) cultures of P. inhibens DSM 17395 wildtype (wt), ECF mutant, ECF/tdaB 
mutant and Pseudoalteromonas tunicata were spread as lawn onto 0.6% agar plates and let dry. 3 µl of an undiluted culture of P. 
inhibens, ECF mutant and ECF/tdaB mutant were spotted into the middle of plates. Plates were incubated at 28°C for two days. 
PC, positive control; NC, negative control. 

In this so-called competitive spot-lawn assay the undiluted culture has a growth advantage against the 

diluted culture through higher initial cell density. Phaeobacter inhibens DSM 17395, the ECF mutant and 

the ECF/tdaB double mutant were used as lawn strains and were spotted with P. inhibens, ECF mutant and 

a tdaB mutant (Tm#2750). The TDA-sensitive strain Pseudoalteromonas tunicata DSM 14096 and TDA-

resistant strain Phaeobacter inhibens DSM 17395 served as positive and negative control for the lawn test-

strains, respectively. The TDA-producing wildtype of P. inhibens was included as positive control for the 

spotted strains (A1 to A4) and the TDA-deficient tdaB mutant was used as negative control (C1 to C4). A 

proof of concept was provided through the combination of the two positive controls P. tunicata (lawn) 

and P. inhibens (spot) [A4], which resulted in a visible zone of inhibition after two days of incubation (Figure 

48). Conversely, the spotted tdaB culture was not able to inhibit growth of P. inhibens lawn (C1). 

Furthermore the spotted tdaB mutant was not able to provoke inhibition in any of the other lawn cultures 

and appeared to be overgrown by the lawn cultures of P. inhibens (C1), P. tunicate (C4) and the ECF mutant 

(C2), noticeable by a brownish color switch of the originally white culture. The setups with P. inhibens as 
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lawn and spot culture (A1) showed also no zone of inhibition as well as P. inhibens (lawn) with spotted ECF 

mutant (B1). However, growth of both mutants with ECF background (ECF, ECF/tdaB) was inhibited by the 

spotted culture of P. inhibens (A2, A3) and to a lesser extent by spotted ECF mutant (B2, B3). The inhibition 

of ECF mutant by P. inhibens spot (A2) was not as strong as with P. tunicata lawn (A4). Remarkably, the 

ECF mutant as spot was only able to inhibit P. tunicata lawn in a lesser extent (B4) when compared to the 

wildtype (A4). The competitive spot-lawn assay showed that the ECF mutant is less resistant to TDA 

produced by P. inhibens (A1 vs. A2) and even produced by itself (B1 vs. B2) than the wildtype, indicating a 

function of the sigma factor in TDA resistance and/or general resistance mechanisms. 

3.5.7. Establishment of ECF transcriptomic datasets 

In the previous chapters it was shown that TDA plays a crucial role in the formation of the unique ring 

swimming pattern of the ECF mutant. However, the function of this alternative sigma factor for gene 

regulation of Phaeobacter inhibens DSM 17395 remains unclear. In order to access the differential gene 

expression of the ECF mutant compared to the wildtype, RNA was isolated and Illumina cDNA libraries 

were established analogously to the CtrA-phosphorelay mutants (3.4.2). To determine the effects of TDA 

in this regulatory system, additional libraries of the ECF/tdaB and ECF/262 mutants were prepared. Whole 

RNA was isolated from exponentially grown cultures of the three mutants in triplicates as described in the 

material and methods section and the quality of RNA (Supplementary figure 32) was assessed through a 1 

% agarose gel electrophoresis. The two major RNA bands of the 23S and 16S rRNA were visible alongside 

a fine smear and a small distinct band. Furthermore a sensitive DNA specific PCR was conducted using 

P256 and P257 (Supplementary Table 1F) to test whether the DNAse digestion was successful and the 

samples were free of genomic DNA. A serial dilution of 10 ng to 1 pg of template wildtype DNA was applied 

to determine the sensitivity of the PCR assay. The detection limit of the PCR assay was below 10 pg of DNA. 

No PCR products were obtained using isolated RNA as template (Supplementary figure 32). Hence, the 

RNA was assumed intact and devoid of genomic DNA. Illumina HiSeq libraries of duplicate RNA samples of 

each strain were established according to the manufacturers’ specifications and RNA sequencing was 

conducted on an Illumina HiSeq machine.  
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Table 12 Overview on obtained reads from the ECF Illumina RNA-sequencing. The number of raw reads, mapped, unassigned 
and excluded reads obtained from the RNA-sequencing of the P. inhibens ECF, ECF/tdaB and ECF/262 mutants. * Low quality reads 
below a score of 20 and/or length of 30 nucleotides were excluded during quality filtering. 

 JP122 JP123 JP128 JP129 JP126 JP127 

Strain ECF ECF ECF/tdaB ECF/tdaB ECF/262 ECF/262 

Replicate A B A B A B 

Raw Reads 39,070,343 40,592,482 34,916,640 41,141,174 33,146,251 44,438,415 

Mapped Reads 28,838,124 30,604,637 28,110,076 33,415,372 23,304,716 29,295,229 

No Feature 5,777,778 4,917,059 4,910,870 5,277,662 4,062,184 6,040,170 

Unmapped 4,240,721 4,488,740 1,381,561 2,071,211 5,650,130 8,864,206 

Excluded Reads* 213,720 582,046 514,133 376,929 129,221 238,810 

 

On average 38,884,218 raw reads were obtained throughout all the mutants and replicates (Table 12). 

Clipping of adaptors and quality filtering, which resulted in reads of fastq quality scores above 20 and 

clipped read length of at least 30 nt, lead to the exclusion of 342,477 reads on average. Mapping of the 

filtered reads against the genome sequence of P. inhibens DSM 17395 with bowtie2 resulted in the 

alignment of 66% (ECF/262B) to 81% (ECF/tdaB). After mapping, further quality control regarding the 

reproducibility of biological replicates was conducted. The individual biological replicates were correlated 

to each other using the spearman correlation of logarithmized countdata. The correlation coefficient of 

ranged between 0.989 and 0.997 (Supplementary figure 33), indicating great reproducibility.  

3.5.8. Differentially expressed genes in the ECF mutant set 

The gene expression of the ECF mutant set in duplicates was compared against the wildtype transcriptomic 

dataset of Phaeobacter inhibens DSM 17395 established in the CtrA-phosphorelay experiment (JP112, 

JP113). A table containing all genes with their respective log-2-fold changes and adjusted p-values in the 

ECF mutant and the ECF/tdaB and ECF/262 double mutants compared to the wildtype can be found in 

Supplementary Table 12. Due to the high amount of genes with Log-2-fold changes of 1, genes with an 

absolute Log-2-fold change (Log2FC) greater than 2 and a false discovery rate (FDR) below 0.01 were 

regarded as significantly differently expressed in the mutant strains compared to the wildtype P. inhibens 

DSM 17395. In the ECF mutant in total 86 genes were differentially expressed, of which 69 were down- 

and 17 were upregulated. The overlap in differentially expressed genes with the ECF/tdaB mutant 

accounted for only one gene and with the ECF/262 mutant nine genes. The majority of ECF-regulated genes 

were differentially expressed in all three mutants (60 genes) of which 15 were found on chromids. 16 

genes were solely differentially expressed in the ECF mutant. In contrast, the ECF/262 mutant had a large 

set (280) of exclusively differentially expressed genes. In total 242 of the affected genes in the ECF/262 
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mutant were found on chromids, thereunder 232 of 240 genes of the 262-Kb chromid. Based on the curing 

of the 262-Kb chromid all 240 genes were expected to be silenced. However, PGA_262p02390 and 

PGA_262p02400 (DnaA-like), PGA_262p00010 (parA) and PGA1_262p00020 (parB) were provided in trans 

on the curing construct. The remaining four genes are transposases, that occur in multiple copies 

throughout the genome and raw reads were mapped stochastically onto all loci. The overlap in 

differentially expressed genes of both ECF/TDA mutants accounted for 29 genes (14 on plasmids), while 

two genes were only differentially expressed in ECF/tdaB. 

 

Figure 49 Venn diagram of differentially expressed genes in ECF, ECF/tdaB and ECF/262 mutants compared to P. inhibens 
wildtype. Within the diagram differentially expressed genes are shown, numbers in parenthesis depict differentially expressed 
genes on chromids. Besides the diagram differently expressed genes are shown in black in boxes for each mutant, downregulated 
genes are shown in blue and upregulated genes are indicated by red color. The total number of affected genes is shown in 
parenthesis. 

3.5.9. ECF regulates TDA, secondary metabolite and thiamine biosynthesis  

The 86 differentially expressed genes of the ECF mutant were regarded as the regulon of the alternative 

sigma factor. These 86 genes and their respective log2fold changes (log2FC) can be found in 

Supplementary Table 13. Among the strongest differentially expressed genes was with a log2FC of 7 the 

calcium binding protein (PGA1_c08500), which belongs to the ECF operon (see 3.5.2.). The ECF gene itself 

and the putative anti sigma factor (PGA1_c08520) were also down regulated (Log2FC ~ 2). Surprisingly, 

the transposon mutation in ECF strongly affected the expression of the TDA biosynthesis gene cluster on 

the 262-Kb chromid, which was down regulated log2FC 2.5 to 5, although the color of the culture was still 

brown, compared to the white ECF/tdaB mutant.  
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Figure 50 TDA biosynthesis gene cluster on the 262-Kb chromid of P. inhibens and differential gene expression in the ECF 
mutants. Schematic representation of the genetic organization of the TDA biosynthesis cluster on the 262-Kb chromid. Essential 
genes for the synthesis of TDA are shown in brown. The proposed TDA resistance genes tdaR1 to tdaR3 (Wilson et al. 2015) are 
colored blue and a proposed roseobacticide related gene of unknown function (Wang et al. 2016) is shown in green. Under the 
schematic heatmaps for differential gene expression in the mutants ECF and ECF/tdaB are shown with white stars indicating 
significance (log2FC > 2, p-value < 0.01) 

Not only the essential genes for the TDA biosynthesis pathway (tdaABCDE, tdaF), with the exception of 

tdaB, and the paaZ gene for the degradation of phenylacetic acid were significantly down regulated in all 

mutants, but also the three proposed TDA resistance genes tdaR1-R3 (Wilson et al., 2016) were significantly 

affected. Furthermore the four-gene-cluster downstream of tdaF containing among others a putative gene 

involved in roseobacticide production (Wang et al., 2016) was significantly down regulated.  However the 

five-gene-cluster (PGA1_262p00860-00900) downstream of the TDA resistance genes was not 

differentially expressed in the ECF mutant, but in the ECF/tdaB mutant. In summary, the transposon 

mutation in the ECF gene has strong influence on the expression of the TDA biosynthesis cluster in liquid 

cultures. 

 Besides the TDA biosynthesis a large, chromosomal genecluster (PGA1_c13580-13830) was significantly 

downregulated in all three analyzed mutant strains. The 38-Kb genecluster comprises 26 genes encoding 

many hypothetical proteins. The presence of acyl-carrier-protein synthases (ACP) among these genes 

(PGA1_c13620, PGA1_c13690) and 4’-phosphopantetheine moieties (PGA1_c13640) indicate a function in 

either fatty acid biosynthesis or secondary metabolite production. Hence, an analysis of P. inhibens 

chromosome with the secondary metabolites genecluster detection tool AntiSMASH was conducted. The 

genecluster was identified as putative biosynthetic cluster with a high propability (0.9395), but could not 

be assigned to any known structures or pathways. Hence, it is most likely neither involved in fatty acid 

biosynthesis nor in the biosynthsis of any known secondary metabolite. Two genes involved in 

betaine/choline metabolism (PGA1_c21660 and PGA1_c21670) were significantly downregulated, in 

addition to genes involved in the general stress response (PGA1_c21060, PGA1_c24840 and 

PGA1_c29679).  
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Two chromosomal operons related to thiamine metabolism were remarkably upregulated in the ECF 

mutant backgrounds. The first operon comprises the seven genes (thiDFEGSOC) necessary for the 

conversion of 5-aminoimidazole ribotide, glycine and deoxy-D-xylulose-5-phosphate into thiamine-

phosphate (Jurgenson et al., 2009). The genes were among the strongest upregulated (log2FC ~ 6).The 

second operon was upregulated logFC ~2 and consists of three genes (thiBPQ) coding for an ABC-

transporter crucial for the import of thiamine into the cells (Webb et al., 1998).  

3.5.10. A mutant of PGA1_c08500 exhibits ring swimming phenotype 

The single most downregulated gene in the ECF mutant is the calcium-binding protein (PGA1_c08500) and 

is located directly upstream of the alternative sigma factor. A transposon mutant of PGA1_c08500 was 

already part of the mutant library, but not noticed during the motility screening. However, the results from 

the transcriptomic analysis of the ECF regulon provoked a reassessment of the mutants’ motility, due to 

its strong differential expression and its location within the operon of ECF. Surprisingly, the mutant of the 

Ca2+-binding protein exihibited a comparable phenotype to the ECF and peptidase mutants, which suggests 

a function within the same pathway. 

 

Figure 51 Motility Assay of Tm#917 Calcium-binding protein. The mutant was incubated on a MB soft agar plate at 28°C for nine 
days. 

 Analysis of the amino-acid sequence of PGA1_c08500 with TMHMM indicates integration of the protein 

into the cytoplasmic membrane with a periplasmic portion. It has four EF-hand motifs with a helix-loop-

helix topology responsible for binding of Ca2+ cations.  
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3.6. Foreign affairs: Plasmid transfer between roseobacters and rhizobia 

Parts of this chapter have already been published in Bartling et al. 2017 “The Composite 259-kb Plasmid 

of Martelella mediterranea DSM 17316T – A Natural Replicon with Functional RepABC Modules from 

Rhodobacteraceae and Rhizobiaceae” 

3.6.1. Identification of Rhodobacteraceae-specific RepABC plasmids in rhizobia 

The genome sequences of more than 1,400 rhizobial genomes deposited at GenBank and the integrated 

microbial genome (IMG) database were screened for Roseobacter/Rhodobacteraceae-specific RepABC-

type plasmids. The replicases RepC-2 of the 126-kb plasmid pDSHI03 from Dinoroseobacter shibae DFL-12T 

(WP_012187065.1) and RepC-8 of the 88-kb plasmid pInhi_B88 from Phaeobacter inhibens T5T 

(WP_051338927.1), which should represent the phylogenetic depth of the eight typical compatibility 

groups (Petersen et al., 2009), were chosen for comprehensive BLASTp searches. This approach allowed 

the reliable identification of RepC replicases from RepABC-type plasmids in different alphaproteobacterial 

orders including rhizobia. The RepC-2 query resulted in several thousands of distantly related rhizobial 

homologs with protein identities of up to 41% and E-values of up to 8e-89, which is exemplified for the Ti-

plasmid from Agrobacterium tumefaciens (36%, 5e-81). However, two conspicuous exceptions with 

protein identities of 58% and 57% as well as e-values of 1e-163 and 2e-148 were detected in Martelella 

mediterranea DSM 17316T (WP_018065896.1) and Rhizobium sp. NT-26 (WP_052642436.1), respectively. 

Reciprocal global BLASTP searches with these replicases even resulted in 94% protein identity with RepC-

1 sequences from Paracoccus sp. N5 and D. shibae (pDSHI04; 86-kb) thus indicating that both replicases 

represent genuine RepABC-type plasmids of Rhodobacteraceae. This prediction was substantiated by 

analogous BLAST searches with the adjacent RepA and RepB partitioning proteins of the RepABC-operons 

from M. mediterranea and Rhizobium sp. NT-26 . 

 

3.6.2. Phylogenetic analyses of Rhodobacteraceae-specific plasmid RepABC 

operons from Martelella and Rhizobium sp. NT-26 

The genomes from M. mediterranea (draft genome) and the rhizobial strain NT-26 (Andres et al., 2013) 

both harbor five RepABC replication modules. The phylogenetic position of all ten RepC proteins was 

determined based on a set of rhodobacteral and rhizobial reference sequences largely corresponding to 
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those of a former study (Petersen et al., 2009), which allowed to differentiate between the nine different 

compatibility groups C1 to C9 from Rhodobacteraceae. The phylogenetic tree, which was calculated based 

on 126 RepC replicases, showed that all but the Roseobacter-affiliated sequences from Martelella and 

strain NT-26 (3.6.2.) are located in the rhizobial background of the tree (blue color; Figure 52). These newly 

identified RepC proteins of interest are placed amidst other roseobacter sequences in the distinct subtree 

C1 statistically supported by 100% bootstrap proportion (Supplementary figure 34).  

 

Figure 52 Schematic Neighbor Joining tree of 126 RepC replicase protein sequences from Rhodobacteraceae and rhizobia. Above 
a schematic RepABC operon is illustrated and the analyzed gene is highlighted in pink. The origin of replication (ori) and conserved 
palindromes for plasmid partitioning are indicated by a white dot and red triangles. The localization of rhizobial RepC sequences 
from Martelella mediterranea DSM 17316T and Rhizobium sp. NT-26 are highlighted in blue within the phylogenetic tree. Subtrees 
of the nine compatibility groups C1–C9 from roseobacters are merged into pink triangles and rhodobacteracean subtrees are 
embraced by a rose box 

The presence of two identical Rhizobium sp. NT-26 RepC-1 sequences (WP_052642436.1) in the 

phylogenetic analysis reflects the presence of two duplicated RepABC-1 modules on the 322-kb plasmid 

NT26_p1 that are separated by a DNA stretch of 41-kb (NZ_FO082821.1: RepC-1a [5,486 to 6,697], RepC-

1b [286,387 to 287,598]; Figure 57). Further analyses were accordingly focused on the subtrees C1 and C2 

whose sister group relationship is solidly supported (Supplementary figure 34). The public sequence 
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databases were systematically screened for complete RepABC operons of the compatibility groups -1 and 

-2 (Petersen et al., 2009) and 83 different operons were identified. Comprehensive phylogenetic 

subanalyses of all three genes were performed in order to detect the closest relatives of the rhodobacteral 

RepABC modules from Martelella and Rhizobium sp. NT-26. 

3.6.3. Phylogenetic analyses of partitioning proteins RepA and RepB as well as 

the replicase RepC 

Our subanalyses of proteins from RepABC modules belonging to the compatibility groups -1 and -2 resulted 

in a major improvement of the phylogenetic resolution with increased bootstrap support (Supplementary 

figure 35-36). The RepA and RepB trees have a comparable branching pattern and the best resolution was 

obtained in the RepB analysis (Supplementary figure 36). Rhizobium sp. NT-26 is located in a distinct clade 

of subtree B1 (yellow sequences, 100% BP) and Martelella is nested in subtree B2 (green sequences, 100% 

BP). The localization of the Rhizobium sp. NT-26 sequences in RepA, RepB and RepC phylogenies is 

consistent and therefore documents an A1B1C1 operon. M. mediterranea in contrast has an operon of the 

A2B2C1-type, where a C!-type replicase was found with the A2B2-type partiotioning system (Petersen et 

al., 2009).  

3.6.4. Detection of RepABC-1 and -2 specific palindromes 

An independent criterion for the classification of RepABC-type plasmid replication modules is the presence 

of specific palindromes that also allow to differentiate between the nine compatibility groups in 

Rhodobacteraceae (Petersen et al., 2009). The highly conserved inverted repeats with a length of 14 

nucleotides are in RepABC-1 and -2 modules typically located in close proximity to the RepABC operon 

downstream of RepC. Accordingly, we investigated the sequences of 35 RepABC modules starting 500 base 

pairs (bp) upstream of the RepA start codon and ending 500 bp downstream of the RepC stop codon. The 

sampling was focused on A1B1C1 reference modules of Rhizobium sp. NT-26 and A2B2C1 reference 

modules of M. mediterranea DSM 17316T. Almost all investigated plasmid replication systems contain two 

adjacent copies of the specific palindrome separated by 11 to 42 nt (Figure 53). Functional constraints 

resulted in a nearly universal conservation of the palindrome motif TTAACAG/CTGTTAA for the 

compatibility group -1 and TTCACAG/CTGTGAA for compatibility group -2. 
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Figure 53 Conserved palindromes associated with RepABC-1 and -2 replicons. No palindromes could be identified in the A2B2C1 
module of Oceanicola sp. HL-35. Rhizobium sp. NT-26 contains one palindrome specific to compatibility group 1 (yellow), but a 
second is missing. Martelella mediterranea harbors two copies of the conserved compatibility group 2 plaindrome (green). The 
organisms of interest are highlighted in bold and blue. 

The RepABC-1a operon from Rhizobium sp. NT-26 contains a conserved compatibility group -1 palindrome, 

but a second copy is in contrast to all other 20 RepABC-1 modules missing. The rhodobacteral Martelella 

mediterranea RepABC module harbors, along with five other A2B2C1-type strains in the analysis, the two 

characteristic copies of the compatibility group 2 palindrome and is hence indistinguishable from genuine 

RepABC2 type replication systems. 

3.6.5. Genome sequencing of Martelella mediterranea DSM 17316T 

Roseobacter-specific RepABC plasmid replication operons of Martelella were identified on a linear 105-kb 

DNA fragment (scaffold_16.17, NZ_AQWH01000017). Apart from the replication system, the scaffold 

contains further typical plasmid components such as a complete type IV secretion system (T4SS) and a 

characteristic toxin-antitoxin system. However, meaningful analyses of extrachromosomal elements 

essentially depend on a complete genome sequence without any gaps and uncertain contig affiliations. 

Accordingly, the genome of M. mediterranea DSM 17316T was sequenced with the PacBio technology. 

Based on a 130-fold sequence coverage and subsequent Illumina correction, we obtained a finished 

RepABC-Type                 Palindrome 1                                                Palindrome 2 
              ------><------                ------><------ 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG   Oceanicola sp. S124 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG  Roseovarius atlanticus R12B 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG  Donghicola xiamenensis DSM18339 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG  Thioclava sp. 13D2W2 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG  Pseudooceanicola atlanticus 22II-s11g 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG   Dinoroseobacter shibae DFL-12 (86kb; pDSHI04) 

A1-B1-C1     CTTAACAGCTGTTAAG.....42nt.....CTTAACAGCTGTTAAG  Phaeobacter sp. S60 

A1-B1-C1      TTAACAGCTGTTAA  no 2nd palindrome   Rhizobium sp. NT-26 

A1-B1-C1      TTAACAGCTGTTAA......42nt......TTAACAGCTGTTAA   Sulfitobacter sp. NAS-14.1 

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Rhodobacteraceae bacterium O365 

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Shimia marina CECT7688 

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Marinovum algicola DG898 

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Marinovum algicola DSM10251 

A1-B1-C1      TTAACAGCTGTTAA......32nt......TTAACAGCTGTTAA       Maritimibacter alkaliphilus HTCC2654  

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Roseivivax isoporae LMG25204 

A1-B1-C1      TTAACAGCTGTTAA......32nt......TTAACAGCTGTTAA   Pseuooceanicola batsensis HTCC2597 

A1-B1-C1      TTAACAGCTGTTAA......30nt....ACTTAACAGCTGTTAAGT  Sulfitobacter sp. HI0054 

A1-B1-C1      TTAACAGCTGTTAA......32nt......TTAACAGCTGTTAA  Ruegeria mobilis S1611 

A1-B1-C1      TTAACAGCTGTTAA......32nt......TTAACAGCTGTTAA  Thalassobius mediterraneus CECT5118 

A1-B1-C1     CTTAACAGCTGTTAAG.....29nt.....CTTAACAGCTGTTAAG   Roseovarius sp. 217 (I) 

A1-B1-C1      aTAACAGCTGTTAa......27nt......TTtgCAGCTGttAA  Paracoccus versutus  
              :: :::::::: ::                :: :::::::: :: 

A2-B2-C2    AGTTCACAGCTGTGAACT....27nt....AGTTCACAGCTGTGAACT  Dinoroseobacter shibae DFL-12 (126kb; pDSHI03)  

A2-B2-C2     GTTCACAgtTGTGAAC.....27nt.....GTTCACAGCTGTGAAC  Pseudooceanicola batsensis HTCC2597 

A2-B2-C2     GTTCACAGCTGTGAAC.....29nt.....GTTCACAGCTGTGAAC  Roseovarius nubinhibens ISM 

A2-B2-C2      TTCACAGCTGTGAA......11nt......TTCACAGCTGTGAA   Pelagibaca bermudensis HTCC2601 

A2-B2-C1 GACAGTTCACAGCTGTGAACTGTC.15nt.....GTTCACAGCTGTGAAC  Martelella mediterranea DSM17316 

A2-B2-C1    AGTTCACAGCTGTGAACT....30nt.....GTTCACAGCTGTGAAC  Rhodobacter sp. CACIA14H1 

A2-B2-C1    AGTTCACAGCTGTGAACT....18nt.....GTTCACAGCTGTGAAC  Paracoccus sp. N5 

A2-B2-C1     GTTCACAGCTGTGAAC.....29nt.....GTTCACAGCTGTGAAC   Rhodobacter sphaeroides 2.4.1 

A2-B2-C1    AGTTCACAGCTGTGAACT....29nt.....GTTCACAGCTGTGAAC  Puniceibacterium sp. IMCC21224 

A2-B2-C1     GTTCACAGCTGTGAAC.....28nt.....GTTCACAGCTGTGAAC  Roseovarius sp. 217 (II) 

A2-B2-C2   GAGTTCACAGCTGTGAACTC...29nt....AGTTCACAGCTGTGAACT  Rhodobacter sp. CCB-MM2 

A2-B2-C2    AGTTCACAgtTGTGAACT....29nt....AGTTCACAGCTGTGAACT  Sagittula stellata E37  

A2-B2-C2     GTTCACAGCTGTGAAC   no 2nd palindrome   Paenirhodobacter enshiensis DW2-9 
              :: :::::::: ::                :: :::::::: :: 

              TTMACAGCTGTKAA                TTMACAGCTGTKAA  consensus RepABC-1 & -2 
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genome of highest quality with a size of 5.7 Mb, harboring four circular replicons representing the 4.7 Mb 

chromosome and three large RepABC-type plasmids with sizes of 170-kb, 259-kb and 593-kb. Four 

scaffolds of the draft genome including the 105-kb fragment match with the 259-kb plasmid pMM259. The 

regions where the Illumina scaffolds matched are bordered by duplicated transposase and recombinase 

genes that limit the de novo genome assembly based on short reads. All three extrachromosomal elements 

harbor a characteristic rhizobial RepABC module for plasmid replication and partitioning. Moreover, the 

plasmid of interest pMM259 possesses an additional solitary replicase (RepC) of rhizobial origin as well as 

the peculiar rhodobacteral RepABC module. Stable maintenance of all three Martelella plasmids is ensured 

by the presence of several toxin/antitoxin modules. The smallest replicon pMM170 contains one, pMM593 

two and the composite plasmid pMM259 even three different systems. The genome was automatically 

annotated using Prokka and deposited at NCBI GenBank with the following Accession numbers: 

chromosome; CP020330, pMM593; CP020331, pMM259; CP020332 and pMM170; CP020333.  

3.6.6. Classification of extrachromosomal replicons in Martelella and Rhizobium 

sp. NT-26 

The ‘chromid’ concept of Peter W. Harrison et al. (2010) introduced an evolutionary dimension into the 

classification of ECRs based on codon usage (CU) analyses. In brief, so-called chromids are essential ECRs 

with a CU comparable to those of the chromosome, which mirrors their long-lasting co-evolution, whereas 

true plasmids are frequently exchanged via conjugation and thus exhibit a largely deviating CU (Petersen 

et al., 2013). I investigated the character of all replicons from Martelella and Rhizobium sp. NT-26 in a 

principal component analysis (PCA) of the relative synonymous codon usage (RSCU; Figure 54). The two-

dimensional PCA, which explains 83.6% of the CU variance, shows a clear affiliation of pMM593 and 

pMM170 with Martelella´s chromosome, thus justifying their classification as chromids, whereas the 

composite replicon pMM259 represents a genuine plasmid.  
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Figure 54 Principal component analysis of relative synonymous codon usage (RSCU) based on all protein-coding sequences of M. 
mediterranea (lightgrey) and NT-26 (darkgrey) replicons. Chromosomes, chromids and plasmids are indicated by squares, triangles 
and circles, respectively. Composite plasmids pMM259 and NT26_p1 are framed with pink color. 2-dimensional scaling explains 
83.6 % of the variance. 

The capacity of horizontal exchange of this 259-kb plasmid is indicated by the presence of two T4S systems 

and furthermore supported by its RepABC replication system of rhodobacteral origin (A2B2C1 type). Both 

ECRs of Rhizobium sp. NT-26 represent authentic plasmids with a deviating CU; the 15-kb plasmid harbors 

mobilization genes and the composite 322-kb plasmid NT26_p1 contains analogous to pMM259 two T4SS 

for conjugational migration. 

3.6.7. Identification of horizontally transferred genes in pMM259 and NT26_p1 

Rhodobacteral RepABC replication systems have been identified on both the 322-kb plasmid of Rhizobium 

sp. NT-26 and 259-Kb plasmid of Martelella mediterranea, pointing strongly towards a horizontal 

acquisition of these replicons from roseobacters. The hypothesis of a plasmid transfer between 

roseobacters and rhizobia would presume the existence of further HGT-derived genes on the composite 

plasmids. A customized version of HGTector (Zhu et al., 2014) was used as a tool for discovery of potential 

HGT-derived genes on the plasmids of Martelella and Rhizobium sp. NT-26. The program allowed the 

identification of many putative HGTs on pMM259 and NT26_p1 (Supplementary Table 14-18), but the two 

chromids of Martelella indicate that the number of vertically evolving rhizobial genes may be 

underestimated. HGTector proposed a comparably low number of genes that are not subjected to HGT 

(41% pMM593; 49% pMM170), whereas the BLAST best hit revealed a rhizobial affiliation for a larger part 

of these genes (55% pMM593, 64% pMM170; Supplementary Table 14, 16). Accordingly, we used the more 

conservative BLAST best hits for the differentiation between vertical inherited and horizontally acquired 

genes (Figure 55,Figure 57). This approach revealed a genuine rhizobial affiliation for the majority of genes 

on the chromids of M. mediterranea (293/531 [55%] pMM593, 100/156 [64%] pMM170), but only for 29% 
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of the genes from the composite plasmid pMM259 (69/240). The majority of pMM259 genes (147/240 

[61%]) is of rhodobacteral origin (Supplementary Table 15).  

 

Figure 55 Circular map of plasmid pMM259 (Martelella). Circles represent from inside to outside (1) GC skew [10,000 bp window]; 
(2) GC content and deviation from the mean value [1,000 bp window] (3, 4, 5); Coding sequences [CDSs] of 
Rhodobacterales/Rhizobiales/other origin [pink/blue/green] (6) location on the plus or minus strand [grey/black]. The origins of 
CDSs were determined via best BLASTP hits [E-value < 10-5]. RepABC-type replication systems [ABC] and type four secretion 
systems [T4SS] are accentuated with sectors and labeled with respect to their origin [pink/blue]. Mob, mobilization module [virD2, 
virD4 genes]. 

Between 183-kb and 213-kb a highly scattered 30-Kb region of rhizobial and non-rhizobial genes was 

detected (Figure 55). The overall formation of pMM259 points towards a rhodobacteral backbone with an 

approximately 60-Kb region of rhizobial origin, containing a rhizobial RepABC and T4SS, fused into it. The 

GC content of the 60-kb insert of the rhizobial plasmid is 58% compared to 62% in the rhodobacteral part, 

a proportion that is coincidentally comparable to those of the two chromids (62%) and the chromosome 

(63%). A codon-usage subanalysis with split rhizobial and rhodobacteral parts of pMM259 showed that 

the CU of rhizobial and rhodobacteral parts largely deviate from each other and from Martelella 

chromosome (Figure 56A). 
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Figure 56 Principal component analysis of relative synonymous codon usage (RSCU) based on all protein-coding sequences from 
four M. mediterranea and three Rhizobium sp. NT-26 replicons. Chromosomes, chromids and plasmids are indicated by squares, 
triangles and circles, respectively. pMM259 and NT26_p1 were in-silico split into a rhizobial (blue) and a rhodbacteral (pink) part 
as shown in the schematic plasmid maps on the right. A) Analysis of pMM259 B) Analysis of NT26_p1 

The composite Rhizobium plasmid NT26_p1 (FO082821.1) is also derived of a rhizobial and a rhodobacteral 

plasmid (Figure 57). The composite plasmid contains 190 (56%) genes of rhizobial-derived and 110 (32%) 

genes of rhodobacteral-derived genes as determined by BLAST best hits. The remaining 39 genes yielded 

best hits in various orders. The composite plasmid harbors a 119-Kb rhodobacteral core region, which is 

mainly composed of rhodobacteral genes and is flanked by two identical transposase genes 

(NT26_p10195, NT26_p10328) of the IS204/IS1001/IS1096/IS1165 family of rhizobial origin. This stretch 

contains the rhodobacteral RepABC-1b module and a T4SS as well as Mob genes. A second identical 

replication module (RepABC-1b) is found in 11 o’clock position (Figure 57). Not only are the crucial 

elements of the RepABC operon identical, but also the three genes upstream, including a site-specific DNA 

recombinase, and the transposase gene with 99% identity to the two transposases mentioned earlier 

downstream of the replication system. A small rhizobial region lies in between the two rhodobacteral 

RepABC systems and a large rhizobial region with a rhizobial RepABC and a rhizobial T4SS ranges from 

downstream of the rhodobacteral RepABC-1a to the start of the rhodobacteral core region. 
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Figure 57 Circular map of plasmid NT26_p1 (Rhizobium sp. NT-26). Circles represent from inside to outside (1) GC skew [10,000 
bp window]; (2) GC content and deviation from the mean value [1,000 bp window] (3, 4, 5); Coding sequences [CDSs] of 
Rhodobacterales/Rhizobiales/other origin [pink/blue/green] (6) location on the plus or minus strand [grey/black]. The origins of 
CDSs were determined via best BLASTP hits [E-value < 10-5]. RepABC-type replication systems [ABC] and type four secretion 
systems [T4SS] are accentuated with sectors and labeled with respect to their origin [pink/blue]. Mob, mobilization module [virD2, 
virD4 genes]. Transposases are marked with arrows and a “T” in a red circle. 

A codon-usage subanalysis with split rhizobial and rhodobacteral parts of NT26_p1 showed that the CU of 

rhizobial and rhodobacteral parts largely deviate from each other and from Rhizobium sp. NT-26 

chromosome (Figure 56B). 
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3.6.8. Type IV secretion systems of the composite plasmids from Martelella and 

Rhizobium sp. NT-26  

Type IV secretion systems (T4SS) are typical for conjugal plasmids and they are the driving force forplasmid 

exchange. This molecular machinery transports single stranded linear DNA from the donor to the recipient 

cell through a conjugative pilus in a complex mechanism based on rolling-circle replication (Juhas et al., 

2008).  

 

Figure 58 Type four secretion systems (T4SS) of the composite plasmids from Rhizobium sp. NT-26 and Martelella mediterranea 
DSM 17316T. The gene structure of their superoperons is compared with those of structurally conserved reference modules from 
roseobacters (pink) and rhizobia (blue). The T4SS of the tumor-inducing (Ti) plasmid from Agrobacterium tumefaciens is shown as 
a distant relative. The schematic T4SS apparatus according to the KEGG pathway is presented on the. 

The structural composition of the type IV secretion systems (T4SS) of pMM259 and NT26_p1 was 

investigated based on the assumption that they mediated conjugational plasmid transfer from 
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roseobacters into M. mediterranea and Rhizobium sp. NT-26. Typical T4S-systems including the virB 

secretion apparatus and the virD2/virD4 mobilization genes of rhodobacteral origin were accordingly 

found on both composite plasmids (pink color, Figure 55, Figure 57). The genecluster of the rhodobacteral 

T4SS of Martelella mediterranea and Rhizobium sp. NT-26 (Figure 58, pink) contain all crucial genes to 

assemble a functional secretion system and to initiate plasmid transfer. In addition the genetic structure 

of these two T4SS is conserved to homologous systems in other Rhodobacteraceae, particularly to the two 

T4SS of the Dinoroseobacter shibae sister plasmids, whose functionality has recently been demonstrated 

by a cross-genus conjugation into P. inhibens (Patzelt et al., 2016). The 322-kb plasmid of Rhizobium sp. 

NT-26 harbors a second T4SS of genuine rhizobial origin that is structurally identical with an equivalent 

from the 170-kb plasmid pOANT01 from the opportunistic human pathogen Ochrobactrum anthropi 

(Rhizobiales, Brucellaceae), and its core of virB genes is also syntenous to a homolog from Rhizobium 

gallicum. The corresponding T4SS of the tumor-inducing (Ti) plasmid from Agrobacterium tumefaciens 

(Rhizobiales, Rhizobiaceae; Figure 58), which mediates the transformation of plant cells, but has also been 

shown to facilitate plasmid conjugation (Genetello et al., 1977; Lessl and Lanka, 1994), exhibits only a 

comparably low degree of structural conservation. However, reciprocal BLASTP comparisons of e.g. the 

VirB4 proteins revealed a higher degree of sequence identity between the rhizobial sequences e.g. of A. 

tumefaciens and Rhizobium sp. NT-26 than to the rhodobacteral homologs (31% versus 27%) thus 

indicating that these T4S systems originated from a module-duplication in rhizobia. Furthermore, a second 

T4SS of rhizobial origin with characteristic icm and dot genes (Juhas et al., 2008) has been identified on the 

composite plasmid pMM259 and syntenous modules are present in other rhizobia such as Sinorhizobium 

sp. CCBAU 05631 (blue color, Figure 58). This extremely divergent secretion system of the Icm/Dot type 

harbors traA (virD4) genes, thus indicating that it is responsible for plasmid conjugation, whereas 

homologous systems of Legionella pneumophila and Coxiella burnetii are utilized for pathogenesis (Segal 

et al., 2005). 

3.6.9. Physiological tests of composite plasmid RepABC module function 

The five different RepABC modules on the composite plasmids pMM259 and NT26_p1 have been 

characterized phylogenetically and bioinformatically in the previous chapters. But these in silico analyses 

do not provide evidence for their functionality within the host. It’s commonly known that a single 

compatible replication system is sufficient for stable maintenance of a low-copy number plasmid within 

its host. However, the composite plasmids of Martelella and NT-26 harbor two and three distinct RepABC 

modules, respectively. Apart from the conserved operon structure and the presence of specific 

palindromic recognition sites no statement about functionality could be given. The two RepABC replication 
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modules of pMM259 and the three different modules of NT26_p1 were PCR-amplified using specific 

primers and subsequently cloned into the cloning vector pCR2.1 harboring a kanamycin resistance. The 

two kanamycin sensitive test strains Phaeobacter inhibens DSM 17395 and Agrobacterium tumefaciens 

C58 were chosen as representative strains of the orders Rhodobacterales and Rhizobiales. A circular 

pCR2.1 plasmid without insert was used as negative control and no kanamycin resistant colonies were 

obtained after transformation into both hosts. Competent cells of each test strain were transformed with 

the five RepABC constructs pMM259-roseo, pMM259-rhizo, NT26-roseo, NT26-rhizo-I and NT26-rhizo-II 

(Figure 59A, Supplementary figure 38). Kanamycin resistant Phaeobacter colonies were obtained for the 

transformed constructs pMM259-roseo and NT26-roseo, but not for any of the rhizobial RepABCs. 

Kanamycin resistant colonies of Agrobacterium were obtained for all of the five transformed constructs.  

 

Figure 59 Functionality tests of rhizobial and rhodobacteral RepABC modules from Rhizobium NT-26 and M. mediterranea in P. 
inhibens and A. tumefaciens. A) Schematic maps of the tested constructs. Rhodobacteral and rhizobial RepABC modules are 
shown in pink and blue, respectively. pCR2.1 cloning vector backbone genes are shown in gray. pUC, origin of replication; Amp 
and Kan, antibiotic resitance markers; E, EcoRI site. PCR primers are indicated by black arrows. B) EcoRI digestion of plasmid 
preparations. The 1 Kb Plus DNA ladder from Invitrogen was used. Lanes are as follows: 1, original construct; 2, transformation of 
construct into P. inhibens; 3, retransformation of 2 into E. coli; 4, transformation of construct into A. tumefaciens; 5, 
retransformation of 4 into E. coli. C) PCR Assay with primers specific to pCR2.1 

To exclude stable integration of the transformed pCR2.1 constructs into the chromosome of the host 

through illegitimate homologous recombination, which would also result in kanamycin resistant colonies, 

the low copy number plasmids were isolated after transformation and retransformed into Escherichia coli 
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competent cells. A restriction digest with EcoRI and comparison with the digestion pattern of the original 

construct (Figure 59B, lane 1) confirmed the identity of retransformed constructs from Phaeobacter (lane 

3) and Agrobacterium (lane 5). The absence of DNA fragments in lane 2 and lane 4 reflects the low copy 

number of RepABC plasmids in Phaeobacter inhibens and Agrobacterium tumefaciens. To further validate 

the experimental outcome of plasmid functionality, a PCR with primers specific to pCR2.1 was conducted 

to amplify the complete insert for each of the samples. The full length insert was amplified for all tested 

constructs (Figure 59C). The results showed that all replication systems of the composite plasmids 

pMM259 and NT26_p1 are functional. However, while rhodobacteral RepABC modules were functional in 

both hosts, the rhizobial RepABC modules were only functional in the rhizobial host. 

3.6.10. Functionality tests of rhodobacteral RepABC replication modules from 

all nine compatibility groups. 

Back in 2009 all available RepABC modules from Rhodobacteraceae were phylogenetically analyzed and a 

RepABC classification system for rhodobacteral RepABCs with nine natural compatibility groups was 

established (Petersen et al., 2009). The phylogenetic analysis revealed that compatibility groups one to 

eight are monophyletic while compatibility group nine has a paraphyletic origin more closely related to 

Rhizobiales. The hypothesis regarding the functionality of RepABC systems in Rhizobiales accordingly only 

included RepABCs from compatibility group nine.  

Table 13 Tested RepABC modules from nine compatibility groups. The original host, from which the plasmid DNA was isolated 
and the RepABC module was cloned, is given besides the compatibility group. The replicon which harbors the RepABC module is 
given if the genome is finished. WGS; whole genome shotgun sequence. PCR primers for construction of RepABC test construct 
are shown; further details and sequence can be found in the appendix. The last two columns depict whether the construct was 
functional in the two tested host strains. *Constructs were already established in the working group, cloned into pBluescript with 
a gentamicin resistance or ** tetracycline resistance. 

Replication module Functionality 

 Original host Replicon Primers P. inhibens A. tumefaciens 

RepABC-1 Dinoroseobacter shibae DFL-12 pDSHI04 P0076/P0077** Yes Yes 

RepABC-2 Dinoroseobacter shibae DFL-12 pDSHI03 P0056/P0067* Yes Yes 

RepABC-3 Psuedooceanicola batsensis DSM 15984 WGS P1032/P1033 Yes Yes 

RepABC-4 Oceanibulbus indolifex HEL-45 WGS P1045/P1046 Yes Yes 

RepABC-5 Marinovum algicola DG898 pMAG189 P1056/P1057 Yes Yes 

RepABC-6 Marinovum algicola DG898 pMAG187 P1066/P1067 Yes Yes 

RepABC-7 Oceanibulbus indolifex HEL-45 WGS P1077/P1078 Yes Yes 

RepABC-8 Phaeobacter inhibens T5 pP05 P1093/P1094 Yes No 

RepABC-9 Dinoroseobacter shibae DFL-12 pDSHI01 P0046/P0047* Yes Yes 
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The experimental outcome of RepABC module functionality tests in the previous chapter was surprising, 

because presumably Rhodobacteraceae-specific RepABC modules from compatibility group -1 were 

functional in the rhizobium A. tumefaciens. Accordingly, a RepABC module from each of the nine 

compatibility groups (Table 13) was cloned into a cloning vector that does not replicate in 

Alphaproteobacteria. The constructs from Dinoroseobacter shibae plasmids were already established and 

were cloned into pBlueScript with a gentamicin resistance gene (RepABC-2 and -9) or tetracycline 

resistance gene (RepABC-1). The remaining six RepABC constructs were cloned into pCR2.1 as described 

for the composite plasmid RepABC modules. All nine RepABC module constructs were tested analogously 

to the RepABC modules in the previous chapter with the two host strains Phaeobacter inhibens DSM 17395 

and Agrobacterium tumefaciens C58. Based on the experimental setup all nine tested constructs were 

stably maintained in Phaeobacter inhibens under selective conditions, as shown by EcoRI digests and PCR 

assay of plasmid preparations (Supplementary figure 38). The same result was documented for the 

functionality of rhodobacteral RepABC modules in Agrobacterium tumefaciens with the sole exception of 

the RepABC-8 module from P. inhibens T5, which was not functional in the rhizobial host. 
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4. Discussion 

4.1. Transposon mutagenesis of Phaeobacter inhibens 

Phaeobacter inhibens DSM 17395 is a model organism of the Sonderforschungsbereich TRR 51 “Ecology, 

physiology and molecular biology of the roseobacter group” and has been extensively studied in the first 

funding period. For the second funding period and my PhD thesis the availability of single gene mutants of 

this organism was crucial, in order to gain deeper insights into its lifestyle, abilities and metabolism. One 

former study, for instance, made already use of the EZ-Tn5 transposon to obtain P. inhibens mutants that 

are involved in TDA-biosynthesis and in TDA-related quorum sensing (Berger et al., 2011).  However, these 

mutants were easy to screen due to a phenotypic change in colony pigmentation from brown to white, 

but a third mutant needed for this study was created by coventional directed mutagenesis. This process is 

cumbersome and labor-intensive, since it involves PCR, cloning, transformation or mating and screening 

for authentic mutants. A large transposon mutant library of the second model organism Dinoroseobacter 

shibae DFL-12 using a mariner transposon derivative was already generated during the first funding period 

of the TRR 51 (Ebert et al., 2013) and was available to all groups of the Sonderforschungsbereich. 

Analogously, it was my task to establish a library of P. inhibens DSM 17395 transposon mutants in the 

second funding period to provide the consortium access to numerous single gene mutants of the model 

organism. In total 5146 mutants with 4124 known insertion sites have been established to date, 

representing insertions into 1791 unique gene loci, which accounts for about 45 % of all P. inhibens genes. 

With this number of mutants most non-essential metabolic pathways and functional gene clusters were 

affected, although not all genes were mutated. A complete set of mutants of the TDA-biosynthesis gene 

cluster on the 262-Kb chromid for instance was obtained with the exception of tdaF. Nevertheless some 

of our TDA mutants (tdaA, tdaB, tdaC and tdaE) were used to determine the energetic burden of TDA-

biosynthesis and detoxification on P. inhibens in a cooperation with the group of Dietmar Schomburg (Will 

et al., 2017). Mutants were also requested by external cooperation partners to e.g. investigate the 

nutritional exchange in a co-culture experiment of the algae Emiliania huxleyi and Phaeobacter inhibens 

(Segev et al., 2016). The mutant library was much valued by the TRR51 community and it is used in many 

ongoing studies. 

The information of transposon insertion sites from the library was used to determine the insertional bias 

of the used EZ-Tn5 transposon within the genome of P. inhibens, since the uniform distribution of a 

transposon is important for the establishment of a large transposon mutant library and has to be assessed 

depending on the strain used. The identified, preferred insertion motif of the EZ-Tn5 transposon, CA-
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GTTYWRAAC-TG, is in agreement with the findings in prior publications (Goryshin et al., 1998; Green et al., 

2012), but is based on a much higher sample size. In contrast, the slight bias towards lower GC-content 

genes is in opposition to prior publications and the manufacturers’ specifications. However, in this analysis 

only the per gene GC-content was considered and not the local GC-content around the insertion sites. All 

in all, the GC-content bias is negligible in consideration of the advantages the EZ-Tn5 transposon entails. 

Two criteria were beneficial for the selection of this transposon system. (1) The transposon must be a 

commercially available and easy to use kit and (2) use a different selective marker as the transposon used 

for mutagenesis of D. shibae in order to easily approach possible conjugation experiments.  

Limited by sequencing costs of more than 30,000 Euros for the library, the number of mutated genes in 

the library is far-off of saturation. A saturated transposon mutant library contains mutants of each non-

essential gene of an organism. Each genome harbors essential genes, necessary for cell viability under 

given conditions and can hence not be mutated. Mycoplasma genitalium has the smallest genome among 

the cultivatable microorganisms and 79 % of the 482 genes were found to be essential (Glass et al., 2006), 

whereas the proportion of essential genes in the alphaproteobacterium Caulobacter crescentus is much 

smaller with only 12 % (Christen et al., 2011). Although the number of essential genes in P. inhibens or any 

other roseobacter has not yet been determined, the proportion can be assumed somewhere near 10 %, 

since essential genes in other Alphaproteobacteria were identified to 11% in Rhodobacter sphaeroides 

(Burger et al., 2017), 6.9 % in Agrobacterium tumefaciens and 13.4 % in Brevundimonas subvibrioides 

(Curtis and Yves V. Brun, 2015). Not even the expanded transposon screening mutant set of more than 

12,000 mutants allowed the isolation of mutants for each flagellar gene cluster gene, indicating sub-

saturated mutagenesis. A simple approximation using Poisson’s law (N = ln(1 - P)/ln(1 - f)) calculates the 

number of needed mutants to reach saturation with a probability of 99.9 %, assuming 3,500 non-essential 

genes and uniform and unbiased transposon insertion, to 24,173. Taking the slight bias of EZ-Tn5 

transposon towards lower GC-contents into account, the number of mutants for a saturated mutagenesis 

will even be higher. The establishment of a library of such size with the presented method is very labor-

intensive and expensive (>150,000 Euro). The use of a different, less biased transposon or a different 

method to establish a saturated library might be preferable. For instance the so called knockout Sudoku, 

a combinatory method, where the position of an individual mutant is traced back from pooled Illumina 

runs in a grid of wells, is a cost-effective and rapid alternative (Baym et al., 2016; Erlich et al., 2009).  

Nonetheless, 5,000 mutants were considered sufficient for cost-benefit reasons. 

4.2. The flagellar motility of Rhodobacteraceae 
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4.2.1. Phylogenomic analysis of 306 Rhodobacteraceae 

Ever since the description of the first roseobacters, Roseobacter litoralis and Roseobacter denitrificans, in 

1991 (Shiba, 1991), the strains of this group of marine microorganisms were repeatedly in the focus of 

taxonomists and comprehensive phylogenetic analyses were conducted (Luo et al., 2012; Luo and Moran, 

2014; Newton et al., 2010; Voget et al., 2015). However, these analyses considered the roseobacters a 

monophyletic clade and were conducted under exclusion of non-marine Rhodobacteraceae. More recent 

phylogenomic analyses of 105 and 106 Rhodobacteraceae included typical limnic representatives of the 

genera Rhodobacter and Paracoccus into their taxon sampling (Brinkmann et al., 2018; Simon et al., 2017) 

and depicted the paraphyly of roseobacters. The emergence of hundreds of new isolates and genome 

sequences in the genomic era allowed an even more comprehensive taxon sampling of 306 taxonomically 

divergent Rhodobacteraceae strains. However, dealing with that many taxa is not trivial, since the number 

of orthologous genes and with it the alignment length decreases as a function of the number of strains 

(Uchiyama, 2008). This in turn reduces the phylogenomic resolution and branch support. To counteract 

this and to balance differences in gene calling algorithms, variable numbers of missing genes were allowed 

during the search for orthologous genes. This method resulted in longer alignments and better 

phylogenomic resolution without major impact on the overall topology. The criterion of genes allowed 

missing in three or fewer strains not only doubled the marker genes and alignment length, but also formed 

the best compromise between an aligment-length of more than 100,000 amino acids and originary 

topology. The presented phylogenomic analysis of 306 Rhodobacteraceae strains is, to my knowledge, the 

largest and most comprehensive analysis of its kind and offers a global overview on the relatedness of the 

full phylogenetic width of this bacterial lineage. The low statistical support in some parts of the backbone 

reflects the enormous size of the dataset, as the number of possible trees increases exponentially with the 

number of taxa considered (Felsenstein, 1985). The established 306-species tree largely reflects the global 

topologies of trees from previous phylogenomic analyses (Brinkmann et al., 2018; Simon et al., 2017), 

although the nested position of the non-marine Rhodobacteraceae clade 8 between clades 7 and 9 could 

not be validated due to low statistical. However, the paraphyletic grouping of roseobacters (Simon et al., 

2017) was still reflected through the highly supported early branching of the marine genera Albimonas 

and Oceanicella in the outgroup and the strains HTCC2255 and CY02 in the ingroup. The massive taxon 

sampling of 306 species allowed the identification of two new, maximum supported sublineages of 

roseobacters consisting of Pseudoruegeria and Tropicimonas (clade 10) and Confluentimicrobium and 

Rhodovulum (clade 11) respectively. In total 11 clades were identified of which nine were statistically 

support by 100 % BP. The earlier defined clades 3 and 6 were not sufficiently resolved due to lacking branch 
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support and dissociated into two subclades each, which were named 3A and 3B as well as 6A and 6B 

accordingly. The branching patterns within the clades, however, exhibit a high statistical support and 

therefore reflect the relatedness of the involved strains. This species tree reflects the largest phylogenomic 

analysis of Rhodobacteraceae to date and is aimed to be referenced in future studies (Birmes et al., 

unpublished). 

4.2.2. The archetypal fla1 flagellar gene cluster of Rhodobacteraceae 

The presented flagellar phylogeny of 284 Rhodobacteraceae flagellar gene clusters (FGC) is the most 

extensive evolutionary examination of flagellar motility in bacteria. The presence of three phylogenetically 

distinct FGCs, named fla1, fla2 and fla3 (Frank et al., 2015a; Michael et al., 2016) was validated in this 

thesis with a 4- to 6-fold higher taxon sampling. The subtree of the most abundant fla1 FGC in the flagellar 

phylogeny of concatenated FlhA, FliF, FlgH and FlgI proteins is astonishingly well resolved considering the 

alignment length of only 1,800 aa positions and the high number of 218 analyzed fla1 operons. All fla1 

FGCs have a common origin supported by 100 % BP. The branching pattern of the flagellar tree mirrors the 

evolutionary relatedness of the strains within clades as found in the phylogenomic analysis and very likely 

reflects a long-term synchronous evolution of the FGC and the Rhodobacteraceae species. On the contrary, 

the comparison of species tree and the subtrees of sporadically scattered fla2 and fla3 FGCs revealed an 

inconsistent distribution. In contrast to fla2 and fla3, all 218 fla1 FGCs are exclusively chromosomally 

encoded, with the excpetion of the genes flgF, flbT, flaF and fliC, which are located on a plasmid in 

Rhodobacter sphaeroides 2.4.1. (Poggio et al., 2007). The high abundance, synchronous evolution, 

exclusive chromosomal location and the fact that fla1 appears in all clades, together assign fla1 as the 

archetypal flagellum of Rhodobacteraceae. However, the species tree shows several losses of the 

archetypal FGC, as documented by the two closely related species Loktanella rosea DSM 29591 (fla1) and 

Loktanella sp. 1ANDIMAR09. Furthermore, fla1-type FGCs were several times replaced by fla2- or fla3-

type FGCs, as shown for Sulfitobacter dubius (fla2) and Thalassobius gelatinovorans (fla3), respectively. 

The presence of the two genes CP2 and CP4 is characteristic for the fla1 flagellum and they were shown 

to be essential for swimming motility in P. inhibens and Ruegeria sp. TM1040 (Belas et al., 2009). Homologs 

of these genes were not identified in most representatives with a single fla2 or fla3 FGC and can hence be 

used as diagnostic markers for the fla1-type FGC. However, three exceptions of species with a single fla2 

FGC still harboring CP2 were identified. Roseivivax halodurans, Roseivivax atlanticus and Yangia sp. CCB-

MM3 are examples for the secondary loss hypothesis of the ancestral fla1 flagellum, since two conserved 

clusters of seven and four fla1 genes, including CP2 were still present. The Roseivivax cluster with the 

additional species R. marinus, R. jejudonensis and R. isoporae is of particular interest, because it offers the 
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opportunity to present an evolutionary scenario. The complete fla1 FGC of R. isoporae is located in two 

distinct clusters on the chromosome. The main cluster comprises the majority of genes contributing 

essentially to fla1 motility, starting with motB and ending with flgD as in P. inhibens. However, a secondary 

genecluster consisting of CP3, CP2, fliL, fliF, fliH, fliN and fliP can be found in a distinct locus. In this most 

parsimonious scenario, the common ancestor of the five Roseivivax species likely acquired a DnaA-like 

plasmid encoded fla2 FGC. In an early branching, the complete fla1 FGC along with fla2 remained in the 

ancestor of R. isoporae, while a 21 Kb deletion occurred in the sister groups main cluster, leaving a motB 

pseudogene, as well as four genes downstream of fliC and the secondary cluster behind. R. marinus and 

R. jejudonensis than lost the plasmid-borne fla2 FGC and remained without a flagellum. The fla2 FGC was 

likely introduced into the chromosome of R. halodurans by chromosomal insourcing. In the case of R. 

atlanticus the original DnaA-like replication system was exchanged by a RepABC-type system via 

homologous recombination. Another independent, exemplary loss of fla1 was documented in the sister 

group of the aforementioned strains. Roseivivax lentus harbors a complete fla1 FGC encoded similarly in 

two distinct clusters. Its closest relative R. halotolerans was subjected to a loss  of 21 Kb between flgE and 

fliK. The conspicuous long branches of fla1 FGC in Paracoccus spp. indicate a faster evolution of the FGC 

compared to the other strains. All Paracoccus strains lack homologs of CP4, fliH and flgN, which were 

shown to be essential for fla1 motility in P. inhibens. At least for fliH a study prove that a loss of the gene 

does not necessarily result in loss of motility (Minamino et al., 2003). Many species of the genus 

Paracoccus, for instance Paracoccus halophilus are described as non-motile (Liu et al., 2008). However, P. 

chinensis, P. homiensis and P. isoporae have been described as motile (Chen et al., 2011; Kim et al., 2006; 

Li et al., 2009a). Our physiological tests on MB soft agar could not validate motility for P. isoporae and 

P. homiensis exhibited flagellar independent dendritic motility. Hence, it can be assumed that accelerated 

evolutionary rates of the FGC of Paracoccus spp. might reflect the gene loss of CP4 and flgN and the 

resulting loss of motility. This assumption is supported by the clustering of Donghicola eburneus with the 

distantly related Paracoccus spp. in the fla1 subtree, which also exhibited gene losses of CP4 and flgN. 

4.2.3. Horizontal operon transfer of the fla2 flagellum  

The extensive analysis of flagellar gene clusters (FGC) of 306 completely sequenced Rhodobacteraceae 

revealed a scattered distribution of fla2 and fla3 FGCs throughout the species tree. The branching pattern 

of the phylogenomic tree was, in contrast to fla1, not mirrored in the fla2 and fla3 subtrees. However, the 

common origin of both FGCs was supported by 100 % BP. Apart from its common origin, the branching 

pattern of the fla2 subtree suggests a number of operon transfers. The underlying phylogenetic tree allows 

pinpointing at least five transfer events in strains of clade 3, as documented by the distribution of the 
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according strains into five distinct fla2 subclusters, which do not reflect the relatedness of the species tree. 

Analogously, the analysis documented three and two transfers for clade 4 and clade 2/clade 1 respectively. 

The transfer of complete functional operons in Rhodobacteraceae has recently been exemplified for the 

photosynthesis genecluster (Brinkmann et al., 2018). Such a transfer is most likely maintained by plasmids, 

considering the size of the FGC of about 35 Kb. Assuming the early operon duplication as origin of the fla2 

flagellum as proposed by Frank et al (2015), an analogous scenario would presume ‘chromosomal 

outsourcing’ of the FGC onto an extrachromosomal element (ECR) and recruitment of a type-IV secretion 

system prior to plasmid transfer. This mechanism was proposed and exemplified earlier on the plasmid 

located photosynthesis genecluster (Brinkmann et al., 2018; Petersen et al., 2011) and is in agreement 

with the surprising number of 21 plasmid-encoded fla2-type FGCs on ECRs. The closely related fla2-type 

FGCs of the two Marinovum species and Pelagibaca abyssi for instance harbor DnaA-like I and a RepABC-

type replication system. The presence of different replication systems on these ECRs can be explained by 

further illegitimate recombinations between the flagellar plasmid and genuine plasmids from the new 

host. The mechanisms of horizontal operon transfer (HOT) can be exemplified by a scenario of the seven 

fla2-cluster comprising Sulfitobacter strains and Roseovarius indicus DSM 26383. The common ancestor of 

the fla2-type FGC was accordingly  transferred to a Roseovarius and a Sulfitobacter strain via a DnaA-like 

I-type plasmid. While the DnaA-like plasmid remained in five Sulfitobacter species, it was reintegrated into 

the chromosome in Roseovarius indicus and Sulfitobacter geojensis via a ‘chromosomal insourcing’ 

process. In case of the closely related strain Sulfitobacter mediterraneus the DnaA-like replication system 

was exchanged by a RepB-III system. The fla2 flagellum is thus a prime example of HOTs and illustrates the 

importance of plasmids in lifestyle determination within the family of Rhodobacteraceae. 

4.2.3. Horizontal acquisition of the fla3 flagellum 

The phylogenetic analysis also revealed an inconsistent distribution of the fla3-type FGC with a common 

origin supported by 100 % BP in comparison to the species tree. Hence, several HOTs might be explanatory 

for the observed fla3 branching pattern. The fla3 flagellum most likely originated from a γ-

proteobacterium transferred to a common ancestor of Rhodobacterales and Sphingomonadales during 

early speciation (Poggio et al., 2007). However, subsequently it was subjected to frequent losses and 

occasional transfers, resulting in the patchy distribution of fla3 throughout Rhodobacteraceae. Although, 

the majority of analyzed fla3-type FGCs is chromosomally encoded, the mechanism of transfers between 

species might be plasmid-dependent, indicated by the presence of the FGC on a RepB replicon in 

Octadecabacter arcticus (Vollmers et al., 2013). 
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4.2.4. Two flagellar systems in one strain 

My systematic analyses allowed the identification of 29 strains with more than one flagellar gene cluster. 

In total 15 combinations of fla1/fla2 and 14 combinations of fla1/fla3 were identified. The presence of 

two flagellar systems is not uncommon in other bacterial lineages. In many cases they are differentiated 

by constitutive and conditional expression under certain environmental requirements such as high 

pressure (Eloe et al., 2008). In other species the expression of the two flagellar systems is dependent on 

their function. Vibrio parahaemolyticus expresses its specialized polar swimming-flagella or lateral 

swarming-flagella depending on the required type of locomotion. Bradyrhizobium japonicum also harbors 

two functionally divergent sets of flagellar genes. It has a thick flagellum for swimming motility and a thin 

flagellum for swarming motility, both located in subpolar position (Kanbe et al., 2007). The swimming 

flagellum was typically located in a monotrichous polar position, while the swarming flagella were mostly 

found in lateral or peritrichous localizations (McCarter, 2004). However, flagella dependent swarming 

motility has not been reported in Rhodobacteraceae, thus a functional differentiation of the fla1/fla2 and 

fla1/fla3 combinations is very unlikely. Moreover, a positional prediction of flagellar localization only by 

the presence of a certain FGC is not possible as shown by extensive literature search, although monopolar 

localization of the fla1 flagellum is likely. The expression under different environmental conditions could 

be a possible explanation for the presence of two distinct FGCs. Fla1- motility in the 

Rhodobacter sphaeroides 2.4.1 fla3 mutant was only observed under anaerobic conditions, (Poggio et al., 

2007) but motility occurred late in several distinct flares after one week of incubation. This reproducible 

pattern was indicative of a suppressor mutant of the non-functional FGC  and a gain of function mutation 

in cckA was identified that is responsible for this observation (Vega-Baray et al., 2015). Curing of the 

flagellar plasmid harboring the acquired fla2 flagellum in Marinovum algicola DG898 also resulted in a loss 

of motility, despite the presence of the native, chromosomally-encoded fla1 FGC (Frank et al., 2015a). 

These findings suggest that two flagellar systems in Rhodobacteraceae might be maintained in functional 

redundancy until one of them converts into pseudogenes and gets lost over time. This assumption could 

also explain the high number of fla1 losses in fla2 (28) and fla3 (9) strains. A future perspective on the 

functionality of two flagellar systems within one strain is given by the two strains Roseivivax isoporae and 

Yangia pacifica. Both of them were shown to be motile on MB soft agar plates under laboratory conditions 

and harbor a plasmid-encoded fla2 systems as well as a chromosomally located fla1 FGC. A plasmid curing 

of the fla2 plasmids and transposon mutagenesis of the fla1 system with subsequent testing on MB soft 

agar plates could easily identify whether only one or both systems are functional. 

4.2.5. Physiological tests and novel dendritic motility 
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Flagellar-dependent swimming motility is the prerequisite for the characteristic swim-and-stick lifestyle of 

marine roseobacters and thus crucial for the competitiveness in their ecological niches (Belas et al., 2009; 

Michael et al., 2016). Our investigation of swimming motility in 120 genome-sequenced Rhodobacteraceae 

including 114 type strains represents from a taxonomic perspective the most comprehensive study of this 

capacity in Proteobacteria. It has previously been documented that single fla1- and fla2-type FGCs are 

sufficient for swimming motility (Michael et al., 2016) and the same correlation has now been shown for 

a fla3- type flagellum, which was exemplified for T. gelatinovorans DSM 5887. 14 reference strains, which 

are lacking a FGC in their genome, served as a negative control and confirmed that the presence of a 

flagellum is the prerequisite for swimming motility (Jarrell and McBride, 2008). The comparison of the 

swimming zones showed that Tropicibacter multivorans DSM 26470, which harbors a fla1-type flagellum, 

was the fastest swimmer of the tested roseobacters. However, this marine alphaproteobacterium still 

needed more than two days of incubation to reach the border of the petri dish, whereas some 

Gammaproteobacteria such as Salmonella enterica just require several hours of incubation for the same 

distance (Deditius et al., 2015). Only 50 of 106 investigated Rhodobacteraceae with complete flagellar 

systems swam on soft agar plates, which exemplifies the need for experimental tests for the validation of 

predicted physiological capacities in the post genomic era. Ruegeria pomeroyi for instance was not able to 

swim on marine broth soft agar plates due to catabolite repression of motility on rich media, but was 

shown to be motile on artificial seawater medium in the presence of small amounts of organic matter 

(Kaur et al., 2018). The detection of the dendritic motility in seven of 120 tested Rhodobacteraceae was 

the most remarkable finding of the swimming motility assays. It has previously been suggested that this 

exceptional phenotype, which was initially described for Pseudodonghicola xiamenensis DSM 18339, might 

represent swarming motility, but the alternatives of sliding or twitching have not been excluded (Michael 

et al., 2016). Due to the absence of any FGC in two of the seven dendritic strains, i.e. Sulfitobacter 

pseudonitzschiae DSM 26824 and Roseovarius pacificus DSM 29589, we could falsify the former ‘best 

guess’ that this mode of motility represents flagellar-dependent swarming. We investigated the basis of 

dendritic motility via comparative genomics, but there is no unique set of genes that allows distinguishing 

dendritic and non-dendritic strains. The essential genes for this phenotype might be more common as 

initially assumed and the usage of less stringent search criteria resulted in at least two clusters with 

promising candidate genes for dendritic motility. Especially the discovery of a conserved 11-kb operon 

with characteristic tadBCDEF and cpaBCED genes for the formation of a type IVb pilus in Sulfitobacter 

pseudonitzschiae DSM 26824, Celeribacter indicus DSM 27257 and C. halophilus DSM 26270 is noteworthy. 

These pili are known to be responsible for twitching and gliding motility of bacteria enabling a flagella-

independent movement over surfaces (Jarrell and McBride, 2008). Accordingly the novel phenotype with 
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the characteristic dendrites is most likely a specific form of twitching or pilus-dependent gliding motility. 

The absence of the pili genes in the genomes of Roseovarius pacificus DSM 29598, Celeribacter marinus 

DSM 100036 and Paracoccus homiensis DSM 17862 does in turn suggest that these strains use a different 

set of causative genes for their dendritic motility. Our comparative genome analyses hence indicated that 

the genetic basis of dendritic motility in Rhodobacteraceae is complex and might have originated several 

times independently. A similar striking finding was reported for Staphylococcus aureus, which is historically 

regarded as non-motile, but forms actively moving dendrites emerging from so called preceding “comets” 

out of a spreading colony on 0.34 % agar plates (Pollitt et al., 2015). The authors regarded this phenotype 

as gliding motility under certain conditions. These “comets” etched a trail into the agar, which was well 

visible under a light microscope. Analogously, the dendritic motility of the seven Rhodobacteraceae left 

trenches within the agar, visible to the naked eye. However, further experiments have to be conducted in 

order to provide a profound explanation for the mode of this novel, dendritic type of motility in 

Rhodobacteraceae. The most promising future strategy to determine the genetic factors of this new 

motility phenotype is based on mutational analysis. Mutagenesis might either be performed specifically 

for the most promising candidate genes or randomly via transposon insertions and subsequent high-

throughput motility screening for immotile mutants. The former approach would allow testing our working 

hypothesis that the type IVb pilus is crucial for dendritic motility and the latter unbiased one might help 

to detect novel unexpected genes. 

 4.3.1. The archetypal fla1 motility of Phaeobacter inhibens DSM 17395 

The genetic organization of the fla1-type flagellar genecluster (FGC) of Phaeobacter inhibens DSM 17395 

is largely syntenous to the FGCs of Ruegeria sp. TM1040, Rhodobacter sphaeroides 2.4.1, Marinovum 

algicola DG898 and others (Belas et al., 2009; Frank et al., 2015a). The transcription analysis revealed the 

presence of eight individually regulated polycistronic operons and monocistronic regulation of motB and 

fliI within the operon and of the solitary genes fliM, fliG and CP1. The excessive screening of more than 

12,000 P. inhibens DSM 17395 transposon mutants and the isolation of more than 100 non-motile mutant 

strains allowed the identification of many genes involved into motility. This allows determination of an 

essential gene set contributing to fla1 motility. Most of the genes within the 32-Kb fla1-type FGC were 

affected by the mutagenesis and resulted in a loss of motility, apart from flbT (motile) and flgD (partly 

motile).  In Caulobacter crescentus flbT negatively regulates the expression of flagellin and is thus a 

repressor of the late class III flagellar gene expression (Mangan et al., 1999), whereas the universally 

conserved flgD is considered essential for hook-formation and therefore crucial for motility in all 

flagellated species (Liu and Ochman, 2007). However, the P. inhibens flgD mutant still maintains – albeit 
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severely impaired - motility. The 86 N-terminal amino acid residues of FlgD were described to be sufficient 

to complement flgD mutants of Salmonella typhimurium (Kutsukake and Doi, 1994; Moriya et al., 2011). 

The transposon of the observed flgD mutant disrupts the gene roughly in the middle so that the N-terminal 

half of the gene might still be expressed, which could partly complement the function. No transposon 

mutants were isolated for fliN, flgA, flgB and flgJ within the core FGC of P. inhibens. The transposon 

mutagenesis approach was not genetically saturated, as discussed earlier and all of the respective genes 

are of comparably small size with less than 800 nt. Nevertheless, some of the genes can be regarded as 

essential for fla1 motility, as fliN, flgA and flgB have been identified in all flagellated species all over the 

bacterial kingdom (Liu and Ochman, 2007). On the contrary flgJ exhibits a scattered distribution. FlgJ is a 

dual-function protein with a β-N-acetylglucosaminidase domain, which helps to penetrate the 

peptidoglycan (PG) layer for the growing rod, and a rod-binding-domain used for the rod assembly in 

Salmonella (Herlihey et al., 2014; Hirano et al., 2001). However, homologues of flgJ in several bacterial 

phyla, including Alphaproteobacteria lack the C-termial acetylglucosaminidase-domain and are denoted 

as single domain FlgJ (Nambu et al., 2006) functioning as scaffolding protein only. A single domain flgJ 

mutants of Borrelia burgdorferi (Zhang et al., 2012) was partly deficient  in motility, whereas a flgJ mutant 

of Rhodobacter sphaeroides was non-motile (González-Pedrajo et al., 2002). Moreover, flgJ is well 

conserved among the motile fla1 strains from our physiological tests on MB soft agar. Hence, flgJ can be 

assumed as essential for fla1 motility, although a mutation might result in a leaky motility phenotype 

similar to the flgD mutant, which could serve as explanation for the missing transposon mutant besides 

the small gene size. As mentioned flgJ in Alphaproteobacteria lacks the domain needed for penetration of 

the PG layer, but Phaeobacter inhibens harbors a distinct gene (PGA1_c35700) within the fla1 FGC 

annotated as lytic transglycosylase. The isolated mutant Tm#3607 showed a non-motile phenotype, 

indicating the genes’ essential contribution to flagellar motility in P. inhibens. A homolog of PGA1_c35700 

in R. sphaeroides WS8 (sltF, RSWS8N_05575) was investigated and found to adopt the function of the PG 

layer penetrating domain of FlgJ (De La Mora et al., 2007). Furthermore, it directly interacts with the single-

domain FlgJ protein and can thus mimic the functions of a dual-domain FlgJ as known from Salmonella (De 

la Mora et al., 2012). Hence, it is likely that the lytic transglycosylase PGA1_c35700 from P. inhibens 

resembles sltF and is essentially needed to allow the flagellum to penetrate the PG layer. However, the 

gene is poorly conserved among species with fla1-type FGCs, thus it cannot be considered as essential to 

overall fla1 motility. Motile fla1-species without sltF such as Leisingera daeponensis and Silicibacter sp. 

TM1040 likely use different strategies or proteins to create gaps in the PG layer.  
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4.3.2. The four hypothetical proteins of fla1 

The four hypothetical proteins CP1 to CP4 conserved throughout most of fla1-type FGCs are of special 

ineterst. Transposon insertions into all four genes resulted in a non-motile phenotype and genetic 

complementation with the genes in trans restored the phenotype to wildtype-like swimming. Therefore, 

these four genes are essential to fla1 motility and do encode for genuine proteins. In order to understand 

the function of the four hypothetical proteins, the secretion patterns of flagellar proteins of Phaeobacter 

inhibens DSM 17395 was compared with a set of mutants. The outcome of the classic approach by 

comparing band patterns on denaturizing SDS-gels and sequencing of distinct bands was not satisfactory 

applicable to Phaeobacter inhibens DSM 17395 (data not shown). The concentration of secreted proteins 

seemed to be too low in the initial experiments and even a 10-fold concentrated protein precipitate, did 

not result in a SDS-gel band pattern comparable to Salmonella (Komoriya et al., 1999). A possible way to 

detect low concentrated proteins could be antibody-based western blots. However, no roseobacter-

specific antibodies against flagellar proteins are commercially available and the production of monoclonal 

antibodies is laborious. Thus, we established a novel, liquid-chromatography tandem mass spectronomy-

based (LC-MS-MS) approach to detect flagellar proteins from culture supernatants independent of 

antibodies, even in low concentrations. This assay allowed the detection and identification of secreted 

flagellar proteins in Phaeobacter inhibens. The assay documented the presence of most, obviously 

extracellular flagellar proteins of the hook and filament with the exception of FlgD and FlgL. The latter was 

detected in single replicates of the wildtype, as well as the CP1 and motB mutants. However, we defined 

the presence of a protein significant, if it was at least detected in two of the three replicates. Furthermore, 

periplasmatic proteins from the rod (FlgG, FlgF, FliE), P-ring (FlgH) and L-ring (FlgI) were detected. The 

selected set of mutants allowed determining secretion patterns of different stages during the flagellar 

assembly. The CtrA protein is the master regulator of motility in P. inhibens and hence it was expected that 

no flagellar proteins are detectable in ctrA mutant supernatants, since the expression of flagellar genes is 

silenced. The FlgH protein is secreted via the general Sec type II secretion system into the periplasm, after 

the distal-rod has polymerized. There it forms a hole in the outer membrane as a polymer of FlgH forms 

the P-ring (Cohen and Hughes, 2014). Consequently, no secretion of flagellar proteins via the flagellar 

secretion system can occur without the formation of the P-ring (Komoriya et al., 1999), which was 

validated by for the flgH mutant of P. inhibens. A comparable secretion pattern was detected for the fliI 

mutant. The FliI protein is a flagellum-specific ATPase, which mediates the export substrates into flagellar 

secretion system in an ATP-driven process (Konishi et al., 2009). The secretion of flagellar proteins is 

consequently abolished in the fliI mutant. The three mutant strains previously discussed belong to the 
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group of the “master gene type” defined as genes involved in early flagellar biogenesis or early regulation 

(Komoriya et al., 1999). The secretion pattern of the fliK mutant consists of FlgE and surprisingly FliK. 

However, the validation of the fliK mutant showed an insertion of the transposon close to the 3’-end of 

the fliK gene. Thus, the N-terminal portion of the protein is still expressed and properly exported and could 

be detected. In Salmonella a defect in the molecular ruler fliK results in the rise of abnormally long hooks 

and the suppression of late flagellar genes (Erhardt et al., 2011). Hence, flagellin and hook-associated 

proteins are not secreted (Komoriya et al., 1999). This effect seems also to be valid for the P. inhibens fliK 

mutant, since the hook filament FlgE was still secreted, while secretion of FlgK and flagellin (FliC) was 

abolished. The motB mutant of P. inhibens secreted the complete set of flagellar genes, which is in 

accordance with the results for Salmonella (Komoriya et al., 1999), because a disruption of motB only 

affects the rotation, but not the biogenesis of the flagellum.  

The here presented new method facilities the detection of secreted proteins, even in low concentrations 

without the need of antibody-dependent western blots or sequencing of the proteins (Saraswathy and 

Ramalingam, 2011). However, sample preparation involves tryptic digest of proteins and separation on a 

reversed phase column, which either favors small, more hydrophilic or large, more hydrophobic peptides 

depending on the carbon load (Wysocki et al., 2005), so that some proteins such as FlgL could not be 

reliably detected. Nevertheless, the nano-LC-MS-MS analysis of culture supernatants to identify secreted 

proteins is a well-suited alternative to classical approaches. 

 CP1 was found in the extracellular fraction in an unpublished proteomic study of Phaeobacter inhibens 

(Wöhlbrandt et al., unpublished). However, in our exoproteomic approach we were not able to detect this 

protein. Nevertheless, numerous flagellar proteins were detected in the supernatants of CP1 mutant 

cultures. Among them were proteins of the rod (FlgG, FlgF), the hook (FlgE, FlgK, FliK) and the filament 

(FliC). On the contrary no flagella were found on electron micrographs. These results indicate that the CP1 

mutant strain might be able to assemble the flagellar secretory complex, the basal body and probably the 

hook, but fails to finally polymerize the flagellar filament consisting of countless residues of FliC. This is in 

agreement with its extracellular detection and prediction. CP1 might either represent a flagellin stabilizing 

protein or it is directly involved into the filament biogenesis.  

CP2 was previously detected in Ruegeria sp. TM1040 via an analogous transposon mutagenesis screening 

(Belas et al., 2009), and it was concluded that CP2 might act as monopolar flagellum-positioning protein 

PflI. The polar-flagellum-linked gene (pflI) was earlier described in Caulobacter crescentus (Obuchowski 

and Jacobs-Wagner, 2008). It localizes at the cell pole of the new cell during cell division and is required 
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for accurate positioning of the monopolar flagellum of C. crescentus. A knockout mutant of pflI in 

C. crecentus remained flagellated, albeit with misplaced flagella in about 30 % of the flagellated cells 

(Obuchowski and Jacobs-Wagner, 2008). On the other hand, cells of the Ruegeria sp. TM1040 pflI 

transposon mutant were poorly flagellated with flagellar occurrences in roughly 1 out of 1000 cells (Belas 

et al., 2009). In the P. inhibens CP2 mutant we were neither able to detect any flagella on electron 

micrographs nor flagellar proteins in the supernatant, indicating that no flagella are assembled in this 

background. However, the weak homology of CP2 to pflI, its comparable genetic neighborhood in the FGC 

(Obuchowski and Jacobs-Wagner, 2008) and the observation that it was predicted and detected in the 

inner membrane, together strongly point towards a function of CP2 similar to pflI. The polar positioning of 

flagella in fla1 FGC strains suggested by extensive literature search and the finding that CP2 is conserved 

in most fla1 FGCs, but not in fla2 and fla3, underlines this assumption. However, it was shown that pflI is 

not essential for motility of C. crescentus and it was hypothesized that the protein recruits other 

positioning factors, which could act independent of PflI to initiate the flagellar assembly (Obuchowski and 

Jacobs-Wagner, 2008). The complete loss of motility in the CP2 mutant of P. inhibens in contrast 

documents an essential ‘all or nothing’ principle and the failure of flagellar assembly initiation.  

CP3 harbors a conserved MotE domain. A study of MotE in Sinorhizobium melioti revealed that the 19.7 

kDa protein (179 amino acids) acts as periplasmic  chaperone for MotC, which in turn directly interacts 

with the periplasmic part of the flagellar motor protein MotB (Eggenhofer et al., 2004). Furthermore, the 

presence of a complete but static flagellum was reported in a motE mutant, which demonstrated an 

involvement of the protein into the rotation of the flagellum. A motor-associated function of CP3 is 

conceivable due to its location directly downstream of motB within the fliL operon. However, no flagellum 

or any secreted flagellar gene, besides FlgH from the general secretory pathway, was detected in the CP3 

mutant of P. inhibens. In addition, no homologs of MotC, the interacting partner of MotE, were found in 

P. inhibens or other roseobacters. These results suggest that CP3 is directly involved into the assembly of 

the flagellum or its regulation, because the biosynthesis of a complete but static flagellum is expected in 

mutants of motor-associated genes, such as motB. 

CP4 is a large gene (2,456 bp) downstream of motA within the fliL operon. It was earlier described in two 

studies with opposing outcome in Silicibacter sp. TM1040 (Belas et al., 2009; Miller and Belas, 2006). The 

first study claims that CP4 (flaA) is involved in flagellar biogenesis, because no flagella were detected in a 

mutant strain (Miller and Belas, 2006), whereas the second study revealed the presence of a complete but 

static flagellum in the mutant strain (Belas et al., 2009). The exoproteomic analysis of supernatants from 
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P. inhibens CP4 mutant cultures allowed the detection of flagellin (FliC) among other flagellar proteins, 

such as the hook components FlgE and FlgK. Furthermore flagellar filaments were identified on cells of the 

CP4 mutant. These findings clearly document the ability of P. inhibens despite the transposon insertion 

into CP4 to synthesize a complete flagellum. Nevertheless, the mutation correlates with a loss of motility. 

Hence, the function of CP4 is very likely motor-associated, which is in accordance with its predicted 

periplasmatic subcellular location.  

The analysis of secreted proteins and electron micrographs provided a first glance on the function of the 

four flagellar proteins CP1 to CP4 and contributes to understand the molecular basis of fla1 motility. 

However, to assign a definite function to these proteins further studies need to be conducted, which is out 

of the scope of this thesis. Due to the complex mechanism of flagellar biogenesis with numerous protein-

protein interactions, the identification of interaction partners of the conserved proteins (CP1 to CP4) via – 

for instance - pull-down assays might provide further insights about their role within this entangled 

process. 

4.3.3. FGC-independent factors involved in fla1-motility of Phaeobacter inhibens 

DSM 17395 

Besides the genes directly involved into flagellar biogenesis, which were discussed in the previous 

chapters, I identified multiple non-motile transposon mutants of a few genes involved in other pathways. 

The main focus of this thesis is on flagellar genes, but the other identified essential genes for motility in 

Phaeobacter inhibens DSM 17395 will be briefly discussed. Six independent mutants of PGA1_c01160, a 

homologues gene to chvG/exoS of Sinorhizobium melioti was identified in the motility screening as non-

motile after two days of incubation. However, the mutant strain was able to swim after prolonged periods 

of incubation. The ChvG protein is the membrane-bound sensor of the ChvG/ChvI two component system 

(TCS) in Sinorhizobium melioti (Yao et al., 2004). The TCS  is involved into regulation of acid-induced genes 

in A. tumefaciens (Charles and Nester, 1993) and regulates among others flagellar genes in S. melioti (Yao 

et al., 2004). However, the transposon mutation of chvG in P. inhibens did not result in a complete loss of 

motility and the resulting swimming pattern on soft agar plates after six days of incubation was uniform 

and lacked flares. This observation rather points to an adaptation than to a suppressor mutation back to 

wildtype-like swimming. A comparable behavior was observed in Ruegeria sp. TM1040 in a transposon 

mutant of flaC. It was concluded that flaC is involved into the biphasic switch between motility and sessility 

(Miller and Belas, 2006).  Furthermore, eleven independent mutants of a sigma-54 dependent 

transcriptional regulator (PGA1_c14810) were found among the non-motile transposon mutants on soft 
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agar plates after two days of incubation.  The protein, which is well conserved in Rhodobacteraceae, is 

homologues to the nitrogen regulatory protein NtrX of Sinorhizobium melioti (55 %, 2e-179) and 

Caulobacter crescentus (54 %, 6e-170). NtrX is part of the NtrY/NtrX TCS and regulates succinoglycan 

production, symbiotic nodulation and motility in Sinorhizobium melioti (Wang et al., 2013). The abolished 

motility of ntrX mutants suggests an involvement into flagellar regulation in Phaeobacter inhibens. 

However, further analyses are required to elucidate the regulon and the effect of ntrX. Transcriptome 

analysis of the previously discussed chvG and ntrX mutants would be a promising approach, because both 

genes encode crucial proteins for gene regulation.  

Three non-motile mutants of the phosphomannomutase gene algC (PGA1_c24340) were isolated in the 

motility screening of P. inhibens on soft agar plates. Remarkably, the phenotype does not resemble that 

of a genuine flagellar mutant on soft agar plates, because it appears “rough” with secondary colonies 

around the main colony. The phenotype equals that of the biofilm- and motility-deficient 65-Kb chromid 

curing mutant of P. inhibens on soft agar plates (Frank et al., 2015b). AlgC catalyzes the reaction from 

mannose(glucose)-6-phosphate to mannose(glucose)-1-phophate in Pseudomonas aeruginosa (Falcone et 

al., 2018) and provides sugar precursors for the synthesis of manifold polysaccharides (Wei and Ma, 2013). 

Furthermore, it is involved in rhamnolipid biosynthesis by catalyzing the first reaction of the dTDP-L-

rhamnose pathway (Olvera et al., 1999). The rhamnose genes in turn were shown to be essential for 

biofilm formation and necessary for wildtype-like swimming motility  in P. inhibens (Michael et al., 2016). 

Interestingly, the gene product of algA (PGA1_65p00290) catalyzes the downstream reaction of mannose-

1-phosphate to GDP-mannose. A P. inhibens transposon mutant of algA - kindly provided by Lone Gram - 

was shown to be non-motile and impaired in biofilm formation (Sandra Hacke, Master thesis). In this 

regard, it can be assumed that the entire mannose pathway is associated with motility in P. inhibens. 

4.3.4. CtrA – the regulon in Phaeobacter inhibens 

The role of the tripartite CtrA-phosphorelay in gene regulation of Phaeobacter inhibens DSM 17395 was 

investigated with particular focus onto the regulation of the fla1-type FGC of Rhodobacteraceae. Through 

the non-motile phenotype and large overlaps in differential gene expression I could validate that all three 

genes, ctrA, cckA and chpT, act in a common pathway. This regulatibve network is functional irrespective 

of the weaker homology of chpT to its counterpart in C. crescentus. Genetic complementation revealed 

that the transposon insertion was causative for the motility phenotype. The significant downregulation of 

most flagellar genes in the mutant backgrounds also indicates the role of CtrA-phosphorelay as master 

regulator of flagellar biosynthesis in Phaeobacter. Additionally, the absence of flagellar proteins in 
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supernatants of the ctrA mutant linked the results of differential gene expression and proteome analyses. 

Hence, I identified CtrA as the flagellar master regulator of Phaeobacter inhibens DSM 17395. The 

identification of CtrA binding sites within the major FGC allowed the assignment of flagellar genes as direct 

targets of CtrA. Besides the regulation of the structural and energetic components of the flagellum, a 

number of other genes and geneclusters were differentially expressed; among them a great number of 

chromid encoded chemotaxis genes and MCPs. Although, no immotile transposon mutants of the 

chemotactic system were isolated during the screening, the involvement of chemotaxis in controlling the 

swimming direction of other roseobacters is well-known (Miller et al., 2004). Furthermore, chemotaxis 

genes were differentially expressed by CtrA in other Alphaproteobacteria, such as the model organism for 

CtrA-phosphorelay studies C. crescentus (Laub et al., 2002). Hence, the expression of chemotaxis genes is 

coupled to the expression of the flagellar gene cluster under control of CtrA in P. inhibens, which is a cost 

effective way of gene regulation, since one system is useless without the other. Another class of genes 

regulated by CtrA in P. inhibens is indirectly involved into motility. Some diguanylate-cyclases and a 

phosphodiesterases were found to be differently expressed in the ctrA mutant. Those enzymes are 

involved in the synthesis and degradation of cyclic-diguanylate-monophosphate (c-di-GMP), respectively. 

Intracellular c-di-GMP levels have been shown to reciprocally affect biofilm formation and flagellar motility 

in many species. The knockout of the phosphodiesterase gene bifA in P. aeruginosa for instance resulted 

in loss of motility and increased biofilm formation through elevated intracellular c-di-GMP levels (Kuchma 

et al., 2007). So far, c-di-GMP sinalling in Rhodobacteraceae was focused in only one study on Ruegeria 

mobilis, where elevated levels of intracellular c-di-GMP through the overexpression of a di-guanylate-

cyclase from E. coli caused the shift to stronger biofilm formation and loss of motility (D’Alvise et al., 2014). 

In contrast, overexpression of an E. coli phosphodiesterase resulted in impaired biofilm formation and 

more motile cells compared to the wildtype (D’Alvise et al., 2014). Hence, intracellular c-di-GMP 

concentrations are involved into the characteristic swim-or-stick lifestyle of roseobacters. These findings 

are confirmed by the CtrA-dependent regulation of enzymes affecting c-di-GMP levels, for the motile 

lifestyle that was observed in my thesis. Of particular interest is the significant downregulation of the sole 

identified phosphodiesterase. It shares only weak homology with the flagellum specific phosphodiesterase 

TipF of Caulobacter crescentus, which was shown to be an essential factor for flagellum biogenesis (Jenal 

and Malone, 2006). However, the expression of PGA1_c08540 a homolog of pleD which is the antagonistic 

diguanylate-cyclase to Tipf in C. crescentus, was not affected in the phosphorelay mutants of P. inhibens. 

Hence, the presence of a diguanylate-cyclase and simultaneous absence of the phosphodiesterase might 

result in elevated levels of c-di-GMP in the ctrA mutant of P. inhibens and therefore a shift to the sessile 

phase. On the contrary, differential expression of the TDA genecluster and the two siderophore 
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geneclusters were observed in the ctrA and cckA mutant, but not in the chpT mutant. Usually, siderophores 

are upregulated in low iron conditions to grant optimized iron acquisition for the organism. However, the 

cultures of all analyzed mutants strains were cultivated under the same conditions and harvested in the 

exponential phase; accordingly it is unlikely that iron was depleted in cultures of ctrA and cckA, but not 

chpT. Besides, the reciprocal regulation of the two previously addressed geneclusters, a total of 70 genes 

was differentially expressed in ctrA and cckA mutants, which were not affected in the chpT mutant. This 

suggests that ChpT might act as phosphotransferase with different targets in P. inhibens, especially in 

absence of CtrA or CckA. For C. crescentus it is known, that ChpT has other phosphorylation targets apart 

from CtrA; however, no phosphate substrate other than CckA was identified yet (Biondi et al., 2006). In 

Rhodobacter capsulatus and Dinoroseobacter shibae, CtrA was found to regulate a gene transfer agent 

(GTA) gene cluster (Mercer et al., 2010; Wang et al., 2014). Analysis of the genome of Phaeobacter inhibens 

DSM 17395 revealed the presence of a homologues GTA-cluster in its genome (Thole et al., 2012), but it 

was not differentially expressed in the CtrA-phosphorelay mutants.  Instead, parts of a prophage region 

were significantly downregulated in P. inhibens, although the overall read count of this cluster was 

comparably low. The low transcript level might refelect an expression of prophage genes in only a small 

proportion of all cells. According to this prediction, heterogeneous expression of GTAs and prophages has 

previously been reported for R. capsulatus, where only 0.15% of all cells expressed the GTAs (Fogg et al., 

2012).  

 

 

4.3.5. CtrA – the master regulator of fla1 motility 

The alphaproteobacterial CtrA regulon comprises various differentially expressed genes depending on the 

analyzed strain: i.e. flagellar genes, biofilm formation, cell cycle progression, quorum sensing, cyclic-di-

GMP signaling, GTAs and many others. The comparative transcriptomic approach comparing the ctrA 

mutant gene expression datasets of Phaeobacter inhibens DSM 17395 and Dinoroseobacter shibae DFL-12 

allowed to determine the common set of genes regulated by CtrA over a large phylogenetic width of 

Rhodobacteraceae. Although, CtrA regulates 215 and 198 genes in P. inhibens and D. shibae respectively, 

the shared set comprises only about 40 mainly structural flagellar genes. In total 32 structural genes of the 

flagellar apparatus were strongly downregulated in both strains. Apart from that, two genes involved into 

cyclic-di-GMP (c-di-GMP) signaling are regulated by CtrA in both roseobacters. The second messenger 

molecule c-di-GMP was shown to negatively influence motility in various species, as low intracellular 
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concentrations of c-di-GMP are associated with motile cells (Jenal and Malone, 2006). A high intracellular 

concentration of the second messenger in Ruegeria mobilis correlates with a strengthened capacity to 

form biofilms (D’Alvise et al., 2014). Accordingly, c-di-GMP is directly involved into the characteristic swim-

or-stick lifestyle of roseobacters and therefore indirectly into fla1 motility. In both organisms the CtrA-

phosphorelay does not regulate genes directly involved into DNA replication or cell divison (e.g. dnaA, ftsZ) 

and is therefore not essential to the viability of the bacterium. As many other studies on the CtrA-

phosphorelay suggest, the involvement of CtrA into regulation of cell cycle progression as in C. crescentus 

(Laub et al., 2002) is rather the exception than the rule among Alphaproteobacteria. This function of CtrA 

was likely acquired by a common ancestor of Caulobacter, but is lacking in Rhodobacteraceae. Accordingly, 

it is also likely that other regulatory functions of CtrA were specifically acquired by some 

Rhodobacteraceae. For instance, the essential regulatory role of CtrA for expression of the quorum sensing 

modules in D. shibae  was also predicted for Ruegeria pomeroyi, Roseobacter litoralis and Roseobacter 

denitrificans (Wang et al., 2014), but could not be observed in P. inhibens. Furthermore, a quorum sensing 

mutant of D. shibae exhibited downregulation of ctrA and thereby strong repression of the fla1 flagellar 

genes. In contrast a gene expression study on the sole quorum sensing module (pgaI/pgaR) of P. inhibens 

showed no differential expression of ctrA and surprisingly a strong upregulation of flagellar genes 

(Beyersmann et al., 2017). Thus, the implementation of CtrA into quorum sensing might be a sporadically 

acquired function that occurs scatteredly throughout Rhodobacteraceae. The CtrA-phosphorelay is 

conserved in all 306 analyzed Rhodobacteraceae strains irrespective of the type and presence of an FGC. 

However, the top of the regulatory hierarchy of the active fla3-type FGC in Rhodobacter sphaeroides is 

occupied by FleQ (Poggio et al., 2005), whereas the fla1 FGC is under control of CtrA (Vega-Baray et al., 

2015). Hence, it can be assumed that the flagellar regulation of CtrA is specific at least to fla1 and fla2-

type FGCs. The role of CtrA on the regulation of the fla2-type FGC has not yet been analyzed in detail. 

However, a CtrA-binding site was found within the fla2-type FGC in Marinovum algicola (Frank et al., 

2015a), thus providing a first hint for CtrA-dependent regulation of fla2. Future studies should focus on 

motile strains exclusively encoding a fla2-type FGC and analyze the differential gene expression in ctrA 

mutants. Interestingly, ctrA is stably maintained in strains solely harboring fla3, such as Thalassobius 

gelatinovorans and Nereida ignava, or strains without flagella, which in turn indicates a crucial regulatory 

involvement into lifestyle-determining traits apart from flagellar motility.  A comprehensive analysis of the 

CtrA-regulon in these strains would further enlighten the function of CtrA in Rhodobacteraceae. 

Nevertheless, the results of my thesis clearly point towards a conserved, ancestral role of CtrA as a master 

regulator of flagellar motility. 
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4.4. Conspicuous ring swimming motility phenotype 

Alternative sigma factors of the extracytoplasmic function (ECF) class are widely distributed among 

bacteria. The regulons and the underlying stimuli of various ECFs have been investigated in many species 

throughout bacteria in the past. Streptomyces coelicolor for instance harbors avout 50 different ECFs in its 

genome and is among the best characterized strains regarding ECFs (Heimann, 2002). However, in 

roseobacters the systematic study of ECFs was neglected in the past, although some studies were 

conducted in Rhodobacteraceae. The ECF sigma factor RpoE for example was strongly induced under 

oxygen stress conditions in the aerobic anoxygenic phototrophic bacterium Roseobacter denitrificans 

(Berghoff et al., 2011). Here, an ECF sigma factor of Phaeobacter inhibens DSM 17395 was analyzed due 

to its conspicuous ring swimming phenotype on soft agar plates. The alternative sigma factor 

PGA1_c08510 fulfills the criteria, which define an ECF (Staroń et al., 2009). (i) It harbors only two distinct 

sigma factor domains, as compared to essential housekeeping σ70 factors,  (ii) the transcriptomic analysis 

of the ECF mutant suggests that P. inhibens ECF autoregulates the own genecluster and (iii) it is co-

expressed with a gene very likely being its cognate anti-sigma-factor (PGA1_c08520). Another important 

common feature of ECFs is the need for an environmental stimulus in order to trigger its release from the 

anti-sigma factor (Mascher, 2013). The conspicuous ring swimming phenotype of the ECF mutant suggests 

that the proper stimulus is present under laboratory culture conditions on marine broth soft agar plates. 

The ECF sigma factor of P. inhibens was classified as belonging to the ECF20 subgroup. The two ECFs of this 

subgroup CnrH of Cupriavidus metallidurans and MibX of Microbispora corallina involved in nickel 

resistance and lantibiotic production, respectively, were described in earlier studies (Foulston and Bibb, 

2011; Paget, 2015). CnrH is released from its cognate anti-sigma factor CnrY in response to cobalt or nickel 

ions through a conformational change without the need of regulated proteolysis (Staroń et al., 2009). 

However, the ring swimming phenotype of the ECF mutant was also observed in three independent 

mutants of a peptidase homologous to the RIP-metallopeptidase RseP (PGA1_c14260), which is involved 

into regulated proteolysis of transmembrane anti-sigma in E. coli (Paget, 2015). Thus, a comparable 

mechanism for the release of the ECF in P. inhibens is conceivable, but has to be experimentally verified 

e.g. by protein-protein interaction methods. The phenotype is reminiscent of the bulls’-eye swarming 

motility pattern of Proteus mirabilis (Kearns, 2011). However, the phenotype is unlikely related to 

swarming motility, as the mutant failed to move on 0.6% agar plates and no swarming motility was yet 

described in Rhodobacteraceae. A strikingly similar phenotype was described for chemotactic strains of 

Salmonella typhimurium grown on succinate media in reaction to self-produced amino acids serving as 

attractants (Woodward et al., 1995). Moreover, the observation of similar patterns in other bacterial 
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species is often explained by chemotactic behavior towards attractants and repellants (Cates et al., 2010). 

In case of the ECF mutant of P. inhibens TDA most likely acts as the chemotaxis-active molecule, as the 

characteristic pattern is diminished in the ECF/tdaB double mutant. On the one hand, the ECF mutant 

produces less amounts of TDA compared to the wildtype, documented by weaker inhibition of P. tunicata 

in the spot-lawn assays and strong downregulation of the TDA biosynthetic cluster in the transcriptomic 

analysis. On the other hand, the mutant exhibits a higher susceptibility to its own produced TDA. P. 

inhibens is chemotactically attracted to low concentrations of TDA (Laura Wolter, personal 

communication). The attractive effect peaks at around 10 µM TDA in capillary chemotaxis assays and 

rapidly declines with higher concentrations. TDA is not only known as antimicrobial substance, but also as 

a quorum-sensing active molecule in sub-inhibitory concentrations.  The quorum-sensing system of 

Phaeobacter inhibens in turn regulates the TDA biosynthesis, chemotaxis and motility (Berger et al., 2011; 

Beyersmann et al., 2017). TDA is hence an autoregulator of its own biosynthesis. In the grampositive 

actinobacterium Microbispora corallina low level biosynthesis of the lantibiotic microbisporicin is 

promoted by the transcriptional master regulator MibR. Microsporicin in turn activates a feed-forward 

mechanism mediated by the ECF sigma factor MibX in order to achieve high-level biosynthesis (Foulston 

and Bibb, 2011). The experimental outcome suggests that the ECF of P. inhibens acts in a comparable 

manner as low levels of TDA were produced albeit a strong downregulation of the biosynthetic genecluster 

was observed. The ring swimming phenotype might hence represent a complex interplay of low-levels of 

TDA, chemotaxis and motility. Thus, I hypothesize that the conspicuous phenotype of the ECF sigma factor 

mutant is a result of a chemotactic behavior towards sub-inhibitory concentrational gradients of TDA 

within the soft agar plates in a progressing culture.  

4.5. Plasmid transfer between roseobacters and rhizobia 

The host-range of RepABC plasmids is limited to Alphaproteobacteria and they were identified in the 

orders Rhodobacterales, Rhizobiales, Sphingomonadales, Caulobacterales and Rhodospirilillales (Shintani 

et al., 2015). However, the host-range of individual RepABC type plasmids has to be case-specifically 

determined. The RepABC-type plasmids from Paracoccus versutus were shown to replicate in xenologous 

hosts from other bacterial orders such as Rhizobium legominosarum or Agrobacterium tumefaciens 

(Bartosik et al., 1997, 1998). My investigation of the host-range of RepABC replication systems from all 

nine documented compatibility groups in Rhodobacteraceae showed that all rhodobacteral RepABC 

replication systems are functional in the rhizobial host A. tumefaciens with the exception of the RepABC-

8 type. The phylogenetic analysis of RepC replicases reflects the long evolutionary distance between the 

RepABC-8 subcluster of Rhodobacteraceae and rhizobial RepABC replication systems. At some point of 
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evolution a rhodobacteral host-specificity might have developed in RepABC-8, but not in the other 

compatibility groups. However, in order to validate this hypothesis additional RepABC-8 replication 

systems have to be tested in different rhizobial hosts. The current study allowed the identification of two 

distinct plasmids of rhodobacteral origin within the rhizobial hosts Martelellla mediterranea and 

Rhizobium sp. NT-26. The NT-26 plasmid NT26_p1 contained in three different RepABC replication 

systems. Genome sequencing of M. mediterranea using the PacBio technology allowed identifying the 

presence of two RepABC-type replication systems on the plasmid of interest pMM259. Composite 

plasmids with more than one replication system usually originate from plasmid fusion events. However, a 

second system is generally not required for the stable maintenance of these low copy number plasmids 

and can be lost again. One example is the 153-kb chromid pDSHI02 from D. shibae that contains an 

inactivated DnaA-like module with pseudogenes in addition to its functional RepA-I type system (Petersen 

et al., 2011). Albeit, none of the analyzed rhizobial protein sequences of RepA, RepB and RepC showed 

prolonged branches in the phylogenetic analysis, which would be characteristic for pseudogenes. 

Furthermore, the host-range tests of all five RepABC systems from both plasmids documented 

functionality of the rhodobacteral systems in P. inhibens and A. tumefaciens under selective pressure. In 

contrast, the rhizobial systems were only functional in A. tumefaciens. Rhizobial RepABC plasmids often 

exhibit a very narrow host-range exemplified by pSinB of Sinorhizobium sp. M14, which was stably 

maintained in A. tumefaciens, but failed to replicate in other Alphaproteobacteria (Romaniuk et al., 2017). 

The stability of both replication systems on pMM259 was assessed and resulted in frequent losses of the 

rhizobial system in the rhizobial host A. tumefaciens under non-selective conditions (not shown, Bartling 

et al., 2017). Together, these findings indicate that the rhizobial RepABC systems on NT26_p1 and 

especially on pMM259 might exhibit ongoing degeneration into a “pseudogene cluster” and the most 

probable evolutionary scenario accordingly predicts that the selective pressure surprisingly lies on the 

rhodobacteral RepABC cluster. Hence, the plasmids pMM259 and NT26_p1 were likely rather recently 

derived from a plasmid fusion of a horizontally transferred rhodobacteral plasmid and a genuine rhizobial 

counterpart. This assumption is underlined by the presence of two conserved T4SS on both plasmids. This 

also indicates that these replicons are still mobilizable and mediate HGT between Rhodobacterales and 

Rhizobiales. The presence of a Rhodobacteraceae-specific RepABC replication system on both plasmids 

bypasses the potential host-range limitations of rhizobial RepABC-type plasmids and enables cross-order 

HGT.  T4SS-driven plasmid conjugation demands close spatial proximity of the involved donor and acceptor 

strains. Martelella mediterranea was isolated in the subterranean lake Martel in the famous Cuevas del 

Drach on the island Mallorca (Rivas et al., 2005). The lakes’ close proximity to the Mediterranean Sea and 

its brackish water provides ideal conditions for the physical contact of saline Rhodobacteraceae and 
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halophilous rhizobia. However, Rhizobium sp. NT-26 was isolated in an arsenic-contaminated goldmine in 

Australia, which location and conditions was not specified, from moist arsenopyrite samples (Santini et al., 

2000). Nevertheless, the presence of Rhodobacteraceae within this goldmine can be assumed. 

Accordingly, there are no ecological boundaries preventing trans-order conjugation. These plasmids are 

to my knowledge the first examples of natural replicons bridging the phylogenetic gap between the two 

alphaproteobacterial orders (Rhodobacterales, Rhizobiales). Analogous plasmid fusions might facilitate 

the genetic exchange even between bacterial classes. Previously, an outsourcing of the complete 

photosynthesis gene cluster for aerobic anoxygenic photosynthesis (AAnP) from the chromosome to a 

plasmid has been documented within the roseobacter group (Brinkmann et al., 2018; Petersen et al., 

2012). According to the “Think Pink” scenario, plasmid conjugation could explain the scattered occurence 

of homologous superoperons for AAnP in other proteobacteria such as the marine 

gammaproteobacterium Congregibacter litoralis KT71T (Fuchs et al., 2007). Natural shuttle vectors would 

hence genetically connect distantly related bacterial lineages from the same habitat. 
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5. Summary 

Bacteria of the marine Roseobacter group within the Rhodobacteraceae are primary colonizers of biotic 

and abiotic surfaces in oceans and are among the most abundant lineages in the marine environment. The 

ecological success of Rhodobacteraceae can be explained with rapid adaption to their niches by horizontal 

gene transfer. Horizontal gene transfer between roseobacters and rhizobia was investigated based on the 

presence of two composite plasmids with partly rhodobacteral origin in the rhizobial strains Martelella 

mediterranea and Rhizobium sp. NT-26. These plasmids are functional in both orders, contain type-IV-

secretion systems for their conjugation and can hence be regarded as natural shuttle vectors that mediate 

HGT between rhizobia and roseobacters. This part of the thesis contributes towards a better 

understanding of HGT as a driving force of bacterial.  

Many roseobacters exhibit a biphasic ‘swim-or-stick’ lifestyle in need of the two crucial capacities 

swimming motility and biofilm formation. Recently, three distinct flagellar geneclusters (FGC) have been 

identified within the family Rhodobacteraceae (fla1-fla3), of which one was horizontally transferred. Fla1 

is the most abundant flagellar system, but the function of four universally conserved proteins (CP1-CP4) 

remained unclear. The motile model organism Phaeobacter inhibens DSM 17395 harbors the most 

abundant fla1-type flagellum and was therefore ideal for an extensive investigation of its FGC. In this thesis 

a comprehensive phylogeny regarding the flagellar systems of more than 300 completely sequenced 

Rhodobacteraceae and a phylogenomic reference tree was established. The analyses clearly showed that 

fla1 is the archetypical FGC of the Rhodobacteraceae. Furthermore, motility assays of 120 

Rhodobacteraceae strains revealed functionality of all three FGCs and unraveled a previously unknown 

type of dendritic motility on MB soft agar plates. Extensive screening of more than 12,000 P. inhibens 

transposon mutants on soft agar plates resulted in the identification of numerous genes essential for fla1 

motility, thereunder CP1 to CP4 and all three genes of the CtrA-phosphorelay. Genetic complementation 

of these mutants validated their essential function for swimming motility. An exoproteomic detection of 

flagellar proteins and electron microscopy suggested that CP1 and CP4 still synthesize a complete but static 

flagellum. CP2 and CP3 lack secreted flagellar proteins, pointing either towards a structural or a regulatory 

function of the proteins. Analyses of high throughput Illumina transcriptome data of the CtrA 

phosphorelay mutants showed a strong downregulation of chemotaxis and flagellar genes. The 

comparison of these data with the photosynthetic model organism Dinoroseobacter shibae revealed a 

core regulon of only 30 genes mainly composed of flagellar genes. These data clearly show the crucial 

function of the archetypical fla1-type flagellum for Rhodobacteraceae. The most conspicuous motility 

phenotype among the transposon mutants was developed by a mutant of a novel ECF sigma factor, 
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swimming in concentric rings. Further experiments documented an involvement of the ECF in TDA-

biosynthesis and chemotaxis. Overall, this thesis provides the most comprehensive analysis on flagellar 

motility in Rhodobacteraceae to date and thus essentially contributes towards a deeper understanding of 

this important bacterial family.  
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6. Zusammenfassung 

Bakterien aus der Roseobacter Gruppe innerhalb der Rhodobacteraceae gehören zu den erfolgreichsten 

Erstkolonisierern von biotischen und abiotischen Oberflächen in den Meeren der Erde. Sie gehören zu den 

abundantesten Vertretern im marinen Habitat und ihr Erfolg wird oft durch die bestmögliche Anpassung 

an diese Umgebung erklärt, welche unter Anderem durch horizontalen Gentransfer ermöglicht wird. 

Basierend auf dem Vorkommen zweier kompositer Plasmide mit rhodobacteralem Ursprung in den 

Rhizobien Martelella mediterranea und Rhizobium sp. NT-26, wurde der horizontale Gentransfer zwischen 

roseobacters und Rhizobien unteruscht. Diese Plasmide vereinen Funktionalität in Stämmen beider 

Ordnungen durch geeignte Replikationssysteme und prinzipielle konjugative Transmission über Typ-IV-

Sekretionssysteme. Sie können daher als Shuttle-Plasmide angesehen werden, die HGT zwischen 

Roseobacters und Rhizobien vermitteln können. Dieser Teil der Arbeit trägt zu einem besseren Verständnis 

von HGT als treibende Kraft der bakteriellen Evolution bei. 

Viele Roseobacter einen zweiphasigen Lebenstil auf, der durch flagellare Motilität und dem Verbleib in 

Biofilmen geprägt ist. Kürzlich wurden drei verschiedene Flagellensysteme (fla1-fla3) in den 

Rhodobacteraceae identifiziert, wovon eines horizontal transferiert wurde. Fla1 ist dabei das häufigste 

Flagellensystem, aber die Funktion von vier universell konservierten Proteinen (CP1-CP4) konnte bisher 

nicht geklärt werden. Der motile Modellorganismus Phaeobacter inhibens DSM 17395 beherbergt ein 

solches fla1 Flagellensystem und eignete sich daher ideal für die Untersuchung dieses Systems. In dieser 

Arbeit wurde eine umfassende Flagellen-Phylogenie von mehr als 300 vollständig sequenzierten 

Rhodobacteraceae erstellt und evolutive Rückschlüsse mit Hilfe eines phylogenomischen Referenzbaums 

gezogen. Die Analysen ergaben deutlich, dass fla1 das archetypische, ursprüngliche Flagellensystem der 

Rhodobacteraceae darstellt. Des Weitern wurde die Motilität von 120 Rhodobacteraceae Stämmen 

physiologisch auf Weichagarplaten untersucht und erstmals die Funktionalität aller drei Flagellensysteme 

gezeigt. Dabei wurde eine bisher  in den Rhodobacteraceae unbekannte Form dendritischer Motilität 

entdeckt. Das umfanreiche Screening von mehr als 12000 P. inhibens Transposonmutanten führte zur 

Identifizierung zahlreicher Gene, die maßgeblich in der Ausprägung von fla1-abhängiger Motilität beteiligt 

sind, darunter CP1-4 und das CtrA-phosphorelay. Die genetische Komplementierung dieser Mutanten 

bestätigte ihre essentielle Funktion für die Bewegung des Organismus. Flagellen-Proteinnachweise im 

Exoproteom und Elektronenmikroskopie legten Nahe, dass die Mutanten von CP1 und CP4 ein 

vollständiges, jedoch unbewegliches Flagellum synthetisieren. Hingegen wurde keine Flagellenproteine in 

den Mutanten von CP und CP3 identifiziert, so dass eine regulatorische oder strukturelle Funktion für diese 

Proteine wahrscheinlich erscheint. Horchdurchsatz Transkriptomanalysen an Mutanten des CtrA-
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Phosphorelays zeigten unter Anderem eine starke Herunterregulation der Flagellen- und Chemotaxisgene 

und der Vergleich mit dem Regulon aus Dinoroseobacter shibae ergab eine regulatorische Überlappung 

von nur etwa 30 Gene, welche hauptsächlich in der Biosynthese des Flagellums involviert sind. Diese Daten 

belegen deutlich die Rolle des CtrA-Phosphorelays in der Regulation des archetypischen fla1 Flagellums. 

Der auffäligste Phänotyp unter den Transposonmutanten wurde durch die Mutagenese eines neuen ECF 

Sigmafaktors erzeugt. Die Mutante schwamm in deutlich voneinander abgegrenzten, konzentrischen 

Kreisen. Weitere Experimente deuten auf eine Beteiligung des Sigmafaktors an der TDA-Biosynthese und 

Chemotaxis hin. Zusammenfassend liefert diese Arbeit die bisher umfassenste Analyse der Motilität der 

Rhodobacteraceae und trägt damit wesentlich zum Vertändis dieser ökologisch bedeutsamen Gruppe von 

Bakterien bei. 
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8. Appendix 

6.1. Supplementary tables 

6.1.1. Oligonucleotides used in this study 

 

Supplementary Table 1 Primers used for Arbitrary PCR of EZ-Tn5-transposon mutants 

A. Primers for Arbitrary PCR of Transposon mutants 
EZ-Tn5 Primer Name Sequence 

1st arbitrary PCR 808_TN5PCR_for GTTGATGCGAGTGATTTTGATGACGA 

 813_ARB1_AT_rev GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT 

2nd arbitrary PCR 810_TN5PCR_for GCAAAGCAAAAGTTCAAAATCACCAA 

 815_ARB2_2nd_rev GGCCACGCGTCGACTAGTAC 

Sequencing 812_TN5_Seq ACCTACAACAAAGCTCTCATCAACC 

Mariner Transposon   

1st arbitrary PCR 835_Mariner1_PCR TCTACGTGCAAGCAGATTACGGTGAC 

 813_ARB1_AT_rev GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT 

2nd arbitrary PCR 836_Mariner4_PCR GATATCGACCCAAGTACCGCCACCTA 

 815_ARB2_2nd_rev GGCCACGCGTCGACTAGTAC 

Sequencing 836_Mariner4_PCR GATATCGACCCAAGTACCGCCACCTA 

 

B. Primers for specific amplification of genes with transposon insertion 
Gene(s) Tm# Primer Name Sequence 
PGA1_c15530 chpT 4380, 4408, 4461 1416_PGA1_c15530_fwd TGGTGGTGAATTTGGCATGG 

  1417_PGA1_c15530_rev CGTTAAGGTCGTTCATGCGT 

PGA1_c15240 cckA 4385, 4435, 4437 1418_PGA1_c15240_fwd GCAATTCGGATCCTGCGGTA 

  1419_PGA1_c15240_rev CTCTATGCAGGCCTGAGCTG 

PGA1_c14360 ctrA 4394, 4407, 4418 1420_PGA1_c14360_fwd GGAAACAGTGTACAGGCGGA 

  1421_PGA1_c14360_rev GGGATCGTTCGGGTGTCAAT 

PGA1_c14260 peptidase M50 4436 1435_PGA1_c14260_fwd CAGCTTGGCGGGTATCTCTA 

  1436_PGA1_c14260_rev TAGAACACCAGATGCCCACC 

PGA1_c01160 chvG 4974 1846_Pi_ChvG_fwd TTTGCACGCTGAACAGAACG 

  1847_Pi_ChvG_rev GCCATCAACTGCAATGCCAA 

PGA1_c14810 ntrX 4516 1422_PGA1_c14810_fwd TGAACCCTATGTGACCACCC 

  1423_PGA1_c14810_rev ACATCAGAGATCACCGCCAA 

PGA1_c24340 algC 4548 1424_PGA1_c24340_fwd ACGGGCCGAACATGATCTAT 

  1425_PGA1_c24340_rev GGAAATAGACGCGGTGGAAC 

PGA1_c08510 ECF 4491 1428_PGA1_c08510_fwd ATCCGATACGACAGGTGCAT 

  1429_PGA1_c08510_rev CAGACCTGATCCCATTGCCT 
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C. Primers for specific amplification of genes with transposon insertion of the flagellar gene cluster 
Gene(s) Tm# Primer Name Sequence 
PGA1_c35560, 
PGA1_c35570 

3361, 782 1322_Pi_FlgOP1_fwd GCCCAGCTGAGGCTCG 

  1323_Pi_FlgOP1_rev CAGCCTTTGCGCGAATGTAA 

PGA1_c35580, 
PGA1_c35590 

4443, 2118 1324_Pi_FlgOP2_fwd AGCGCTGATAGGCGCTCTT 

  1325_Pi_FlgOP2_rev AGCAGCATTACAGCAAGAAGAAT 

PGA1_c35600 3592 1326_Pi_FlgOP3_fwd GTCACCGCACGGACATCG 
  1327_Pi_FlgOP3_rev AGCTAGCAATGGGTAAAATTGGC 

PGA1_c35610, 
PGA1_c35630 

4518, 3398 1328_Pi_FlgOP4_fwd GTTGTGACCGGGGCGTTTT 

  1329_Pi_FlgOP4_rev CGGCTGGCTGGAAGAAAATGA 

PGA1_c35640 3068 1330_Pi_FlgOP5_fwd GCAATCGTCATCAGGCTCTC 
  1331_Pi_FlgOP5_rev CCATCCCGTTCTCCTAGTTCA 

PGA1_c35660 1631 1453_Pi_FlgOP6_2_fwd ACATTCGGTTAGTGTCCGCA 
  1454_Pi_FlgOP6_2_rev GCCTTGGCCATTATGCAACC 

PGA1_c35670 1034 1581_Pi_CP3NdeI_fwd TATACATATGATGGCCAAGGCAGCAAAGA
C 

  1582_Pi_CP3_rev TTACTCCTTTGGAACAGACC 

PGA1_c35690 2607 1334_Pi_FlgOP7_fwd TTCTGAGCTGGAAGATGCATTGA 
  1335_Pi_FlgOP7_rev GGCGGTCTTGGCAAATGCTC 

PGA1_c35700, 
PGA1_c35710 

4426, 710 1336_Pi_FlgOP8_fwd GATGTGGTCCGTGTTGCTTG 

  1337_Pi_FlgOP8_rev AGCTCAGGTGGCAGAAAGTC 

PGA1_c35730 4441 1338_Pi_FlgOP9_fwd TCGTTGGTATGGTTCCCGC 
  1339_Pi_FlgOP9_rev TGATGCAAATATGTTGCGCTT 

PGA1_c35750,PGA1_c35760 2884, 743 1457_Pi_FlgOP10_2fwd GGCGTAGAATTGAGCTTCAGAC 

  1458_Pi_FlgOP10_2rev GCCAAAGTCATCTCTGCCGT 

PGA1_c35780, 
PGA1_c35790, 
PGA1_c35800 

3456, 2665, 
4452 

1342_Pi_FlgOP11_fwd CACAATGGCGAGGATCCGTT 

  1343_Pi_FlgOP11_rev AAATTCTGCGGATGCCGGTG 

PGA1_c35810, 
PGA1_c35820, 
PGA1_c35840 

1897, 4472, 
1597 

1344_Pi_FlgOP12_fwd TCGCTCATCATGGGCTTACA 

  1345_Pi_FlgOP12_rev TGTGTTAAACGCGCACTACG 

PGA1_c35850, 
PGA1_c35860, 
PGA1_c35870 

2437, 3775, 
4458 

1346_Pi_FlgOP13_fwd CCAGAGTAATTCCAGCCGACA 

  1347_Pi_FlgOP13_rev CCTTCGGGGCAGGGAAAC 

PGA1_c35880 3876 1348_Pi_FlgOP14_fwd AATTTTCCCTAAATTGGGCCAG 
  1349_Pi_FlgOP14_rev TCTCGATGCCAGCACCATAA 

PGA1_c35900, 
PGA1_c35910 

3948, 4473 1350_Pi_FlgOP15_fwd GGAAGCCAATGTTTATCAACGC 

  1351_Pi_FlgOP15_rev ACCCACGAGCCAGATCTCC 
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D. Primers for the construction of complementation constructs with natural promotors 

Genes to complement Tm# Primer Name Sequence 
CP2, CP3, CP4 1631, 1034, 2607 1459_Pi_comp_1_fwd TGCTGCACATTAACCTCCGT 

  1460_Pi_comp_1_rev TCGATTTCGGCATTCTGCCT 

CP1 1440 1461_Pi_comp_2_fwd CATCGACGCCCGAAGTCAAA 

  1462_Pi_comp_2_fwd GTGTTCTCGAACCAGGACCA 

ctrA II 4407 1465_Pi_comp_4_fwd GTTTCGCAGCTGGGTTTCTG 

  1466_Pi_comp_4_rev GGGATCGTTCGGGTGTCAAT 

cckA III 4437 1467_Pi_comp_5_fwd TGTTGCTGTTCTGTCCCGTT 

  1468_Pi_comp_5_rev TGGAGGTTGTCAGACGCAAG 

chpT I 4380 1572_Pi_comp_9_fwd TGGTTGCAGCGCTTTCATTA 

  1573_Pi_comp_9_rev GGATGGGTCACGAACATGC 

ECF  1471_Pi_comp_7_fwd TTTAAAGGGGCAGTCCGCTG 

  1472_Pi_comp_7_rev AGATCATCAAGCGCCAGCTC 

 

E. Primers for complementation of transposon mutants with gentamicin promotor 
Exonuclease sites are colored blue; spacer sequences are colored red 

Genes to 
complement 

Tm# Primer Name Features Sequence 

CP2 1631 1589_Pi_CP2_SexAI_fwd SexAI site TATAACCAGGTATGGAACTGATTGCGGATA 
  1590_Pi_CP2_XbaI_rev XbaI site TATATCTAGATTATGCAACCCGACCCTGCG 
CP3 1034 1581_Pi_CP3_NdeI_fwd NdeI site TATACATATGATGGCCAAGGCAGCAAAGAC 
  1590_Pi_CP2_XbaI_rev XbaI site TATATCTAGATTATGCAACCCGACCCTGCG 
Gentamicin  024-Gentamycin-for  GGAAACGGATGAAGGCACCAA 
  

1576_Gm_NdeI_rev 
NdeI, 
SexAI site TATACATATGACCAGGTCGTTGCTGCTCCATAACATC 

 

F. Other primers 
Genes  Primer Name Comment Sequence 
RepB (65 Kb) 256-Pg-RepB-for 1587 nt TGGGGGCGTCGTTTCTGGAGT 
 257-Pg-RepB-rev  AGGGGGCGTAGTGAGCGTGAG 
tdaB (262 Kb) 792_239p0960_for 663 nt CCTGTGTGGCGAGGACGGAAA 
 793_239p0960_rev  TGAGCCGGGTTCCGACCAAC 
tdaB  2109_tdaB_Fwd 829 nt GTCGGCGTCACGCTTTTTAA 
(dECFC1white) 2110_tdaB_Rev  TTCCTGATTTTCAGGCTACG 
262Kb 1320_Pi_Tm#697_fwd 1235 nt CAGAGTACGTGGGAGCCTAG 
 1321_Pi_Tm#697_rev  GGTTGTCCATTCATAAAGCCGA 
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Gm cassette 1907_Gent1_fwd 560 nt ACCTACTCCCAACATCAGCC 
 1910_Gent2_rev  ACTTCTTCCCGTATGCCCAA 
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Supplementary Table 2 Strains used in this study. Comprehensive information on the 306 Rhodobacteraceae used in study. The complete strain name including strain designation and 
if available the DSM number is given. Type strains are marked with a T in superscript and with ‘yes’ in the type strain column. Genome size in Mbp and NCBI genome accession number 
are given. The clade as determined from the phylogenomic analysis is shown next to the source of isolation. Presence and type of flagellar gene cluster (FGC) as documented by the 
flagellar gene tree are shown alongside the capability of motility as well as the position of the flagellum as described in the species description (DOI). Finally the 120 strains tested 
physiologically on soft agar plates are marked by entries in the last column. Strains marked with * were tested previously in Michael et al., 2016. ID demarks an internal working ID for 
each strain.  

ID Bacterial strain Collection ID Type  
strain 

Genome  
size [Mb] 

Accesion Clade Isolated from flagellum MotLit flagellar 
location 

DOI Motility 

A0016 Leisingera aquimarina R-26159  DSM 24565T yes 5.35 NZ_AXBE00000000.1  1 Marine biofilm on stainless steel 
electrode 

fla1 + polar 10.1099/ijs.0.65844-0 +* 

A0017 Leisingera caerulea 13 DSM 24564T yes 5.34 NZ_AXBI00000000.1  1 marine biofilm on stainless steel 
electrode 

fla1, fla2 + polar (pic) 10.1099/ijs.0.002642-0 +* 

A0018 Leisingera daeponensis TF-218 DSM 23529T yes 4.64 NZ_AXBD00000000.1  1 tidal flat sediment fla1 + polar 10.1099/ijs.0.64779-0 +* 
A0019 Leisingera methylohalidivorans MB2 DSM 14336T yes 4.65 NC_023135.1  1 seawater collected from a tide pool fla1 + 

 
10.1099/ijs.0.01960-0 +* 

A0037 Nautella italica DSM 26436T yes 4.05 FOOZ00000000.1  1 marine biofilm on stainless steel 
electrode 

fla1 n.d. polar 
 

+ 

A0045 Phaeobacter inhibens 2.10 DSM 24588  
 

4.16 NC_018286.1  1 Ulva australis(green algae) fla1 n.d. 
  

+* 
A0046 Phaeobacter gallaeciensis BS107 DSM 26640 

 
4.54 NC_023137.1  1 Pecten maximus(larval cultures, 

scallop) 
fla1 + polar 10.1099/00207713-48-2-537 +* 

A0047 Phaeobacter inhibens  DSM 17395 
 

4.22 NC_018290.1  1 unknown (Galicia, Spain) fla1 n.d. 
  

+* 
A0048 Phaeobacter inhibens T5 DSM 16374T yes 4.13 AXBB00000000.1  1 water sample fla1 + polar 10.1099/ijs.0.63724-0 +* 
A0051 Pseudophaeobacter arcticus 20188 DSM 23566T yes 5.05 NZ_AXBF00000000.1  1 marine sediment fla1 + motile 10.1099/ijs.0.65708-0 +* 
A0064 Ruegeria atlantica DSM 5823T yes 4.82 CYPU00000000.1  1 marine upwelling area - - 

 
10.1099/00207713-42-1-133 - 

A0065 Ruegeria conchae TW15 DSM 29317T yes 4.49 NZ_AEYW00000000.1  1 Scapharca broughtonii (ark clam) fla1 - 
 

10.1099/ijs.0.037283-0 + 
A0066 Ruegeria marina ZH17 DSM 24837T yes 4.99 NZ_FMZV00000000.1  1 marine sediment - - 

 
10.1099/ijs.0.022400-0 - 

A0067 Ruegeria pomeroyi DSS-3 DSM 15171T yes 4.60 NC_003911.12  1 seawater fla1 + polar DOI 10.1099/ ijs.0.02491-0 -* 
A0068 Silicibacter sp. TM1040 --- 

 
4.15 NC_008044.1  1 

 
fla1 n.d. 

  
+* 

A0072 Sedimentitalea nanhaiensis NH52F DSM 24252T yes 4.92 NZ_AXBG00000000.1  1 sediment fla1 + 
 

10.1099/ijs.0.010439-0 +* 
A0094 Tropicibacter multivorans  DSM 26470T yes 4.15 FOMC00000000.1  1 surface seawater fla1 + polar 10.1099/ijs.0.030973-0 + 
B0004 Aestuariivita boseongensis BS-B2T --- yes 3.94 NZ_JXYH00000000.1  1 tidal flat sediment - - 

 
10.1099/ijs.0.062406-0 n.d. 

B0017 Cribrihabitans marinus CZ-AM5  DSM 29340T yes 4.18 NZ_FNYD00000000.1  1 biofilm from aerated biological filter 
in a recirculating marine aquaculture 
system 

fla1 + polar or 
lateral 

10.1099/ijs.0.059576-0 - 

B0023 Epibacterium ulvae DSM 24752T yes 3.99 NZ_FMWG00000000.1  1 Ulva australis (green algae) fla1 + polar 10.1099/ijs.0.042838-0 n.d. 
B0041 Leisingera aquaemixtae SSK6-1 DSM 29957T yes 4.61 NZ_CYSR00000000.1 1 water collected from the zone where 

the ocean and a freshwater spring 
meet 

fla1 - 
 

10.1099/ijs.0.057646-0 n.d. 

B0043 Leisingera sp ANG-S5 --- 
 

4.66 JWLH00000000.1  1 Euprymna scolopes(Hawaiian bobtail 
squid) 

fla1 n.d. 
  

n.d. 

B0044 Leisingera sp JC1 --- 
 

5.19 LYUZ00000000.1  1 Euprymna scolopes eggs fla1 n.d. 
  

n.d. 
B0097 Leisingera sp. ANG1 --- 

 
4.59 AFCF00000000.2  1 Euprymna scolopes(Hawaiian bobtail 

squid) 
fla1 n.d. 

  
n.d. 

B0098 Phaeobacter gallaeciensis JL2886 --- 
 

4.06 NZ_CP015124.1  1 deepsea water fla1 n.d. 
  

n.d. 
B0103 Pontibaca methylaminivorans GRP21  DSM 21219T yes 2.65 NZ_FTPS00000000.1  1 coastal sediment fla1 - 

 
10.1099/ijs.0.020172-0 n.d. 

B0105 Pseudodonghicola xiamenensis Y-2 DSM 18339T yes 4.73 NZ_AUBS00000000.1  1 surface seawater fla2 - 
 

10.1099/ijs.0.000901-0 dendritic* 
B0130 Rhodobacterales bacterium Y4I --- 

 
4.34 NZ_ABXF00000000.1  1 coastal seawater in Georgia fla1 n.d. 

 
PMID: 11055908 n.d. 

B0159 Roseobacter sp. SK209-2-6 --- 
 

4.56 AAYC00000000.1  1 water fla1 n.d. 
  

n.d. 
B0177 Ruegeria atlantica DSM 5824 

 
4.82 CYPU00000000.1  1 marine upwelling area - + peritrichous 10.1099/00207713-42-1-133 n.d. 

B0178 Ruegeria halocynthiae MA1-6 DSM 27839T yes 4.24 FNNP00000000.1  1 Halocynthia roretzi (sea squirt) fla1 - 
 

10.1099/ijs.0.031609-0 n.d. 
B0180 Ruegeria lacuscaerulensis ITI1157 DSM 11314T yes 3.52 ACNX00000000.1  1 geothermal lake in Reykjanes 

peninsula 
fla1 - 

 
PMID: 9680308 n.d. 

  

https://www.ncbi.nlm.nih.gov/nuccore/NZ_AXBE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AXBI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AXBD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_023135.1
https://www.ncbi.nlm.nih.gov/nuccore/FOOZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_018286.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_023137.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_018290.1
https://www.ncbi.nlm.nih.gov/nuccore/AXBB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AXBF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/CYPU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AEYW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FMZV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_003911.12
https://www.ncbi.nlm.nih.gov/nuccore/NC_008044.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AXBG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FOMC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JXYH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNYD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FMWG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CYSR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JWLH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LYUZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AFCF00000000.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015124.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTPS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/654631611
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ABXF01000000
https://www.ncbi.nlm.nih.gov/nuccore/AAYC01000000
https://www.ncbi.nlm.nih.gov/nuccore/CYPU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FNNP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/ACNX00000000.1
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ID Bacterial strain Collection ID Type  
strain 

Genome  
size [Mb] 

Accesion Clade Isolated from flagellum MotLit flagellar 
location 

DOI Motility 

B0181 Ruegeria mobilis  F1926 --- 
 

4.83 NZ_CP015230.1  1 seawater fla1 + polar(pic) 10.1099/ijs.0.64572-0 n.d. 
B0182 Ruegeria mobilis DSM 23403T yes 4.71 FNNK00000000.1  1 marine slime fla1 n.d. 

  
+ 

B0183 Ruegeria sp. CECT5091 --- 
 

4.62 CYUD00000000.1  1 oyster culture fla1 n.d. 
  

n.d. 
B0184 Rhodobacteraceae bacterium KLH11 --- 

 
4.49 ACCW00000000.1  1 Mycale laxissima (marine sponge) fla1 n.d. 

 
10.1128/JB.05556-11 n.d. 

B0185 Silicibacter sp. TrichCH4B --- 
 

4.69 NZ_ACNZ00000000.1  1 Trichodesmium colonies collected on 
the surface of the Caribbean Sea 

fla1 n.d. 
  

n.d. 

B0212 Roseobacter sp. MED193 --- 
 

4.65 AANB00000000.1  1 
 

- n.d. 
  

n.d. 
B0218 Jhaorihella thermophila CC-MHSW-1 DSM 23413T yes 3.77 FNVD00000000.1  1 coastal hot spring on a volcanic island fla1 - 

 
10.1099/ijs.0.025817-0 n.d. 

B0225 Marinibacterium profundimaris 22II1-
22F33T 

--- yes 6.15 NZ_AQQR00000000.1  1 --- fla1 - 
 

10.1099/ijsem.0.000557 n.d. 

B0233 Phaeobacter gallaeciensis P129 --- 
 

4.36 NZ_CP021040.1  1 Bering sea fla1 n.d. 
 

10.3389/fmicb.2017.01659 n.d. 
B0234 Phaeobacter inhibens P72 --- 

 
4.43 NZ_CP010735.1  1 clam larvae aquaculture fla1 n.d. 

  
n.d. 

B0235 Phaeobacter piscinae P14 --- 
 

4.13 NZ_CP010681.1  1 rotifer aquaculture fla1 + polar 10.1099/ijsem.0.002331 n.d. 
B0236 Phaeobacter porticola P97 DSM 103148T yes 4.20 NZ_CP016364.1  1 barnacle fla1 + polar 10.1099/ijsem.0.001879 + 
B0237 Phaeobacter sp. S26 --- 

 
4.22 NZ_JSWK00000000.1  1 water from fish tank outlet fla1 n.d. 

 
10.1099/ijsem.0.002331 n.d. 

B0238 Phaeobacter sp. S60 --- 
 

4.57 NZ_JSWJ00000000.1  1 water from fish tank outlet fla1 n.d. 
  

n.d. 
B0249 Ruegeria arenilitoris G-M8T --- yes 3.87 NZ_FXYG00000000.1  1 Marine sand from the surface of the 

seashore around a seaweed farm 
fla1 + peritrichous 10.1007/s10482-012-9753-8 n.d. 

B0250 Ruegeria meonggei MA-E2-3T --- yes 4.54 NZ_FWFP00000000.1  1 
 

- - 
 

10.1007/s10482-013-0107-y n.d. 
B0252 Tropicibacter litoreus R37 DSM 29947T yes 4.69 NZ_FWFO00000000.1  1 surface seawater fla1 - 

 
10.1016/j.syapm.2013.04.001 n.d. 

B0254 Rhodobacteraceae bacterium LA-6 --- 
  

not in ncbi 1 surface seawater fla1 n.d. 
  

n.d. 
A0038 Oceanibulbus indolifex Hel45 DSM 14862T yes 4.11 NZ_ABID00000000.1  2 seawater fla2 - 

 
10.1099/ijs.0.02850-0 +* 

A0056 Roseobacter denitrificans OCh 114 DSM 7001T yes 4.33 NC_008209.1  2 --- fla1 + subpolar 10.1016/S0723-2020(11)80292-4 -* 
A0057 Roseobacter litoralis OCh 149 DSM 6996T yes 4.75 NC_015730.1  2 seaweed fla1 + subpolar 10.1016/S0723-2020(11)80292-4 -* 
A0076 Sulfitobacter delicatus  DSM 16477T yes 3.94 NZ_FNBP00000000.1  2 Stellaster equestris (starfish) fla1, fla2 - 

 
10.1099/ijs.0.02654-0 - 

A0077 Sulfitobacter dubius  DSM 16472T yes 3.67 NZ_FOPG00000000.1  2 Zostera marina(sea grass) fla2 + subpolar 10.1099/ijs.0.02654-0 + 
A0078 Sulfitobacter litoralis DSM 17584T yes 3.68 NZ_FNJD00000000.1  2 seawater fla2 + polar 10.1099/ijs.0.64267-0 - 
A0079 Sulfitobacter marinus SW-265 DSM 23422T yes 3.57 NZ_FPAJ00000000.1  2 seawater fla1, fla2 - 

 
10.1099/ijs.0.64637-0 + 

A0080 Sulfitobacter mediterraneus CH-B427 DSM 12244T yes 4.13 JASH00000000.1  2 seawater fla2 + subpolar 10.1099/00207713-49-2-513 - 
A0081 Sulfitobacter noctilucae NB-68 DSM 100978T yes 3.91 NZ_JASC00000000.1  2 coastel water of sea sparkle bloom fla1 - 

 
10.1099/ijs.0.065961-0 + 

A0082 Sulfitobacter noctilucicola NB-77 DSM 101015T yes 4.09 NZ_JASD00000000.1  2 region of sea sparkle-bloom - - 
 

10.1099/ijs.0.065961-0 - 
A0083 Sulfitobacter pseudonitzschiae H3 DSM 26824T yes 4.95 JAMD00000000.1  2 Pseudo-nitzschia multiseries(toxic 

marine diatom) 
- - 

 
10.1099/ijs.0.064972-0 dendritic 

A0084 Sulfitobacter sp. DFL-14 --- 
  

QBFD00000000 2 
 

fla1 n.d. 
  

n.d. 

A0085 Sulfitobacter sp. DFL-23 --- 
  

QBFE00000000.1 2 
 

- n.d. 
  

n.d. 

A0086 Sulfitobacter sp. EE-36 DSM 11700 
 

3.55 NZ_AALV00000000.1  2 salt marsh fla2 n.d. 
  

+* 
A0087 Sulfitobacter sp. PIC-76 --- 

  

QBFF00000000 2 
 

fla1 n.d. 
  

n.d. 

B0155 Roseobacter sp. GAI101 --- 
 

4.53 ABXS00000000.1  2 seawater off the coast of Georgia fla1 n.d. 
  

n.d. 
B0188 Sulfitobacter brevis EL162 DSM 11443T yes 4.24 NZ_FOMW00000000.1  2 Ekho Lake, Vestfold Hills fla2 unclear 

statement 
unclear 
statement 

10.1099/00207713-50-1-303 n.d. 

B0189 Sulfitobacter donghicola DSW-25  DSM 23563T yes 3.54 JASF00000000.1  2 seawater fla1 - 
 

10.1099/ijs.0.65071-0 n.d. 
B0190 Sulfitobacter geojensis MM-124 DSM 101063T yes 4.23 JASE00000000.1  2 coastal seawater fla2 + subpolar 10.1099/ijs.0.065961-0 n.d. 
B0191 Sulfitobacter guttiformis EL-38  DSM 11458T yes 3.98 NZ_JASG00000000.1  2 Ekho Lake, Vestfold Hills fla1 + 

 
10.1099/00207713-50-1-303 n.d. 

B0193 Sulfitobacter pontiacus  DSM 10014T yes 3.76 FNNB00000000.1  2 O2 : H2S interface water fla2 + subpolar  - - -  n.d. 
B0194 Sulfitobacter sp. 20_GPM-1509m --- 

 
4.74 JIBC00000000.1  2 oil-amended biotrap isolate from the 

Deepwater Horizon Oil Spill 
- n.d. 

  
n.d. 

B0195 Sulfitobacter sp. EhC04 --- 
 

4.85 LXYI00000000.1  2 Emiliania huxleyi - n.d. 
  

n.d. 
B0196 Sulfitobacter sp. HI0054 --- 

 
4.17 LWFD00000000.1  2 seawater fla2 n.d. 

  
n.d. 

B0198 Sulfitobacter sp. NAS-14.1 --- 
 

4.00 AALZ00000000.1  2 surface water fla2 n.d. 
  

n.d. 
B0251 Tateyamaria omphalii DOK1-4 --- 

 
4.31 NZ_CP019312.1  2 seawater fla1 - 

 
10.1016/j.syapm.2006.11.007 n.d. 

A0024 Loktanella cinnabarina LL-001 DSM 29954T yes 3.89 BATB00000000.1  4 deep-sea sediment subsample fla2 - 
 

10.1099/ijs.0.043174-0 + 
A0025 Loktanella fryxellensis R-7670 DSM 16213T yes 3.55 NZ_FOCI00000000.1  4 microbial mat fla1 - 

 
10.1099/ijs.0.03006-0 - 

A0026 Loktanella hongkongensis UST950701-
009P 

DSM 17492T yes 3.20 APGJ00000000.1  4 7-day-old marine biofilm in Hong Kong 
waters 

fla2 - 
 

10.1099/ijs.0.63294-0 +* 

A0027 Loktanella koreensis GA2-M3 DSM 17925T yes 3.65 NZ_FOIZ00000000.1  4 sea sand fla1 - 
 

10.1099/ijs.0.64276-0 - 
A0028 Loktanella pyoseonensis JJM85 DSM 21424T yes 3.91 NZ_FNAT00000000.1  4 sea sand fla2 + 

 
10.1099/ijs.0.011072-0 + 

A0029 Loktanella salsilacus  DSM 16199T yes 4.13 NZ_FOTF00000000.1  4 microbial mat fla2 - 
 

10.1099/ijs.0.03006-0 - 
A0030 Loktanella tamlensis DSM 26879T yes 3.19 NZ_FOYP00000000.1  4 seawater fla1 + polar 10.1099/ijs.0.029462-0 - 
A0031 Loktanella vestfoldensis R-9477 DSM 16212T yes 3.72 ARNL00000000.1  4 microbial mat fla1 - 

 
10.1099/ijs.0.03006-0 -* 

A0039 Oceanicola granulosus HTCC 2516 DSM 15982T yes 4.05 NZ_AAOT00000000.1  4 seawater fla1, fla2 - 
 

10.1099/ijs.0.03015-0 +* 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015230.1
https://www.ncbi.nlm.nih.gov/nuccore/FNNK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/CYUD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/ACCW01000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ACNZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AANB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FNVD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQQR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021040.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP010735.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP010681.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP016364.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JSWK00000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JSWJ00000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXYG00000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ABID00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_008209.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_015730.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNBP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOPG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNJD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FPAJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JASH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JASC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JASD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JAMD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/83944612
https://www.ncbi.nlm.nih.gov/nuccore/ABXS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOMW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JASF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JASE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JASG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FNNB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JIBC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LXYI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LWFD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AALZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019312.1
https://www.ncbi.nlm.nih.gov/nuccore/BATB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOCI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/APGJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOIZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNAT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOTF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOYP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/ARNL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AAOT00000000.1
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A0041 Octadecabacter temperatus SB1 DSM 26878T yes 3.26 NZ_CP012160.1  4 sea surface water fla1 + polar 10.1099/ijs.0.000205 - 
A0097 Wenxinia marina HY34 DSM 24838T yes 4.17 ARAY00000000.1  4 marine sediment - - 

 
10.1099/ijs.0.64825-0 -* 

B0022 Donghicola sp. JL3646 --- 
 

3.12 LZFQ00000000.1  4 seawater from shallow-sea 
hydrothermal system 

fla1 n.d. 
  

n.d. 

B0049 Loktanella atrilutea IG8 DSM 29326T yes 4.21 NZ_FQUE00000000.1  4 seawater fla2 + subpolar 
(pic) 

10.1099/ijs.0.64978-0 + 

B0050 Loktanella litorea DSM 29433T yes 3.32 NZ_FOZM00000000.1  4 seawater fla1 - 
 

10.1099/ijs.0.039198-0 - 
B0052 Loktanella rosea  DSM 29591T yes 3.51 NZ_FTPR00000000.1  4 sediments fla1 - 

 
10.1099/ijs.0.63461-0 - 

B0053 Loktanella sediminum S3B03  DSM 28715T yes 3.26 NZ_FQXB00000000.1  4 marine surface sediment at a water 
depth of 873.9 m 

- - 
 

10.1099/ijs.0.070680-0 n.d. 

B0054 Loktanella sp. 1ANDIMAR09 --- 
 

3.72 LIGP00000000.1  4 surface seawater - n.d. 
  

n.d. 
B0055 Loktanella sp. 5RATIMAR09 --- 

 
3.70 LJAL00000000.1  4 surface seawater - n.d. 

  
n.d. 

B0056 Loktanella sp. DSM 29012 --- 
 

3.42 FOEJ00000000.1  4 not specified - n.d. 
  

n.d. 
B0058 Loktanella vestfoldensis SKA53 --- 

 
3.06 AAMS00000000.1  4 seawater fla3 n.d. 

 
--- n.d. 

B0064 Nereida ignava 2SM4  DSM 16309T yes 2.84 FORZ00000000.1  4 Mediterranean sea water fla3 - 
 

10.1099/ijs.0.63442-0 n.d. 
B0071 Octadecabacter antarcticus 307 DSM 28635T yes 4.88 NC_020911.1  4 polar sea ice, 25 - 50 cm from the 

bottom of the ice 
fla3 - 

 
10.1016/S0723-2020(97)80003-3 n.d. 

B0072 Octadecabacter arcticus 238  DSM 13978T yes 5.48 NC_020908.1  4 ice (38-48 cm from bottom of sea) fla3 - 
 

10.1016/S0723-2020(97)80003-3 n.d. 
B0100 Planktomarina temperata RCA23 DSM 22400T yes 3.29 NZ_CP003984.1  4 surface seawater fla3 + polar (pic) 10.1099/ijs.0.053249-0 n.d. 
B0121 Rhodobacteraceae bacterium HLUCCA08 --- 

 
3.70 LJSF00000000.1  4 microbial mat fla1 n.d. 

  
n.d. 

B0153 Roseobacter sp. CCS2 --- 
 

3.50 AAYB00000000.1  4 Pacific coastal waters fla1 n.d. 
  

n.d. 
B0201 Thalassobium sp. R2A62 --- 

 
3.49 NZ_ACOA00000000.1  4 Subsurface water fla1 n.d. 

  
n.d. 

B0210 Wenxinia saemankumensis S-22  DSM 100565T yes 3.58 NZ_FQYO00000000.1  4 tidal flat sediment fla1 - 
 

10.1099/ijs.0.062190-0 n.d. 
B0219 Loktanella marina MDM-7T --- yes 4.79 NZ_FXZK00000000.1  4 seawater fla1 - 

 
10.1099/ijsem.0.001084 n.d. 

B0220 Loktanella soesokkakenssis DSSK1-5 DSM 29956T yes 3.94 FWFY00000000.1  4 water collected from the junction 
between the ocean and a freshwater 
spring 

fla2 - 
 

10.1007/s10482-013-9962-9 n.d. 

B0243 Pseudooctadecabacter jejudonensis 
SSK2-1T 

--- yes 3.41 NZ_FWFT00000000.1  4 junction between the ocean and a 
freshwater spring 

fla1 - 
 

10.1099/ijs.0.057513-0 n.d. 

B0247 Roseisalinus antarcticus  DSM 11466T yes 5.00 NZ_FWFZ00000000.1  4 water sediment fla1 + 
 

DOI 10.1099/ijs.0.63230-0 n.d. 
A0008 Dinoroseobacter shibae DFL 12 DSM 16493T yes 4.42 NC_009952.1  5 Prorocentrum lima (dinoflagellate) fla1 + polar 10.1099/ijs.0.63511-0 -* 
A0012 Jannaschia donghaensis DSW-17 DSM 102233T yes 3.49 NZ_CXSU00000000.1  5 seawater fla1 - 

 
10.1099/ijs.0.65026-0 - 

A0013 Jannaschia helgolandensis Hel10 DSM 14858T yes 3.56 NZ_FNZQ00000000.1  5 seawater fla1 - 
 

10.1099/ijs.0.02377-0 - 
A0014 Jannaschia pohangensis H1-M8 DSM 19073T yes 3.73 NZ_FORA00000000.1 5 seashore sand fla1 + polar 10.1099/ijs.0.65167-0 - 
A0015 Jannaschia rubra 4SM3 DSM 16279T yes 3.66 NZ_CXPG00000000.1  5 Mediterranean seawater fla1 + polar 10.1099/ijs.0.63412-0 - 
A0053 Roseibacterium elongatum OCh 323   DSM 19469T yes 3.56 NZ_CP004372.1  5 sand at Monkey Mia fla1 - 

 
10.1099/ijs.0.02094-0 -* 

B0035 Jannaschia aquimarina GSW-M26 DSM 28248T yes 4.10 NZ_JYFE00000000.1  5 seawater fla1 - 
 

10.1099/ijs.0.038448-0 - 
B0036 Jannaschia faecimaris HD-22  DSM 100420T yes 3.81 NZ_FNPX00000000.1  5 tidal flat sediment  fla1 - 

 
10.1099/ijs.0.057984-0 n.d. 

B0038 Jannaschia sp. CCS1 --- 
 

4.40 NC_007802.1  5 Pacific coastal waters fla1 n.d. 
  

n.d. 
B0039 Jannaschia sp. EhC01 --- 

 
4.58 LXYJ00000000.1  5 Emiliania huxleyi fla1 n.d. 

  
n.d. 

B0123 Rhodobacteraceae bacterium 
HLUCCO18 

--- 
 

3.68 LJSY00000000.1  5 microbial mat fla1 n.d. 
  

n.d. 

B0200 Thalassobacter stenotrophicus 5SM22  DSM 16310 
 

3.60 FQYZ00000000.1  5 seawater fla1, fla3 + polar 10.1099/ijs.0.63275-0 n.d. 
B0229 Nioella nitratireducens SSW136T --- yes 4.02 NZ_MNBW00000000.1  5 surface sediment of the Jiulong River - - 

 
10.1007/s10482-014-0355-5 n.d. 

B0230 Nioella sediminis JS7-11T --- yes 3.96 NZ_MNBL00000000.1  5 surface sediment of the Jiulong River fla1 - 
 

10.1099/ijsem.0.001798 n.d. 
A0070 Salinihabitans flavidus ISL-46 DSM 27842T yes 4.09 NZ_FODS00000000.1  6 marine solar saltern fla1 - 

 
10.1099/ijs.0.009183-0 - 

A0074 Shimia haliotis WM35 DSM 28453T yes 4.00 NZ_FOSZ00000000.1  6 intestinal tract of an abalone Haliotis 
discus hannai 

fla1 + polar 10.1099/ijs.0.053140-0 + 

A0075 Shimia marina CL-TA03 DSM 26895T yes 4.00 NZ_CYPW00000000.1  6 biofilm in a coastal fish farm fla1 + polar 10.1099/ijs.0.64235-0 + 
A0088 Thalassobius aestuarii JC2049 DSM 15283T yes 4.23 NZ_FOTQ00000000.1  6 sediment sample of getbol fla1 - 

 
PMID: 16728953 - 

A0089 Thalassobius maritimus  DSM 28223T yes 3.28 NZ_FQWM00000000.1  6 seawater fla2 + polar 10.1099/ijs.0.029199-0 + 
B0003 Aestuariivita atlantica 22II-S11-z3T --- yes 4.34 NZ_AQQZ00000000.1  6 sediment - - 

 
10.1099/ijsem.0.000406 n.d. 

B0101 Planktotalea frisia SH6-1  DSM 23709T yes 4.11 NZ_MLCB00000000.1  6 seawater - - 
 

10.1099/ijs.0.033563-0 n.d. 
B0108 Pseudopelagicola gijangensis YSS-7  DSM 100564T yes 4.09 NZ_FQZQ00000000.1  6 Halocynthia roretzi (sea squirt) - - 

 
10.1099/ijs.0.062067-0 n.d. 

B0131 Rhodobacteraceae bacterium HTCC2083 --- 
 

4.02 NZ_ABXE00000000.1  6 coastal water fla3 n.d. 
  

n.d. 
B0187 Shimia sp. SK103 --- 

 
4.05 NZ_LAJH00000000.1  6 marine sediment fla1 n.d. 

  
n.d. 

B0204 Thalassobius activus CECT 5114 --- 
 

3.48 CYUE00000000  6 seawater fla2 - 
 

10.3389/fmicb.2017.02645 n.d. 
B0239 Planktotalea arctica IMCC9565T --- yes 3.79 NZ_MUHR00000000.1  6 Arctic seawater fla1, fla3 - 

 
10.1099/ijsem.0.002152 n.d. 

A0002 Celeribacter baekdonensis L-6  DSM 27375T yes 4.44 FNBL00000000.1  7 seawater fla1 - 
 

10.1099/ijs.0.032227-0 + 
A0003 Celeribacter indicus P73 DSM 27257T yes 4.97 NZ_CP004393.1  7 deep sea sediment (Indian Ocean) fla1 - 

 
10.1099/ijs.0.069039-0 dendritic 

A0004 Celeribacter marinus DSM 100036T yes 3.10 NZ_CP012023.1  7 coastal seawater fla1, fla3 - 
 

10.1099/ijs.0.060673-0 dendritic 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012160.1
https://www.ncbi.nlm.nih.gov/nuccore/ARAY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LZFQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQUE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOZM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTPR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQXB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LIGP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LJAL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FOEJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AAMS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FORZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_020911.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_020908.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP003984.1
https://www.ncbi.nlm.nih.gov/nuccore/LJSF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AAYB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ACOA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQYO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXZK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FWFY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_009952.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CXSU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNZQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CXPG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004372.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JYFE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNPX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_007802.1
https://www.ncbi.nlm.nih.gov/nuccore/LXYJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LJSY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FQYZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MNBW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MNBL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FODS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOSZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CYPW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOTQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQWM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQQZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MLCB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQZQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ABXE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LAJH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/CYUE00000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MUHR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FNBL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012023.1
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A0005 Celeribacter neptunius H 14  DSM 26471T yes 4.40 NZ_FORH00000000.1  7 seawater fla1 + polar 10.1099/ijs.0.014159-0 + 
A0010 Celeribacter halophilus ZXM137 DSM 26270T yes 3.86 NZ_FORY00000000.1  7 seawater collected from a coastal 

region 
fla1 - 

 
10.1099/ijs.0.025536-0 dendritic 

A0036 Maritimibacter alkaliphilus HTCC2654 DSM 100037T yes 4.33 NZ_AAMT00000000.1  7 seawater - - 
 

10.1099/ijs.0.64960-0 - 
B0009 Aliiroseovarius sediminilitoris M-M10 DSM 29439T yes 3.41 NZ_FOJB00000000.1  7 seashore sediment fla1 + polar 10.1099/ijs.0.043737-0 - 
B0011 Celeribacter baekdonensis B30 --- 

 
4.33 AMRK00000000.1  7 deepsea sediment fla1 n.d. 

  
n.d. 

B0012 Celeribacter ethanolicus NH195 --- 
 

4.21 LRUC00000000.1  7 seawater - - 
 

10.13344/j.microbiol.china.160012 n.d. 
B0114 Aliiroseovarius crassostreae CV919-312 DSM 16950T yes 3.73 LKBA00000000.1  7 Crassostrea virginica (diseased 

eastern oyster) 
fla1 + polar(pic) 10.1099/ijs.0.63620-0 + 

B0214 Aquimixticola soesokkakensis CECT8620 --- 
 

3.49 NZ_FWFS00000000.1  7 Water collected from the junction 
between the ocean and a freshwater 
spring 

fla1 - 
 

10.1007/s10482-014-0235-z n.d. 

A0091 Thioclava dalianensis DLFJ1-1 DSM 29618T yes 4.18 NZ_JHEH00000000.1  8 oil-degrading bacterial consortium, 
enriched by surface seawater 

fla1 - 
 

10.1099/ijs.0.046094-0 - 

A0092 Thioclava pacifica TL 2 DSM 10166T yes 3.73 NZ_AUND00000000.1  8 sulfidic thermal sea water fla1 + polar 10.1099/ijs.0.63415-0 - 
B0018 Defluviimonas alba cai42T --- yes 4.99 NZ_CP012661.1  8 oilfield fla1 - 

 
10.1099/ijs.0.000181 n.d. 

B0020 Defluviimonas indica 20V17 DSM 24802T yes 4.28 NZ_FNOB00000000.1  8 sulfide chimney of a deep-sea 
hydrothermal vent 

fla1, fla2 + polar 10.1099/ijs.0.061614-0 - 

B0024 Gemmobacter aquatilis  DSM 3857T yes 3.96 NZ_FOCE00000000.1 8 forest pond fla1 - 
 

10.1007/BF00492911 n.d. 
B0027 Gemmobacter megaterium CF17  DSM 26375T yes 4.17 Gemmobacter 

megaterium CF17  
8 planktonic seaweed from coastal 

seawater 
fla1 - 

 
10.1099/ijs.0.050955-0 n.d. 

B0028 Gemmobacter nectariphilus AST4  DSM 15620T yes 4.52 Gemmobacter 
nectariphilus AST4  

8 activated sludge fla1 - 
 

10.1099/ijs.0.02750-0 n.d. 

B0029 Haematobacter massiliensis CCUG 
47968 

--- 
 

4.13 JGYG00000000.1  8 amoebic coculture fla1 - 
 

10.1128/JCM.01188-06 n.d. 

B0030 Haematobacter missouriensis CCUG 
52307 

--- 
 

3.96 JFGS00000000.1  8 human blood fla1 - 
 

10.1128/JCM.01188-06 n.d. 

B0073 Paenirhodobacter enshiensis DW2-9 --- 
 

3.44 NZ_JFZB00000000.1  8 soil fla1 - 
 

10.1099/ijs.0.050351-0 n.d. 
B0074 Paracoccus alcaliphilus TK1015  DSM 8512T yes 4.61 NZ_FODE00000000.1  8 soil - - 

 
10.1099/00207713-39-2-116 n.d. 

B0075 Paracoccus alkenifer 901 1  DSM 11593T yes 3.19 NZ_FNXG00000000.1  8 biofilter for waste gas treatment fla1 - 
 

10.1099/00207713-48-2-529 n.d. 
B0076 Paracoccus aminophilus DM-15 DSM 8538T yes 4.87 NC_022041.1  8 soil Niigata Factory of Mitsubishi Gas 

Chemical Company 
fla1 - 

 
10.1099/00207713-40-3-287 n.d. 

B0077 Paracoccus aminovorans DM-82  DSM 8537T yes 3.95 FOPU00000000.1  8 soil Niigata Factory of Mitsubishi Gas 
Chemical Company 

fla1 - 
 

10.1099/00207713-40-3-287 n.d. 

B0078 Paracoccus chinensis CGMCC 1.7655T --- yes 3.63 NZ_FNGE00000000.1  8 sediment fla1 + 
 

10.1099/ijs.0.004705-0 n.d. 
B0079 Paracoccus denitrificans  DSM 413T yes 5.24 NC_008686.1  8 --- fla1 n.d. 

  
- 

B0081 Paracoccus denitrificans PD1222 DSM 104981 
 

5.24 NC_008686.1  8 soil fla1 n.d. 
  

n.d. 
B0082 Paracoccus halophilus JCM 14014 --- 

 
4.01 JRKN00000000.1  8 marine sediment fla1 - 

 
10.1099/ijs.0.65237-0 n.d. 

B0083 Paracoccus homiensis DD-R11 DSM 17862T yes 3.87 NZ_FOHO00000000.1  8 sea-sand fla1 + 
 

10.1099/ijs.0.64275-0 dendritic 
B0084 Paracoccus isoporae SW-3 DSM 22220T yes 3.52 NZ_FNAH00000000.1  8 Isopora palifera (reef-building coral) fla1 + polar 10.1099/ijs.0.023333-0 - 
B0085 Paracoccus saliphilus  DSM 18447T yes 4.57 NZ_FTOU00000000.1  8 saline-alkali soil fla1 - 

 
10.1099/ijs.0.005918-0 n.d. 

B0086 Paracoccus sanguinis DSM 29303T yes 3.42 JRKT00000000.1  8 human blood fla1 - 
 

10.1099/ijs.0.000193 n.d. 
B0087 Paracoccus solventivorans  DSM 6637T yes 3.38 NZ_FRCK00000000.1  8 soil near natural gas distribution 

station 
fla1 - 

 
10.1099/00207713-48-2-529 n.d. 

B0088 Paracoccus sphaerophysae HAMBI 3106 --- 
 

3.36 NZ_JRKS00000000.1  8 root nodules fla1 - 
 

10.1099/ijs.0.021071-0 n.d. 
B0089 Paracoccus sp. TRP --- 

 
3.92 AEPN00000000.1  8 activated sludge - n.d. 

  
n.d. 

B0093 Paracoccus versutus A2 DSM 582T yes 5.05 NZ_JRKO00000000.1 8 soil fla1 n.d. 
  

n.d. 
B0094 Paracoccus yeei ATCC BAA-599 --- 

 
4.43 JHWH00000000.1  8 Clinical specimen - human 

Pennsylvania, United States 
fla1 - 

 
10.1128/JCM.41.3.1289–
1294.2003 

n.d. 

B0095 Paracoccus zeaxanthinifaciens 
ATCC21588 

--- 
 

3.05 NZ_ATUJ00000000.1  8 marine fla1 - 
 

10.1099/ijs.0.02368-0 n.d. 

B0109 Pseudorhodobacter antarcticus 
KCTC23700 

--- 
 

3.88 LGHU00000000.1  8 sediment fla1 - 
 

10.1099/ijs.0.042184-0 n.d. 

B0110 Pseudorhodobacter aquimaris HDW-19T --- yes 3.82 NZ_LGHS00000000.1  8 seawater fla1 + polar 10.1099/ijs.0.029769-0 n.d. 
B0111 Pseudorhodobacter ferrugineus A7  DSM 5888T yes 3.43 NZ_ATVN00000000.1  8 brackish water fla1 - 

 
10.1099/00207713-42-1-133 n.d. 

B0112 Pseudorhodobacter psychrotolerans 
PAMC27389 

--- 
 

5.08 NZ_LGIC00000000.1  8 terrestrial soil - - 
 

10.1099/ijsem.0.000841 n.d. 

B0113 Pseudorhodobacter wandonensis WT-
MW11T 

--- yes 3.89 NZ_LGHT00000000.1  8 wood falls on the coast of Wando fla1 - 
 

10.1099/ijs.0.042879-0 n.d. 

B0116 Rhodobaca barguzinensis alga-05 DSM 19920T yes 3.90 NZ_CP024899.1  8 thin bacterial mat from a soda lake fla1 + 
 

10.1134/S0026261708020148 n.d. 

  

https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AAMT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOJB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AMRK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LRUC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LKBA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JHEH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUND00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012661.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNOB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOCE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JGYG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JFGS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JFZB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FODE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNXG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_022041.1
https://www.ncbi.nlm.nih.gov/nuccore/FOPU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNGE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_008686.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_008686.1
https://www.ncbi.nlm.nih.gov/nuccore/JRKN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNAH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTOU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JRKT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRCK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JRKS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AEPN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JRKO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JHWH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ATUJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LGHU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LGHS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ATVN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LGIC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LGHT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP024899.1
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B0126 Rhodobacter aestuarii JA296 DSM 19945T yes 3.84 NZ_FTOG00000000.1  8 brown-coloured microbial mat from 
brackish water of mangrove forest 

fla1 + polar 10.1099/ijs.0.004507-0 n.d. 

B0129 Rhodobacterales bacterium 
RIFCSPHIGHO2-02 

--- 
 

4.97 MHZT00000000.1  8 subsurface metagenome fla3 n.d. 
 

10.1038/ncomms13219 n.d. 

B0133 Rhodobacter capsulatus SB1003 --- 
 

3.87 NC_014034.1  8 not specified fla1 n.d. 
 

10.1128/JB.00366-10 n.d. 
B0134 Rhodobacter johrii JA192  DSM 18678T yes 4.51 NZ_MABH00000000.1  8 pasteurized rhizosphere soil of jowar 

(sorghum) collected from semi-arid 
tropical soil 

fla1, fla3 + polar 10.1099/ijs.0.011718-0 n.d. 

B0135 Rhodobacter megalophilus JA194  DSM 18937T yes 4.86 NZ_FZOV00000000.1  8 soil sample fla1, fla3 - 
 

10.1099/ijs.0.65642-0 n.d. 
B0136 Rhodobacter sp. 24-YEA-8 --- 

 
5.00 NZ_FNSK00000000.1  8 not specified fla1 n.d. 

  
n.d. 

B0139 Rhodobacter sphaeroides ATH 2.4.1 DSM 158T yes 4.60 NC_007493.2  8 --- fla1, fla3 + several polar 
+ subpolar 

10.1128/JB.01681-06 - 

B0140 Rhodobacter sphaeroides ATCC 17025 --- 
 

4.56 NC_009428.1  8 not specified fla1, fla3 n.d. 
 

10.1128/JB.01498-06 n.d. 
B0141 Rhodobacter vinaykumarii JA 123  DSM 18714T yes 3.48 NZ_FTOM00000000.1  8 enrichment of tidal seawater fla1 - 

 
10.1099/ijs.0.65077-0 n.d. 

B0144 Roseibaca calidilacus HL-91 --- 
 

3.35 NZ_FBYC00000000.1  8 not specified fla1, fla3 n.d. 
  

n.d. 
B0145 Roseicitreum antarcticum  ZS2-28T --- yes 4.25 NZ_FNOM00000000.1  8 sandy intertidal sediment samples fla1 - 

 
10.1099/ijs.0.024885-0 n.d. 

B0146 Roseinatronobacter thiooxidans ALG1  DSM 13087T yes 3.50 NZ_MEHT00000000.1  8 microbial mat in soda lake fla1 - 
 

PMID: 10808495 n.d. 
B0205 Thioclava atlantica 13D2W-2T --- yes 3.93 NZ_AQRC00000000.1  8 deep sea sediment fla1, fla2 + 

 
10.1007/s10482-014-0261-x n.d. 

B0206 Thioclava indica DT23-4T --- yes 3.82 NZ_AUNB00000000.1  8 dotriacontane-degrading bacterial 
consortium, surface seawater 

fla1 - 
 

10.1007/s10482-014-0320-3 n.d. 

B0208 Thioclava sp. SK-1 --- 
 

4.29 NZ_MDHA00000000.1  8 Sea surface microlayer fla1 n.d. 
  

n.d. 
B0228 Natronohydrobacter thiooxidans AH01 --- 

 
4.07 NZ_MJAP00000000.1  8 Russia, not specified fla1 n.d. 

  
n.d. 

A0032 Maribius pelagius B5-6  DSM 26893T yes 3.86 NZ_FOCM00000000.1  9 surface water fla1, fla2 - 
 

10.1099/ijs.0.64552-0 - 
A0033 Maribius salinus CL-SP27 DSM 26892T yes 3.57 NZ_FQZA00000000.1  9 hypersaline water from solar saltern fla2 - 

 
10.1099/ijs.0.64552-0 - 

A0043 Palleronia marisminoris B33 DSM 26347T yes 3.75 NZ_FWFV00000000.1  9 hypersaline soil bordering a solar 
saltern 

fla1 - 
 

10.1099/ijs.0.63906-0 + 

A0055 Roseivivax roseus BH87090 DSM 23042T yes 4.23 NZ_FOGU00000000.1  9 saline soil fla1 + subpolar 10.1099/ijs.0.061630-0 - 
A0093 Tranquillimonas alkanivorans A34 DSM 19547T yes 4.54 NZ_FOXA00000000.1  9 seawater fla2 - non-motile 10.1099/ijs.0.65817-0 - 
B0070 Oceaniovalibus guishaninsula JLT2003T --- yes 2.90 NZ_AMGO00000000.1  9 surface seawater fla1 - 

 
10.1007/s00284-012-0081-z n.d. 

B0215 Boseongicola aestuarii BS-W15T --- yes 4.00 NZ_FXXQ00000000.1  9 tidal flat sediment - - 
 

10.1099/ijs.0.061960-0 n.d. 
A0052 Pseudoruegeria lutimaris HD-43 DSM 25294T yes 5.81 NZ_FNEK00000000.1  10 tidal flat sediment fla1 - 

 
10.1099/ijs.0.015073-0 - 

A0096 Tropicimonas isoalkanivorans B51 DSM 19548T yes 4.98 NZ_FOLG00000000.1  10 seawater fla1 + peritrichous 
(pic) 

10.1099/ijs.0.65822-0 - 

B0066 Oceanicola litoreus M-M22 DSM 29440T yes 4.10 NZ_FSRL00000000.1  10 seashore sediment fla1 - 
 

10.1007/s10482-012-9867-z + 
B0115 Pseudoruegeria sabulilitoris GJMS-35T --- yes 5.32 NZ_LOAS00000000.1  10 seashore sand fla1 - 

 
10.1099/ijs.0.066258-0 n.d. 

B0209 Tropicimonas sediminicola M97 DSM 29339T yes 5.17 NZ_FZOY00000000.1  10 marine sediment of a cage-cultured 
ark clam farm 

fla1 - 
 

10.1099/ijs.0.037929-0 - 

B0244 Pseudoruegeria marinistellae SF-16T --- yes 5.42 NZ_LNCI00000000.1  10 unidentified starfish fla1 - 
 

10.1007/s10482-016-0789-z n.d. 
B0001 Actibacterium atlanticum 22II S11 z10T --- yes 3.18 NZ_AQQY00000000.1  11 surface seawater - - 

 
10.1007/s10482-014-0203-7 n.d. 

B0002 Actibacterium mucosum R46  DSM 28448T yes 3.72 NZ_JFKE00000000.1  11 surface water fla1 - 
 

10.1099/ijs.0.038026-0 n.d. 
B0016 Confluentimicrobium naphthalenivorans DSM 105040T yes 4.15 NZ_CP010869.1  11 sea-tidal-flat sediment, crude-oil 

contaminated 
fla1 + polar 10.1099/ijsem.0.000561 + 

B0068 Oceanicola sp. MCTG156(1a) --- 
 

3.88 NZ_JQMY00000000.1  11 Scottish Coastal Phytoplankton Net 
Sample 

fla1 n.d. 
 

10.1128/genomeA.00796-17 n.d. 

B0142 Rhodovulum sp. NI22 --- 
 

3.82 NZ_JQFU00000000.1  11 coastal seawater fla1 n.d. 
 

10.1128/genomeA.01475-14 n.d. 
B0143 Rhodovulum sulfidophilum W4  DSM 1374T yes 4.35 NZ_CP015418.1  11 mud from intertidal flats fla1 + polar 10.1007/BF00409510 n.d. 
B0213 Actibacterium ureilyticum LS-811T --- yes 4.15 NZ_NSBT00000000.1  11 seawater fla1 + polar 10.1099/ijsem.0.001052 n.d. 
B0217 Confluentimicrobium lipolyticum SSK1-4T --- yes 3.88 NZ_FXYE00000000.1  11 junction between the ocean and a 

freshwater spring at Jeju island 
fla1 - 

 
10.1007/s10482-014-0266-5 n.d. 

B0246 Rhodovulum sp. ES.010 --- 
 

3.83 NZ_FSRS00000000.1  11 not specified fla1 n.d. 
  

n.d. 
A0020 Litoreibacter albidus KMM 3851 DSM 26922T yes 3.58 NZ_FNOI00000000.1  -- Umbonium costatum(marine snail) fla1 - 

 
10.1099/ijs.0.019513-0 - 

A0021 Litoreibacter arenae GA2-M15 DSM 19593T yes 3.68 NZ_AONI00000000.1  -- sea sand fla1 + polar 10.1099/ijs.0.65841-0 -* 
A0022 Litoreibacter janthinus KMM 3842 DSM 26921T yes 3.75 NZ_FOYO00000000.1  -- shallow sediment - - 

 
10.1099/ijs.0.019513-0 - 

B0006 Albidovulum xiamenense YBY-7 DSM 24422T yes 3.13 NZ_FNFV00000000.1  -- water from a terrestrial hot spring fla1 + polar (pic) 10.1099/ijs.0.034454-0 - 
B0021 Donghicola eburneus SW-277 DSM 29127T yes 4.43 NZ_FOXY00000000.1  -- seawater fla1, fla2 - 

 
10.1099/ijs.0.64577-0 + 

B0065 Oceanicella actignis PRQ-67 DSM 22673T yes 3.34 NZ_FRDL00000000.1  -- water of shallow marine hot spring on 
a beach 

fla1 - 
 

10.1016/j.syapm.2012.07.001 + 

B0104 Poseidonocella sedimentorum KMM 
9023 

DSM 29315T yes 3.56 NZ_FOYI00000000.1  -- shallow sediment fla1 - 
 

10.1007/s00203-011-0736-3 + 

B0241 Poseidonocella pacifica KMM 9010 DSM 29316T yes 3.62 NZ_FOJU00000000.1  -- shallow sediment fla1 - 
 

10.1007/s00203-011-0736-3 + 
A0023 Litorimicrobium taeanense G4 DSM 22007T yes 4.02 NZ_FOEP00000000.1  3A beach sediment fla1 - 

 
10.1099/ijs.0.025007-0 - 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTOG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/MHZT01000000
https://www.ncbi.nlm.nih.gov/nuccore/NC_014034.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MABH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FZOV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNSK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_007493.2
https://www.ncbi.nlm.nih.gov/nuccore/NC_009428.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTOM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FBYC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNOM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MEHT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQRC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUNB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MDHA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MJAP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOCM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQZA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOGU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOXA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AMGO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXXQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNEK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOLG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FSRL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LOAS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FZOY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LNCI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQQY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JFKE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP010869.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JQMY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JQFU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015418.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_NSBT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXYE00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FSRS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNOI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AONI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOYO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNFV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOXY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRDL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOYI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOJU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOEP00000000.1
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A0040 Oceanicola nanhaiensis DSM 18065T yes 4.66 NZ_JHZF00000000.1  3A sediments at a depth of around 1500 
m 

- - 
 

10.1099/ijs.0.64532-0 - 

A0050 Pseudooceanicola batsensis HTCC 2597 DSM 15984T yes 3.55 NZ_AAMO00000000.1  3A seawater fla2 - 
 

10.1099/ijs.0.03015-0 +* 
A0060 Roseovarius indicus DSM 26383T yes 6.06 NZ_LAXI00000000.1  3A deep seawater fla2 - 

 
10.1099/ijs.0.023168-0 - 

A0061 Roseovarius lutimaris 112 DSM 28463T yes 4.28 NZ_FOVP00000000.1  3A marine tidal flat fla1 - 
 

10.1099/ijs.0.050807-0 - 
A0062 Roseovarius mucosus DFL 24 DSM 17069T yes 4.24 AONH00000000.1  3A Alexandrium ostenfeldii 

(dinoflagellate) 
fla1, fla3 - 

 
10.1099/ijs.0.63832-0 -* 

A0063 Roseovarius nubinhibens ISM DSM 15170T yes 3.67 NZ_AALY00000000.1  3A seawater - + 
 

10.1099/ijs.0.02491-0 -* 
A0073 Sediminimonas qiaohouensis YIM B024 DSM 21189T yes 3.55 NZ_AUIJ00000000.1  3A salt sediment from a salt mine - - 

 
10.1099/ijs.0.006965-0 -* 

B0015 Citreicella thiooxidans CHLG 1 DSM 10146T yes 5.87 NZ_FNAV00000000.1  3A seawater - - 
 

10.1016/j.syapm.2005.05.006 - 
B0045 Lentibacter algarum ZXM098  DSM 24677 

 
3.29 NZ_FNPR00000000.1  3A coastal water during a massive green 

algae (Enteromorpha prolifera) bloom 
fla1, fla3 - 

 
10.1099/ijs.0.029868-0 n.d. 

B0067 Oceanicola sp. HL-35 --- 
 

4.31 NZ_JAFT00000000.1  3A not specified - n.d. 
  

n.d. 
B0069 Oceanicola sp. S124 --- 

 
4.65 NZ_AFPM00000000.1  3A seawater fla1 n.d. 

 
10.1128/JB.01614-12 n.d. 

B0106 Pseudooceanicola atlanticus 22II s11gT --- yes 4.94 NZ_AQQX00000000.1 3A surface seawater fla1, fla2 - 
 

10.1007/s10482-015-0398-2 n.d. 
B0107 Pseudooceanicola nitratireducens 

JLT1210 
DSM 29619T yes 4.07 NZ_FOLX00000000.1  3A surface water fla2 - 

 
10.1099/ijs.0.016311-0 + 

B0118 Rhodobacteraceae bacterium EhC02 --- 
 

4.09 LXYH00000000.1  3A Emiliania huxleyi fla2 n.d. 
  

n.d. 
B0122 Rhodobacteraceae bacterium 

HLUCCO07 
--- 

 
3.43 LJSU00000000.1  3A microbial mat metagenome fla1 n.d. 

 
10.1128/AEM.02274-15 n.d. 

B0152 Roseobacter sp. AzwK-3b --- 
 

4.18 NZ_ABCR00000000.1  3A Elkhorn Slough - n.d. 
 

10.1128/AEM.72.5.3543-
3549.2006 

n.d. 

B0160 Roseovarius atlanticus R12BT --- yes 4.58 NZ_LAXJ00000000.1  3A surface seawater fla1 - 
 

10.1099/ijsem.0.000768 n.d. 
B0161 Roseovarius azorensis SSW084 DSM 100674T yes 3.86 NZ_FOAG00000000.1  3A seawater fla1 + 

 
DOI 10.1007/s10482-013-0109-9 n.d. 

B0163 Roseovarius marisflavi H50  DSM 29327T yes 4.08 NZ_FRBN00000000.1  3A amphioxus breeding zone - - 
 

10.1007/s10482-013-9965-6 n.d. 
B0165 Roseovarius nanhaiticus DSM 29590T yes 3.70 NZ_FTNV00000000.1  3A sediment fla1 + 

 
10.1099/ijs.0.012930-0 + 

B0166 Roseovarius pacificus DSM 29589T yes 4.55 NZ_FRBR00000000.1  3A deep sea sediment - + subpolar 10.1099/ijs.0.002477-0 dendritic 
B0167 Roseovarius sp. 217 --- 

 
4.77 NZ_AAMV00000000.1  3A coastal seawater fla1 n.d. 

 
10.1111/j.1574-
6968.2007.00719.x 

n.d. 

B0168 Roseovarius sp. BRH c41 --- 
 

5.01 LADY00000000.1  3A rock porewater metagenome fla1, fla3 n.d. 
  

n.d. 
B0169 Roseovarius sp. HI0049 --- 

 
7.10 LWFA00000000.1  3A seawater - n.d. 

  
n.d. 

B0170 Roseovarius sp. MCTG156(2b) --- 
 

5.11 NZ_JQLS00000000.1  3A Phytoplankton Net Trawl on the 
Scottish West Coast 

fla1, fla3 n.d. 
 

10.1128/genomeA.00837-17 n.d. 

B0171 Roseovarius sp. TM1035 --- 
 

4.21 NZ_ABCL00000000.1  3A Pfiesteria piscicida fla1, fla3 n.d. 
 

10.1128/AEM.70.6.3383-
3391.2004 

n.d. 

B0172 Roseovarius tolerans EL-172 DSM 11457T yes 3.77 NZ_FOBO00000000.1  3A water - unclear 
statement 

unclear 
statement 

10.1099/00207713-49-1-137 n.d. 

B0173 Roseovarius tolerans EL-164 --- 
 

3.75 NZ_LGVV00000000.1  3A hypersaline Ekho Lake - n.d. 
 

10.1128/genomeA.01096-15 n.d. 
B0202 Thalassobius gelatinovorus B6 DSM 5887T yes 3.90 NZ_CYSA00000000.1  3A seawater fla3 + peritrichous 10.1099/00207713-42-1-133 + 
B0203 Thalassobius mediterraneus  DSM 16398T yes 3.41 NZ_FTNX00000000.1  3A water from the Mediterranean Sea - - 

 
10.1099/ijs.0.63842-0 n.d. 

B0221 Lutimaribacter saemankumensis SMK-
117 

DSM 28010T yes 3.77 NZ_FNEB00000000.1  3A sediment from tidal flat - - 
 

10.1099/ijs.0.000109-0 n.d. 

C0001 Pelagicola litorisediminis D1W8T --- yes 4.00 NZ_FWFL00000000.1  3A tidal flat sediment - - 
 

10.1007/s10482-013-9930-4 n.d. 
C0003 Roseovarius aestuarii SMK-122 DSM 29483T yes 4.81 NZ_FWXB00000000.1  3A tidal flat fla1 + polar 10.1099/ijs.0.65657-0 + 
C0004 Roseovarius albus 4SM10T --- yes 4.29 NZ_FWFX00000000.1  3A seawater - - 

 
10.1007/s10482-014-0121-8 n.d. 

C0006 Roseovarius gaetbuli YM20T --- yes 4.13 NZ_FWFJ00000000.1  3A tidal flat sediment - - 
 

DOI 10.1007/s10482-014-0127-2 n.d. 
C0007 Roseovarius halotolerans HJ50 DSM 29507T yes 3.73 NZ_FWFU00000000.1  3A deep seawater - - 

 
DOI 10.1099/ijs.0.002576-0 - 

A0001 Antarctobacter heliothermus EL-219 DSM 11445T yes 5.17 NZ_FZON00000000.1  3B water sediment fla1 n.d. unclear 
statement 

10.1099/00207713-48-4-1363 - 

A0007 Citreicella marina DSM 26424T yes 5.61 NZ_FNEJ00000000.1  3B deep-sea sediment fla1 - 
 

10.1099/ijs.0.022376-0 - 
A0034 Marinovum algicola DG898 DSM 27768 

 
5.25 NZ_CP010855.1  3B Gymnodinium catenatum YC499B15 fla1, fla2 n.d. 

  
+* 

A0035 Marinovum algicola FF3 DSM 10251T yes 5.40 FNYY00000000.1  3B Prorocentrum lima (dinoflagellate) fla1, fla2 + polar (1-2) PMID: 12501429 +* 
A0044 Pelagibaca bermudensis HTCC2601 DSM 26914T yes 5.48 NZ_AATQ00000000.1  3B Bermuda Atlantic Time Series Station fla1, fla2 - 

 
10.1099/ijs.0.64063-0 +* 

A0054 Roseivivax isoporae sw-2 DSM 22223T yes 4.90 NZ_JAME00000000.1  3B Isopora palifera (reef-building coral) fla1, fla2 + subpolar 10.1099/ijs.0.032961-0 + 
A0069 Sagittula stellata E 37 DSM 11524T yes 5.26 NZ_AAYA00000000.1 3B enrichment community from 

seawater 
fla1 - non-motile 

(but flagella) 
10.1099/00207713-47-3-773 -* 

A0071 Salipiger mucosus A3 DSM 16094T yes 5.69 NZ_APVH00000000.1  3B saline soil bordering a saltern fla1, fla2 - 
 

10.1099/ijs.0.63166-0 -* 
A0095 Tropicibacter naphthalenivorans C02 DSM 19561T yes 4.45 NZ_FWXX00000000.1  3B seawater fla1 + peritrichous 

(pic) 
10.1099/ijs.0.65821-0 + 

A0098 Yangia pacifica DX5-10 DSM 26894T yes 6.14 NZ_FOZW00000000.1  3B coastal sediment fla1, fla2 + motile 10.1099/ijs.0.64013-0 + 
B0013 Citreicella sp. 357 --- 

 
4.60 NZ_AJKJ00000000.1  3B oil-polluted sand sample fla1 n.d. 

 
10.1128/JB.01261-12 n.d. 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_JHZF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AAMO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LAXI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOVP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/AONH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AALY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUIJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNAV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNPR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAFT00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AFPM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQQX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOLX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LXYH01000000
https://www.ncbi.nlm.nih.gov/nuccore/LJSU01000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ABCR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LAXJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOAG00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRBN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTNV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRBR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AAMV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LADY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/LWFA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JQLS00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_ABCL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOBO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LGVV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CYSA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTNX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNEB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWXB00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFU00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FZON00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNEJ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP010855.1
https://www.ncbi.nlm.nih.gov/nuccore/FNYY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AATQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAME00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AAYA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_APVH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWXX00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOZW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AJKJ00000000.1
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ID Bacterial strain Collection ID Type  
strain 

Genome  
size [Mb] 

Accesion Clade Isolated from flagellum MotLit flagellar 
location 

DOI Motility 

B0014 Citreicella sp. SE45 --- 
 

5.52 NZ_ACNW00000000.1  3B Spartina alterniflora fla1 n.d. 
 

10.1128/JB.01261-12 n.d. 
B0060 Mameliella alba JLT354-W DSM 26384T yes 5.26 NZ_QAOY00000000.1  3B seawater fla1 - 

 
10.1099/ijs.0.011437-0 n.d. 

B0062 Marivita hallyeonensis DPG-28 DSM 29431T yes 4.19 NZ_FQXC00000000.1  3B seawater fla1 - 
 

10.1099/ijs.0.032086-0 n.d. 
B0147 Roseivivax atlanticus 22II-S10sT --- yes 4.64 NZ_AQQW00000000.1  3B surface seawater fla2 + subpolar 10.1007/s10482-014-0140-5 n.d. 
B0148 Roseivivax halodurans OCh 239 DSM 15395T yes 4.49 NZ_JALZ00000000.1  3B charophytes on the stromatolites of a 

saline lake 
fla2 + subpolar 10.1099/00207713-49-2-629 n.d. 

B0149 Roseivivax halotolerans OCh 210 DSM 15490T yes 3.77 NZ_FOXV00000000.1  3B epiphytes on the stromatolites of a 
saline lake 

- + subpolar?! 10.1099/00207713-49-2-629 n.d. 

B0150 Roseivivax lentus S5-5 DSM 29430T yes 4.44 NZ_FTOQ00000000.1  3B tidal flat sediment fla1 - 
 

10.1099/ijs.0.014795-0 - 
B0151 Roseivivax marinus ZL136 DSM 27511T yes 4.01 NZ_FOAI00000000.1  3B deep water - - 

 
10.1099/ijs.0.062760-0 - 

B0186 Salipiger nanhaiensis ZH114 DSM 27508 
 

5.16 FOLR00000000.1  3B deep sea water fla1 - 
 

10.1099/ijs.0.000066 - 
B0211 Yangia sp. CCB-MM3 --- 

 
5.52 NZ_CP014595.1  3B Mangrove soil fla2 n.d. 

 
10.1186/s40793-017-0232-8 n.d. 

B0216 Citreimonas salinaria CL-SP20 DSM 26880T yes 4.26 NZ_FNPF00000000.1  3B hypersaline water from solar saltern fla1 - 
 

10.1099/ijs.0.64373-0 n.d. 
B0222 Maliponia aquimaris MM-10T --- yes 5.31 NZ_FXYF00000000.1  3B seawater fla1 - 

 
10.1099/ijsem.0.001021 n.d. 

B0223 Mameliella atlantica L6M1-5 DSM 104732T yes 5.90 NZ_NIVZ00000000.1  3B Deep-sea sediment fla1 - 
 

10.1099/ijs.0.000248 n.d. 
B0224 Mameliella phaeodactyli KD53T --- yes 5.45 NZ_NIWC00000000.1  3B Phaeodactylum tricornutum (marine 

algae) 
fla1 - 

 
10.1099/ijs.0.000146 n.d. 

B0226 Marivita cryptomonadis CL-SK44T --- yes 4.61 NZ_JFKD00000000.1  3B marine phytoplankton Cryptomonas 
sp. 

fla1 + polar 10.1099/ijs.0.005462-0 n.d. 

B0227 Marivita geojedonensis DPG-138T --- yes 4.31 NZ_JFKC00000000.1  3B seawater - - 
 

10.1099/ijs.0.039065-0 n.d. 
B0231 Pelagibaca abyssi JLT2014T --- yes 5.26 NZ_CP015093.1  3B deep-seawater fla1, fla2 - 

 
10.1007/s10482-014-0219-z n.d. 

B0232 Pelagimonas varians SH4-1 DSM 23678T yes 4.90 NZ_FXYH00000000.1  3B seawater collected during a 
phytoplankton bloom 

fla1 unclear 
statement 

unclear 
statement 

10.1099/ijs.0.040675-0 n.d. 

B0240 Ponticoccus lacteus JL351T --- yes 5.42 NZ_NIWA00000000.1  3B surface seawater fla1 - 
 

10.1099/ijs.0.000086 n.d. 
B0242 Pseudooceanicola flagellatus DY470T --- yes 4.41 NZ_FWYD00000000.1  3B seawater fla1 + polar 10.1099/ijs.0.062588-0 n.d. 
B0245 Puniceibacterium sediminis RU-1-R-18 DSM 29052T yes 4.64 NZ_FZNN00000000.1  3B intertidal subsurface sediment fla1 - 

 
10.1099/ijs.0.000119 n.d. 

B0248 Roseivivax jejudonensis CDM-17T --- yes 4.31 NZ_FWFK00000000.1  3B junction between the ocean and a 
freshwater spring at Jeju island 

- - 
 

DOI 10.1007/s10482-014-0265-6 n.d. 

B0253 Tropicibacter phthalicus KU27E1T --- yes 4.81 NZ_FXXP00000000.1  3B seawater fla1 + polar 10.1007/s00284-012-0085-8 n.d. 
B0007 Albimonas donghaensis DS2 DSM 17890T yes 5.01 NZ_FNMZ00000000.1  

 
seawater fla1 - 

 
10.1099/ijs.0.65429-0 n.d. 

B0008 Albimonas pacifica P-50-3T --- yes 6.03 NZ_FOQH00000000.1  

 
seawater fla1 - 

 
10.1099/ijs.0.049742-0 n.d. 

B0031 Halocynthiibacter arcticus PAMC20958T --- yes 4.38 NZ_CP014327.1  

 
Arctic marine sediment fla1 - 

 
10.1099/ijsem.0.000507 n.d. 

B0032 Halocynthiibacter namhaensis RA2-3 DSM 100421T yes 3.54 NZ_JWIF00000000.1  

 
sea squirt Halocynthia roretzi fla1 - 

 
10.1007/s10482-014-0142-3 n.d. 

B0046 Litoreibacter ascidiaceicola RSS4-C1 DSM 100566T yes 3.74 NZ_FQUV00000000.1  

 
golden sea squirt (Halocynthia 
aurantium) 

fla1 - 
 

10.1099/ijs.0.064196-0 n.d. 

B0117 Rhodobacteraceae bacterium CY02 --- 
 

3.86 NZ_MDVX00000000.1  

 
sediment of the Yellow Sea - n.d. 

 
10.1099/ijsem.0.002728 n.d. 

B0120 Rhodobacteraceae bacterium HIMB11 
  

3.10 AVDB00000000.1  

 
seawater fla3 n.d. 

 
10.4056/sigs.4998989 n.d. 

B0124 Rhodobacteraceae bacterium HTCC2150 --- 
 

3.58 AAXZ01000000.1  

 
Pacific Ocean, Newport, Oregon at a 
depth of 10 meters 

- n.d. 
 

10.1128/JB.01088-10 n.d. 

B0128 Rhodobacterales bacterium HTCC2255 --- 
 

2.30 AATR01000000.1  

 
Pacific Ocean, Newport, Oregon at a 
depth of 10 meters 

- n.d. 
  

n.d. 

B0176 Rubrimonas cliftonensis Och 317 DSM 15345T yes 4.86 NZ_FNQM00000000.1  

 
saline Lake Clifton, located on the 
west coast 

fla1 + polar 10.1099/00207713-49-1-201 n.d. 

 

 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_ACNW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_QAOY00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQXC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AQQW00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JALZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOXV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FTOQ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOAI00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/FOLR00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP014595.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNPF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXYF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_NIVZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_NIWC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JFKD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JFKC00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015093.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXYH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_NIWA00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWYD00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FZNN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FWFK00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FXXP00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNMZ00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOQH00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP014327.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JWIF00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FQUV00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_MDVX00000000
https://www.ncbi.nlm.nih.gov/nuccore/AVDB01000000
https://www.ncbi.nlm.nih.gov/nuccore/AAXZ01000000
https://www.ncbi.nlm.nih.gov/nuccore/AATR01000000
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FNQM00000000.1
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Supplementary Table 3 Non-motile transposon mutants with known insertion sites. Tm numbers of non-motile transposon mutants from initial and additional screening with 
sequenced insertion sites are shown with information on the insertion site (with orientation), the number of the 96-well plate and the exact well. 

Tm 
Number 

Well Plate Mutant-sequence Replicon Insertion 
site 

Orientation Insertion locus Annotation Source 

368 G7 3 55DSMZ_Platte3-G07_812 PGA1_c 3730174 + PGA1_c35570 flagellar hook protein FlgE Initional 
405 D12 3 Seqlab_4855 

 
3729386 + PGA1_c35570 flagellar hook protein FlgE Initional 

697 H12 6 64DSMZ_Platte6-H12_P812 PGA1_262p 218431 - PGA1_262p01990 Predicted permeases Initional 
743 F6 7 30DSMZ_Platte7-F6_P812 PGA1_c 3749091 - PGA1_c35760 flagellar L-ring protein FlgH Initional 
744 G6 7 Seqlab_4856 

 
110623 + PGA1_c01160 sensor protein ChvG Initional 

782 E11 7 69DSMZ_Platte7-E11_P812 PGA1_c 3729861 + PGA1_c35570 flagellar hook protein FlgE Initional 
796 C1 8 19DSMZ_Platte8-C1_812 PGA1_c 109991 + PGA1_c01160 sensor protein ChvG Initional 

1034 A7 10 33DSMZ_Platte10-
A07_P812 

PGA1_c 3739072 - PGA1_c35670 Uncharacterized conserved protein Initional 

1073 H11 10 72DSMZ_Platte10-
H11_P812 

PGA1_c 2992410 - PGA1_c28550 methyltransferase Initional 

1278 E1 13 Seqlab_4857 
 

3736272 + PGA1_c35640 flagellar M-ring protein FliF Initional 
1342 E9 13 DSMZ_Platte13-E09_P812 PGA1_c 1049973 - PGA1_c10140 acetylornithine deacetylase ArgE Initional 
1378 A2 14 Seqlab_4858 

 
2466771 + PGA1_c23640 Protein of unknown function (DUF1217). Initional 

1440 G9 14 DSMZ_Platte14-G09_P812 PGA1_c 2466822 + PGA1_c23640 Protein of unknown function (DUF1217). Initional 
1593 C5 16 DSMZ_Platte16-C05_P812 PGA1_c 2739395 + PGA1_c26300 ABC transporter, ATP-binding protein Initional 
1597 G5 16 DSMZ_Platte16-G05_P812 PGA1_c 3753932 - PGA1_c35840 flagellum-specific ATP synthase FliI Initional 
1631 A10 16 DSMZ_Platte16-A10_P812 PGA1_c 3738900 - PGA1_c35660 hypothetical protein Initional 
1897 A8 19 DSMZ_Platte19-A08_P812 PGA1_c 3751893 + PGA1_c35810 putative flagellar hook-basal body complex 

protein FliE 
Initional 

1944 B2 20 Selab_4859 
 

3748576 + PGA1_c35750 putative flagellar basal body-associated 
protein FliL 

Initional 

2118 B12 21 DSMZ_Platte21-B12_P812 PGA1_c 3732046 + PGA1_c35590 Flagellin and related hook-associated 
proteins 

Initional 

2235 C3 23 DSMZ_Platte23-C03_812 PGA1_c 3730348 + PGA1_c35570 flagellar hook protein FlgE Initional 
2236 D3 23 DSMZ_Platte23-D03_812 PGA1_c 3730348 + PGA1_c35570 flagellar hook protein FlgE Initional 
2332 F3 24 DSMZ_Platte24-F03_812 PGA1_c 3737426 - PGA1_c35640 flagellar M-ring protein FliF Initional 
2420 H2 25 DSMZ_Platte25-H02_812 PGA1_c 1587259 - PGA1_c15240 two-component system histidine kinase / 

response regulator 
Initional 

2470 B9 25 DSMZ_Platte25-B09_812 PGA1_c 3733501 - PGA1_c35600 flagellar P-ring protein FlgI Initional 
2494 B12 25 DSMZ_Platte25-B12_812 PGA1_c 3750673 + PGA1_c35780 flagellar basal-body rod protein FlgG Initional 
2607 G2 27 DSMZ_Platte27-G02_812 PGA1_c 3742556 + PGA1_c35690 hypothetical protein Initional 
2630 F5 27 DSMZ_Platte27-F05_P812 PGA1_c 3741784 - PGA1_c35690 hypothetical protein Initional 
2664 H9 27 DSMZ_Platte27-H09_P812 PGA1_c 3755803 - PGA1_c35860 flagellar protein FlaF Initional 
2665 A10 27 DSMZ_Platte27-A10_P812 PGA1_c 3751217 - PGA1_c35790 flagellar basal-body rod protein FlgF Initional 
2884 B2 30 DSMZ_Platte30-B02_812 PGA1_c 3748796 - PGA1_c35750 putative flagellar basal body-associated 

protein FliL 
Initional 
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2893 C3 30 DSMZ_Platte30-C03_P812 PGA1_c 3737238 + PGA1_c35640 flagellar M-ring protein FliF Initional 
3068 F1 32 DSMZ_Platte32-F01_P812 PGA1_c 3737148 + PGA1_c35640 flagellar M-ring protein FliF Initional 
3203 G6 33 DSMZ_Platte33-G06_P812 PGA1_c 1481008 + PGA1_c14260 peptidase M50 Initional 
3266 H2 34 DSMZ_Platte34-H02_P812 PGA1_c 110188 + PGA1_c01160 sensor protein ChvG Initional 
3290 H5 34 DSMZ_Platte34-H05_P812 PGA1_c 1952268 + PGA1_c18800 putative flagellar motor switch protein FliG Initional 
3361 A3 35 81DSMZ_Platte35A03_812 PGA1_c 3728755 + PGA1_c35560 chemotaxis protein MotB-like protein Initional 
3370 B4 35 90DSMZ_Platte35B04_812 PGA1_c 3745837 - PGA1_c35710 flagellar biosynthetic protein FlhA Initional 
3398 F7 35 DSMZ_Platte35-F07_P812 PGA1_c 3735981 - PGA1_c35630 putative flagellar biosynthesis protein Initional 
3456 B3 36 02DSMZ_Platte36B03_812 PGA1_c 3750674 - PGA1_c35780 flagellar basal-body rod protein FlgG Initional 
3505 C9 36 Seqlab_4860 

 
3758260 + PGA1_c35900 putative flagellar hook-length control protein Initional 

3531 E12 36 77DSMZ_Platte36E12_812 PGA1_c 3458593 + PGA1_c33000 polyribonucleotide nucleotidyltransferase 
Pnp 

Initional 

3550 B3 37 02DSMZ_Platte37B03_812.2 PGA1_c 3746015 + PGA1_c35710 flagellar biosynthetic protein FlhA Initional 
3592 D8 37 44DSMZ_Platte37D08_812 PGA1_c 3733227 - PGA1_c35600 flagellar P-ring protein FlgI Initional 
3605 A10 37 57DSMZ_Platte37A10_812 PGA1_c 3736590 - PGA1_c35640 flagellar M-ring protein FliF Initional 
3775 E8 39 DSMZ_Platte39-E08_P812 PGA1_c 3755769 + PGA1_c35860 flagellar protein FlaF Initional 
3876 D9 40 DSMZ_Platte40-D09_P812 PGA1_c 3757349 - PGA1_c35880 FlgN-like protein Initional 
3948 F6 41 DSMZ_Platte41-F06_P812 PGA1_c 3758535 - PGA1_c35900 putative flagellar hook-length control protein Initional 
4240 E7 44 DSMZ_Platte44-E07_P812 PGA1_c 878684 - PGA1_c08510 RNA polymerase sigma factor (ECF01 

subgroup, ECF20 subgroup) 
Initional 

4378 A1 46 DSMZ_Platte46-A01_P812 PGA1_c 109401 + PGA1_c01160 sensor protein ChvG Additional 
4380 A3 46 DSMZ_Platte46-A03_P812 PGA1_c 1616228 - PGA1_c15530 Uncharacterized protein conserved in 

bacteria 
Additional 

4382 A5 46 DSMZ_Platte46-A05_P812 PGA1_c 3630059 + PGA1_c34590 putative peptidylprolyl isomerase Additional 
4384 A7 46 DSMZ_Platte46-A07_P812 PGA1_c 3732105 - PGA1_c35590 Flagellin and related hook-associated 

proteins 
Additional 

4385 A8 46 DSMZ_Platte46-A08_P812 PGA1_c 1588018 - PGA1_c15240 two-component system histidine kinase / 
response regulator 

Additional 

4391 B2 46 DSMZ_Platte46-B02_P812 PGA1_c 3728506 + PGA1_c35560 chemotaxis protein MotB-like protein Additional 
4392 B3 46 DSMZ_Platte46-B03_P812 PGA1_c 3728507 + PGA1_c35560 chemotaxis protein MotB-like protein Additional 
4393 B4 46 DSMZ_Platte46-B04_P812 PGA1_c 1536306 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4394 B5 46 DSMZ_Platte46-B05_P812 PGA1_c 1490820 + PGA1_c14360 cell cycle response regulator Additional 
4395 B6 46 DSMZ_Platte46-B06_P812 PGA1_c 3750234 + PGA1_c35780 flagellar basal-body rod protein FlgG Additional 
4396 B7 46 DSMZ_Platte46-B07_P812 PGA1_c 3750209 + PGA1_c35780 flagellar basal-body rod protein FlgG Additional 
4397 B8 46 DSMZ_Platte46-B08_P812 PGA1_c 3729723 - PGA1_c35570 flagellar hook protein FlgE Additional 
4398 B9 46 DSMZ_Platte46-B09_P812 PGA1_c 2831933 - PGA1_c27180 putative glutamine synthetase Additional 
4399 B10 46 DSMZ_Platte46-B10_P812 PGA1_c 3725017 - PGA1_c35540 alcohol dehydrogenase AlkJ Additional 
4400 B11 46 DSMZ_Platte46-B11_P812 PGA1_c 1636538 + PGA1_c15760 putative phosphate transport system 

permease protein PstA 
Additional 

4401 B12 46 DSMZ_Platte46-B12_P812 PGA1_c 3733234 - PGA1_c35600 flagellar P-ring protein FlgI Additional 
4402 C1 46 DSMZ_Platte46-C02_P812 PGA1_c 2759984 + PGA1_c26470 2-isopropylmalate synthase LeuA Additional 
4404 C3 46 DSMZ_Platte46-C03_P812 PGA1_c 3680156 - PGA1_c35070 chromosome-partitioning protein ParB Additional 
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4407 C6 46 DSMZ_Platte46-C06_P812 PGA1_c 1490614 - PGA1_c14360 cell cycle response regulator Additional 
4408 C7 46 DSMZ_Platte46-C07_P812 PGA1_c 1615870 - PGA1_c15530 Uncharacterized protein conserved in 

bacteria 
Additional 

4410 C9 46 DSMZ_Platte46-C09_P812 PGA1_c 3757862 + NCR none Additional 
4412 C10 46 DSMZ_Platte46-C10_P812 PGA1_c 3748673 + PGA1_c35750 putative flagellar basal body-associated 

protein FliL 
Additional 

4416 C12 46 DSMZ_Platte46-C12_P812 PGA1_c 3741200 + PGA1_c35690 hypothetical protein Additional 
4417 D4 46 DSMZ_Platte46-D04_P812 PGA1_c 3729202 - NCR none Additional 
4418 D1 46 DSMZ_Platte46-D01_P812 PGA1_c 3733716 - PGA1_c35600 flagellar P-ring protein FlgI Additional 
4418 D5 46 DSMZ_Platte46-D05_P812 PGA1_c 1490594 + PGA1_c14360 cell cycle response regulator Additional 
4419 D6 46 DSMZ_Platte46-D06_P812 PGA1_c 3458609 - PGA1_c33000 polyribonucleotide nucleotidyltransferase 

Pnp 
Additional 

4420 D2 46 DSMZ_Platte46-D02_P812 PGA1_c 3728506 + PGA1_c35560 chemotaxis protein MotB-like protein Additional 
4421 D8 46 DSMZ_Platte46-D08_P812 PGA1_c 3729723 - PGA1_c35570 flagellar hook protein FlgE Additional 
4424 D11 46 DSMZ_Platte46-D11_P812 PGA1_c 3732800 + PGA1_c35590 Flagellin and related hook-associated 

proteins 
Additional 

4425 D12 46 DSMZ_Platte46-D12_P812 PGA1_c 3738942 - PGA1_c35660 hypothetical protein Additional 
4426 E1 46 DSMZ_Platte46-E01_P812 PGA1_c 3743667 - PGA1_c35700 putative transglycosylase, SLT family Additional 
4427 E2 46 DSMZ_Platte46-E02_P812 PGA1_c 1536964 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4428 E3 46 DSMZ_Platte46-E03_P812 PGA1_c 1536306 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4429 E4 46 DSMZ_Platte46-E04_P812 PGA1_c 3756130 + PGA1_c35870 putative flagellin Additional 
4430 E5 46 DSMZ_Platte46-E05_P812 PGA1_c 3720145 - PGA1_c35490 putative O-sialoglycoprotein endopeptidase Additional 
4431 E6 46 DSMZ_Platte46-E06_P812 PGA1_c 3741397 - PGA1_c35690 hypothetical protein Additional 
4432 E7 46 DSMZ_Platte46-E07_P812 PGA1_c 1536639 - PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4433 E8 46 DSMZ_Platte46-E08_P812 PGA1_c 3752014 + PGA1_c35810 putative flagellar hook-basal body complex 

protein FliE 
Additional 

4434 E9 46 DSMZ_Platte46-E09_P812 PGA1_c 386313 + PGA1_c03990 putative peptidase M22 Additional 
4435 E10 46 DSMZ_Platte46-E10_P812 PGA1_c 1587794 - PGA1_c15240 two-component system histidine kinase / 

response regulator 
Additional 

4436 E11 46 DSMZ_Platte46-E11_P812 PGA1_c 1481494 + PGA1_c14260 peptidase M50 Additional 
4437 E12 46 DSMZ_Platte46-E12_P812 PGA1_c 1588154 + PGA1_c15240 two-component system histidine kinase / 

response regulator 
Additional 

4440 F3 46 DSMZ_Platte46-F03_P812 PGA1_c 2540431 + PGA1_c24340 phosphomannomutase/phosphoglucomutase 
AlgC 

Additional 

4441 F4 46 DSMZ_Platte46-F04_P812 PGA1_c 3747729 - PGA1_c35730 flagellar biosynthetic protein FlhB Additional 
4442 F5 46 DSMZ_Platte46-F05_P812 PGA1_c 3736362 + PGA1_c35640 flagellar M-ring protein FliF Additional 
4443 F6 46 DSMZ_Platte46-F06_P812 PGA1_c 3731763 + PGA1_c35580 flagellar hook-associated protein FlgK Additional 
4444 F7 46 DSMZ_Platte46-F07_P812 PGA1_c 3730059 + PGA1_c35570 flagellar hook protein FlgE Additional 
4445 F8 46 DSMZ_Platte46-F08_P812 PGA1_c 3729746 + PGA1_c35570 flagellar hook protein FlgE Additional 
4446 F9 46 DSMZ_Platte46-F09_P812 PGA1_c 3733623 + PGA1_c35600 flagellar P-ring protein FlgI Additional 
4447 F10 46 DSMZ_Platte46-F10_P812 PGA1_c 766780 - PGA1_c07420 extracellular solute-binding protein Additional 
4449 F12 46 DSMZ_Platte46-F12_P812 PGA1_c 3738942 - PGA1_c35660 hypothetical protein Additional 
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4451 G2 46 DSMZ_Platte46-G02_P812 PGA1_c 1536964 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4452 G3 46 DSMZ_Platte46-G03_P812 PGA1_c 3751630 + PGA1_c35800 flagellar biosynthetic protein FliQ Additional 
4453 G4 46 DSMZ_Platte46-G04_P812 PGA1_c 3736986 - PGA1_c35640 flagellar M-ring protein FliF Additional 
4456 G7 46 DSMZ_Platte46-G07_P812 PGA1_c 1536639 - PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4457 G8 46 DSMZ_Platte46-G08_P812 PGA1_c 3731261 - PGA1_c35580 flagellar hook-associated protein FlgK Additional 
4458 G9 46 DSMZ_Platte46-G09_P812 PGA1_c 3756862 - PGA1_c35870 putative flagellin Additional 
4459 G10 46 DSMZ_Platte46-G10_P812 PGA1_c 1537176 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4461 G12 46 DSMZ_Platte46-G12_P812 PGA1_c 1615820 - PGA1_c15530 Uncharacterized protein conserved in 

bacteria 
Additional 

4462 H1 46 DSMZ_Platte46-H01_P812 PGA1_c 3757440 - PGA1_c35880 FlgN-like protein Additional 
4464 H3 46 DSMZ_Platte46-H03_P812 PGA1_c 3755705 + PGA1_c35860 flagellar protein FlaF Additional 
4466 H5 46 DSMZ_Platte46-H05_P812 PGA1_c 3751439 - PGA1_c35790 flagellar basal-body rod protein FlgF Additional 
4469 H8 46 DSMZ_Platte46-H08_P812 PGA1_c 3729815 + PGA1_c35570 flagellar hook protein FlgE Additional 
4470 H9 46 DSMZ_Platte46-H09_P812 PGA1_c 3748673 + PGA1_c35750 putative flagellar basal body-associated 

protein FliL 
Additional 

4472 H11 46 DSMZ_Platte46-H11_P812 PGA1_c 3752253 + PGA1_c35820 flagellar basal-body rod protein FlgC Additional 
4473 H12 46 DSMZ_Platte46-H12_P812 PGA1_c 3759990 + PGA1_c35910 putative flagellar hook capping protein Additional 
4474 A1 47 DSMZ_Platte47-A01_P812 PGA1_c 2063939 + PGA1_c19880 methyltransferase, HemK family Additional 
4476 A3 47 DSMZ_Platte47-A03_P812 PGA1_c 3757396 - PGA1_c35880 FlgN-like protein Additional 
4477 A4 47 DSMZ_Platte47-A04_P812 PGA1_c 691442 - PGA1_c06730 Predicted hydrolases or acyltransferases 

(alpha/beta hydrolase superfamily) 
Additional 

4491 B6 47 DSMZ_Platte47-B06_P812 PGA1_c 879287 + PGA1_c08510 RNA polymerase sigma factor (ECF01 
subgroup, ECF20 subgroup) 

Additional 

4492 B7 47 DSMZ_Platte47-B07_P812 PGA1_c 282107 - PGA1_c02930 OmpA domain-containing protein Additional 
4493 B8 47 DSMZ_Platte47-B08_P812 PGA1_c 282989 - PGA1_c02930 OmpA domain-containing protein Additional 
4495 B10 47 DSMZ_Platte47-B10_P812 PGA1_c 3759193 + PGA1_c35900 putative flagellar hook-length control protein Additional 
4499 C2 47 DSMZ_Platte47-C02_P812 PGA1_c 3731693 + PGA1_c35580 flagellar hook-associated protein FlgK Additional 
4500 C3 47 DSMZ_Platte47-C03_P812 PGA1_c 1536668 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4501 C4 47 DSMZ_Platte47-C04_P812 PGA1_c 3733119 - PGA1_c35600 flagellar P-ring protein FlgI Additional 
4502 C5 47 DSMZ_Platte47-C05_P812 PGA1_c 3750077 - PGA1_c35780 flagellar basal-body rod protein FlgG Additional 
4503 C6 47 DSMZ_Platte47-C06_P812 PGA1_c 3755886 + PGA1_c35860 flagellar protein FlaF Additional 
4504 C7 47 DSMZ_Platte47-C07_P812 PGA1_c 3699813 + PGA1_c35310 double strand break repair helicase AddA Additional 
4506 C9 47 DSMZ_Platte47-C09_P812 PGA1_c 3739020 + PGA1_c35670 Uncharacterized conserved protein Additional 
4516 D7 47 DSMZ_Platte47-D07_P812 PGA1_c 1536803 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4518 D9 47 DSMZ_Platte47-D09_P812 PGA1_c 3735128 + PGA1_c35610 flagellar biosynthetic protein FliP Additional 
4519 D10 47 DSMZ_Platte47-D10_P812 PGA1_c 3638540 - PGA1_c34660 putative extracellular solute-binding protein Additional 
4522 E1 47 DSMZ_Platte47-E01_P812 PGA1_c 1952343 - PGA1_c18800 putative flagellar motor switch protein FliG Additional 
4526 E5 47 DSMZ_Platte47-E05_P812 PGA1_c 1536829 - PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4527 E6 47 DSMZ_Platte47-E06_P812 PGA1_c 1480476 - PGA1_c14260 peptidase M50 Additional 
4528 E7 47 DSMZ_Platte47-E07_P812 PGA1_c 3479370 + PGA1_c33200 putative serine-protein kinase (anti-sigma-B 

factor) 
Additional 

4529 E8 47 DSMZ_Platte47-E08_P812 PGA1_c 3759224 + PGA1_c35900 putative flagellar hook-length control protein Additional 
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4538 F5 47 DSMZ_Platte47-F05_P812 PGA1_c 1536829 - PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4546 G1 47 DSMZ_Platte47-G01_P812 PGA1_c 1621312 - PGA1_c15590 putative transcriptional activator protein Additional 
4548 G3 47 DSMZ_Platte47-G03_P812 PGA1_c 2539992 + PGA1_c24340 phosphomannomutase/phosphoglucomutase 

AlgC 
Additional 

4550 G5 47 DSMZ_Platte47-G05_P812 PGA1_c 2539880 - PGA1_c24340 phosphomannomutase/phosphoglucomutase 
AlgC 

Additional 

4551 G6 47 DSMZ_Platte47-G06_P812 PGA1_c 3741752 - PGA1_c35690 hypothetical protein Additional 
4553 G8 47 DSMZ_Platte47-G08_P812 PGA1_c 1952036 - PGA1_c18800 putative flagellar motor switch protein FliG Additional 
4554 G9 47 DSMZ_Platte47-G09_P812 PGA1_c 2232547 - PGA1_c21540 propionyl-CoA carboxylase alpha chain Additional 
4558 H1 47 DSMZ_Platte47-H01_P812 PGA1_c 1536892 + PGA1_c14810 nitrogen assimilation regulatory protein NtrX Additional 
4563 H6 47 DSMZ_Platte47-H06_P812 PGA1_c 3741756 - PGA1_c35690 hypothetical protein Additional 
4566 H9 47 DSMZ_Platte47-H09_P812 PGA1_c 3747685 - PGA1_c35730 flagellar biosynthetic protein FlhB Additional 
4724 F8 49 62DSMZ_Platte49-

F8_812.seq 
PGA1_c 3746302 + PGA1_c35720 flagellar biosynthetic protein FliR Initional 

4739 E10 49 77DSMZ_Platte49-
E10_812.seq 

PGA1_c 3746302 + PGA1_c35720 flagellar biosynthetic protein FliR Initional 

4757 G12 49 95DSMZ_Platte49-
G12_812.seq 

PGA1_c 3746302 + PGA1_c35720 flagellar biosynthetic protein FliR Initional 

4974 F4 52 30DSMZ_Platte52-
F4_812.seq 

PGA1_c 110669 + PGA1_c01160 sensor protein ChvG Initional 

4976 H4 52 32DSMZ_Platte52-
H4_812.seq 

PGA1_c 110669 + PGA1_c01160 sensor protein ChvG Initional 

5003 C8 52 59DSMZ_Platte52-
C8_812.seq 

PGA1_c 1586317 - PGA1_c15240 two-component system histidine kinase / 
response regulator 

Initional 

5031 G11 52 87DSMZ_Platte52-
G11_812.seq 

PGA1_c 3740366 + PGA1_c35680 chemotaxis protein MotA Initional 

5091 E7 53 53DSMZ_Platte53-
E7_812.seq 

PGA1_c 3751690 - PGA1_c35800 flagellar biosynthetic protein FliQ Initional 

5158 B4 54 26DSMZ_Platte54-
B4_812.seq 

PGA1_c 1185821 + NCR none Initional 

5240 F2 55 14DSMZ_Platte55-
F2_812.seq 

PGA1_c 2883969 - NCR none Initional 

5297 G9 55 71DSMZ_Platte55-
G9_812.seq 

PGA1_c 3744834 + PGA1_c35710 flagellar biosynthetic protein FlhA Initional 
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Supplementary Table 4 Comprehensive BLAST analysis regarding presence/absence of fla1, fla2 and fla3-type proteins in all 
306 Rhodobacteraceae. The potein sequences of flagellar genes of Phaeobacter inhibens DSM 17395 (fla1), the FGC on plasmid 
pMaD5 of Marinovum algicola DG898 (fla2) and the fla3 genecluster of Rhodobacter sphaeroides 2.4.1 were used as queries 
against a protein database comprised of the 306 Rhodobacteraceae dataset in a local BLASTp search. Only the resulting e-values 
of the BLAST best hit for each strain and protein were collected and accordingly assigned to the strains as of Supplementary Table 
2. Protein accession numbers of the queries are given in the top row.E-values indicating strong homology (<e-40) or good homology 
(<e—5, >e-40) are colored in dark green and light green respectively. Absence of a protein (e-value > e-5 or no hit) is depicted with 
“NA” and colored red. The FGC of R. sphaeroides includes many hypothetical proteins. Hence, only proteins with a good annotation 
were kept. 
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Supplementary Table 5 Candidate genes for dendritic motility phenotype identified by comparative genomics. The orthologous gene content of the seven dendritic motility strains was compared with 
113 strains lacking this phenotype. Candidate genes are present in at least five of the positive strains and absent in 75 % of the negative strains. Genes were clustered according to their genomic adjacency 
at least in some strains. Locus tags of candidate genes are provided for each strain. The frequencies of these genes in positive and negative strains is given in the last two columns. 

Candidate Gene Gene 
Sulfitobacter 

pseudonitzschiae 
Roseovarius 

pacificus 
Celeribacter 

indicus 
Celeribacter 
halophilus 

Pseudodonghicola 
xiamenensis Celeribacter marinus 

Paracoccus 
homiensis 

#/7 in 
positives 

#/113 in 
negatives 

Cluster 1  NZ_JAMD01000006 NZ_FRBR01000002 NZ_CP004393.1 NZ_FORY01000015 NZ_AUBS01000008  NZ_FOHO01000004   
glutaredoxin-like protein nrdH SUH3_20775 BUB53_RS06670 P73_1158 BM152_RS14295 G455_RS0110370 - BMX67_RS07015 6 19 
ribonucleotide reductase stimulatory protein nrdI SUH3_20780 BUB53_RS06665 P73_1159 BM152_RS14300 G455_RS0110365 - BMX67_RS07010 6 19 
ribonucleoside-diphosphate reductase alpha chain nrdE SUH3_20785 BUB53_RS06660 P73_1160 BM152_RS14305 G455_RS0110360 - BMX67_RS07005 6 19 
ribonucleoside-diphosphate reductase beta chain nrdF SUH3_20790 BUB53_RS06655 P73_1161 BM152_RS14310 G455_RS0110355 - BMX67_RS07000 6 19 
           

Cluster 2  NZ_JAMD01000005 NZ_FRBR01000022 NZ_CP004393.1 NZ_FORY01000004 contig 11 and 35     
adhesin transport system/ TolC  SUH3_19785 BUB53_RS20460 P73_4140 BM152_RS04765 G455_RS0122235 - - 5 5 
outer membrane protein insertion porin family  SUH3_19800 BUB53_RS20470 P73_4137 BM152_RS04780 G455_RS0122270 - - 5 4 
LuxR family transcriptional regulator   SUH3_19810 BUB53_RS20460 P73_4133 BM152_RS04795 G455_RS0119180 - - 5 12 
           

Cluster 3  NZ_JAMD01000024 NZ_FRBR01000024 NZ_CP004393.1 NZ_FORY01000003 NZ_AUBS01000001  NZ_FOHO01000010   
surfeit locus 1 family protein  SUH3_12455 - P73_3332 BM152_RS03415 G455_RS0101795 - BMX67_RS13510 5 12 
cytochrome o ubiquinol oxidase subunit IV cyoD SUH3_12460 BUB53_RS20885 P73_3331 BM152_RS03420 G455_RS0101790 - BMX67_RS13505 6 23 
cytochrome o ubiquinol oxidase subunit I cyoB SUH3_12470 - P73_3329 BM152_RS03430 G455_RS0101780 - BMX67_RS13495 5 28 
cytochrome o ubiquinol oxidase subunit II cyoA SUH3_12475 - P73_3328 BM152_RS03435 G455_RS23120 - BMX67_RS13490 5 24 
           

Cluster 4  NZ_JAMD01000015 NZ_FRBR01000001 NZ_CP004393.1 contig 23 and 7 NZ_AUBS01000047 NZ_CP012023 NZ_FOHO01000004   
putative ABC transport system permease protein ybbP - BUB53_RS03580 P73_3914 BM152_RS09255 G455_RS0120495 IMCC12053_RS04610 - 5 12 
3-oxoadipate CoA-transferase, beta subunit pcaJ SUH3_07390 BUB53_RS03650 P73_0838 BM152_RS16340 - - BMX67_RS08250 5 19 
3-oxoadipate CoA-transferase, alpha subunit pcaI SUH3_07395 BUB53_RS03655 P73_0837 BM152_RS16345 - - BMX67_RS08255 5 18 
           

Cluster 5  NZ_JAMD01000015 NZ_FRBR01000039 NZ_CP004393.1 NZ_FORY01000017 NZ_AUBS01000027 NZ_CP012023 NZ_FOHO01000002   
Fis family transcriptional regulator  SUH3_07375 BUB53_RS22020 P73_4224 BM152_RS15020 G455_RS0116745 IMCC12053_RS06190 BMX67_RS03770 7 27 
aldehyde dehydrogenase aldB SUH3_07380 BUB53_RS22025 P73_4223 BM152_RS15025 G455_RS0116750 - BMX67_RS03765 6 23 
           

Cluster 6   NZ_FRBR01000001 NZ_CP004393.1 NZ_FORY01000015  NZ_CP012023    
response regulator receiver protein  - BUB53_RS04325 P73_3902 BM152_RS14190 - IMCC12053_RS13705 BMX67_RS06355 5 14 
PAS domain/exonuclease domain-containing protein dnaQ - BUB53_RS04330 P73_3903 BM152_RS14195 - IMCC12053_RS13710 BMX67_RS06360 5 16 
           

Cluster 7  NZ_JAMD01000012 NZ_FRBR01000011 NZ_CP004393.1  contig 3 and 78 NZ_CP012023 NZ_FOHO01000012   
ATP-binding cassette, subfamily C, bacterial  cydD - BUB53_RS16185 P73_1013 BM152_RS12090 G455_RS0105920 IMCC12053_RS01935 - 5 26 
ATP-binding cassette, subfamily C, bacterial  cydC - BUB53_RS16190 P73_1012 BM152_RS12095 G455_RS23425 IMCC12053_RS01940 - 5 26 
membrane bound YbgT-like protein cydX - BUB53_RS16205 P73_1009 BM152_RS12110 G455_RS23430 IMCC12053_RS01955 - 5 22 
CBS domain-containing membrane protein   SUH3_06060 BUB53_RS16140 P73_2698 - G455_RS0122090 IMCC12053_RS14020 BMX67_RS14665 6 26 
           

Unclustered Genes           
hypothetical protein  - BUB53_RS19680 P73_1307 BM152_RS13760 G455_RS0103095 IMCC12053_RS10325 - 5 16 
modification methylase DpnIIB  - BUB53_RS01615 P73_1823 BM152_RS17840 - IMCC12053_RS00315 BMX67_RS00455 5 28 
transposase IS3/IS911 family protein  - BUB53_RS22165 P73_0308 Ga0070548_1024 G455DRAFT_03406 - Ga0074824_1096 5 28 
hypothetical protein  SUH3_00490 BUB53_RS11810 P73_0078 BM152_RS16610 G455_RS0112510 - - 5 27 
NADPH-dependent FMN reductase  SUH3_03225 - P73_3188 BM152_RS15685 G455_RS0101855 - BMX67_RS01015 5 27 
endoribonuclease L-PSP superfamily protein  SUH3_05625 - P73_3374 BM152_RS06505 G455_RS0115470 IMCC12053_RS04570 - 5 27 
Helix-turn-helix  SUH3_07590 - - BM152_RS05965 G455_RS0114720 IMCC12053_RS12865 BMX67_RS15100 5 17 
putative tricarboxylic transport membrane protein  SUH3_07675 BUB53_RS07225 - BM152_RS14065 G455_RS24205 - BMX67_RS15770 5 18 
peptide/opine ABC transporter inner membrane protein  SUH3_12595 BUB53_RS20540 P73_3753 - G455_RS0119990 - BMX67_RS18105 5 19 
TetR family transcriptional regulator  SUH3_13760 - P73_0904 BM152_RS16910 G455_RS0117740 IMCC12053_RS13495 BMX67_RS03250 6 13 
adenosylcobinamide amidohydrolase  SUH3_19385 BUB53_RS07535 P73_3090 BM152_RS07090 G455_RS0118425 - - 5 22 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000006.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169672
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000015.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000008
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO01000004
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000005.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169901
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_KE386893
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000038
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000024.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169919
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000003.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000001
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO01000010
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000015.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169634
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000023.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000007.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000047
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012023.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO01000004
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000015.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRBR01000039.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000017.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000027
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012023.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO01000002
https://www.ncbi.nlm.nih.gov/nuccore/1120169634
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000015.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012023.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000012.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FRBR01000011.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000003
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AUBS01000081
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012023.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FOHO01000012
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chaperone modulatory protein CbpM  SUH3_21120 BUB53_RS05845 - BM152_RS04590 G455_RS0106535 - BMX67_RS17625 5 25 
hypothetical protein  SUH3_22450 BUB53_RS19505 P73_4523 BM152_RS17975 G455_RS0116100 - - 5 27 

 

 

 

Supplementary Table 6 Candidate genes for dendritic motility phenotype identified by comparative genomics. The orthologous gene content of the five dendritic motility strains containing cluster 2 
was compared with the 113 dendritic negative strains. Resulting candidate genes were present in at least four of the strains and absent in 90 % of the negative strains. Locus tags of candidate genes are 
shown in columns of each organism. The frequencies of these genes in positive and negative strains is given in the last two columns. 

Candidate Gene Gene 
Sulfitobacter 

pseudonitzschiae 
Roseovarius 

pacificus 
Celeribacter 

indicus 
Celeribacter 
halophilus 

Pseudodonghicola 
xiamenensis 

#/5 in 
 positives 

#/113 in 
negatives 

Cluster 2  NZ_JAMD01000005  NZ_FRBR01000022  NZ_CP004393.1  NZ_FORY01000004  NZ_KE386893.1    
adhesin transport system/ TolC  SUH3_19785 BUB53_RS20460 P73_4140 BM152_RS04765 G455_RS0122235 5 5 
outer membrane protein insertion porin family  SUH3_19800 BUB53_RS20470 P73_4137 BM152_RS04780 G455_RS0122270 5 4 
multi-sensor_hybrid_histidine_kinase  SUH3_19815 BUB53_RS20455 P73_4132 BM152_RS04800 - 4 5 
         

Cluster 8  NZ_JAMD01000004   NZ_CP004393.1  NZ_FORY01000004  NZ_KE386893.1    
type II and III secretion system protein cpaC SUH3_17295 - P73_4120 BM152_RS04860 G455_RS0122250 4 1 

hypothetical_protein cpaD SUH3_17300 - P73_4121 BM152_RS04855 G455_RS0122255 4 1 
Flp_pilus_assembly_protein_TadB tadB SUH3_17315 - P73_4124 BM152_RS04840 G455_RS25290 4 9 
hypothetical_protein tadC SUH3_17330 - P73_4127 BM152_RS04825 G455_RS0122265 4 6 
tetratricopeptide repeat protein tadD SUH3_17335 - P73_4128 BM152_RS04820 G455_RS0122275 4 1 
         

Unclustered Genes           
hypothetical_protein  - BUB53_RS17095 P73_3762 BM152_RS07195 G455_RS23620 4 11 
ABC_transporter nitT - BUB53_RS15995 P73_4434 BM152_RS02040 G455_RS0109900 4 2 
hypothetical_protein  - BUB53_RS10340 P73_3046 Ga0070548_102271 G455_RS25330 4 9 
Fic family protein  - BUB53_RS17685 P73_2763 BM152_RS15900 G455_RS0119150 4 9 
hypothetical_protein  - BUB53_RS08520 P73_0370 BM152_RS15165 G455_RS0119230 4 8 
enoyl-CoA hydratase/isomerase paaG SUH3_07060 BUB53_RS08115 P73_4429 - G455_RS0119470 4 11 
carnitine-CoA-transferase CaiB caiB SUH3_07085 BUB53_RS03780 P73_4476 - G455_RS0119445 4 8 
hydantoinase_B hyuB SUH3_10790 BUB53_RS07135 P73_2977 - G455_RS0114675 4 11 

 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000005.1
https://www.ncbi.nlm.nih.gov/nuccore/1120169901
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_KE386893.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_JAMD01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP004393.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_FORY01000004.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_KE386893.1
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Supplementary Table 7 Rawdata of NANO-LC/MS-MS analysis of supernatants from flagellar mutant cultures. The detected 
protein masses (A) and number of detected peptides per protein (B) are given for each mutant for short and long gradient analysis. 
The used color code is described within the table 

 

 

 

 

Supplementary Table 8 Expression data of ctrA, cckA and chpT transposon mutants compared to P. inhibens wildtype in the 
exponential phase. 

 

 

Supplementary Table 9 Genes regulated in all three CtrA-phosphorelay mutants 
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Supplementary Table 10 Regulatory overlap of ctrA and cckA mutants 

 

Supplementary Table 11  Comparative transcriptomic between CtrA-phosphorelay mutants of P. inhibens and D. shibae. 

 

Supplementary Table 12 Expression data of ECF transposon mutant and ECFtdaB and ECF262 double mutants compared to P. 
inhibens wildtype. 

 

Supplementary Table 13 86 genes differentially expressed in all three mutants. 
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Supplementary Table 14 HGT Analysis of Martelella mediterranea plasmid pMM593 

Supplementary Table 15 HGT Analysis of Martelella mediterranea plasmid pMM259 

Supplementary Table 16 HGT Analysis of Martelella mediterranea plasmid pMM170 

Supplementary Table 17 HGT Analysis of Rhizobium sp. NT-26 plasmid NT26_p1 

Supplementary Table 18 HGT Analysis of Rhizobium sp. NT-26 plasmid NT26_p2 

 

 

 

6.2. Supplementary figures 

 

 

Supplementary_Figur
e_1-phylogenomic_analysis_0_missing.pdf

 

Supplementary figure 1 Phylogenomic tree with 100 % criterion. 168 orthologous marker genes were identified and the 
resulting alignment length is 44988 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix. 

 

Supplementary_Figur
e_2-phylogenomic_analysis_1_missing.pdf

 

Supplementary figure 2 Phylogenomic tree with 99.8 % criterion. 295 orthologous marker genes were identified and the 
resulting alignment length is 85058 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix. 
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Supplementary_Figur
e_3-phylogenomic_analysis_2_missing.pdf

 

Supplementary figure 3 Phylogenomic tree with 99.4 % criterion. 364 orthologous marker genes were identified and the 
resulting alignment length is 107430 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix. 

Supplementary_Figur
e_4-phylogenomic_analysis_3_missing.pdf

 

Supplementary figure 4 Phylogenomic tree with 99 % criterion. 417 orthologous marker genes were identified and the 
resulting alignment length is 123793 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix. 

 

 

 

Supplementary_Figur
e_5-phylogenomic_analysis_6_missing.pdf

 

Supplementary figure 5 Phylogenomic tree with 98 % criterion. 507 orthologous marker genes were identified and the 
resulting alignment length is 149370 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix. 

 

Supplementary_Figur
e_6-phylogenomic_analysis_15_missing.pdf

 

Supplementary figure 6 Phylogenomic tree with 95 % criterion. 590 orthologous marker genes were identified and the 
resulting alignment length is 173174 amino acids. The tree was calculated using RaxML. The tree is too large to be displayed and 
can hence be found in the digital appendix 
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Supplementary_Figur
e_7- phylogenomic_species_tree_of_306_Rhodobacteraceae_and_concatenated_gene_tree_of_flagellar_genes.pdf

 

Supplementary figure 7 Phylogenomic species tree of 306 Rhodobacteraceae and concatenated gene tree of four conserved 
flagellar proteins. A) Maximum-likelihood analysis of concatenated core-genome alignments with 123,793 amino acid positions 
from 306 completely sequenced Rhodobacteraceae genomes. The tree was calculated using RaxML and 100 bootstrap replicates 
were conducted. 100 % BP is indicated by black dots and backbone branches with BP > 75 % were merged to 11 distinct 
subclades, which were named according to previous publications. The presence of flagellar gene clusters (FGC) in each strain is 
indicated by blue, green and red coloring for fla1, fla2 and fla3 FGCs respectively. Multicolored strains harbor two FGCs, black 
strains harbor no FGC. B) Maximum-likelihood anaylsis of concatenated, highly conserved flagellar proteins (FlhA, FliF, FlgH, 
FlgI). Three distint subtrees were calculated for fla1, fla2 and fla3 and 100 bootstrap replicates were conducted. Clades from the 
phylogenomic anaylsis were reconstructed in the flagellar tree and were colored accordingly. 
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Supplementary figure 8 Genetic organization of fla1 genes in Roseivivax strains. Complete fla1-type FGCs were found in R. isoporae and R. lentus in two distinct clusters (blue arrows). 
Residual clusters of fla1 genes were identified in strains without flagella or fla2-type FGCs in a conserved position as indicated by accordingly colored flanking genes (brown, yellow, 
lilac, orange and grey). Color-code of strain names is derived from the flagellar analysis: black, no flagella; blue, fla1; green, fla2. fla1 main cluster: N, flgN; J, flgJ; K, fliK; D, fldD. fla1 
secondary cluster: ST, sulfotransferase; AT, Aminotransferase; 3, CP3; 2, CP2; L, fliL; F, fliF; H, fliH; N, fliN; P, fliP; G3P-DH, glycerol-3-phosphat-dehydrogenase; Gly-Kin, glycerol-kinase  
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Supplementary figure 9 Motility Assays of 120 Rhodobacteraceae. 
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Supplementary figure 10 Motility assays of transposon mutants of the fla1 FGC of Phaeobacter inhibens. Three µl of an overnight 
culture were spotted amidst the 0.3% MB soft agar plate and incubated for two days at 28°C 
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Supplementary figure 11 Motility assay of P. inhibens flgD mutant. Pictures were taken after one, two and six days of incubation 
on MB soft agar plates. 

 

 

Supplementary figure 12 Motility assays of transposon mutants of algC, ntrX and chvG. Pictures were taken after two days of 
incubation on MB soft agar plates. Wt, P. inhibens DSM 17395. 
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Supplementary figure 13 Agarose gel electrophoresis of PCR shift assay of flagellar genecluster transposon mutants. Whole 
genomic DNA of FGC transposon mutants was isolated and PCR with specific primers, flanking the putative insertion site, was 
conducted. Each frame shows the result of one FGC mutant, with mutant template in the first lane and wildtype DNA template 
in the second lane. The exact insertion site of the transposon is indicated on bottom of each frame, as determined by 
sequencing PCR products 
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Supplementary figure 14 Agarose gel electrophoresis of PCR shift assay of other non-motile mutants. Whole genomic DNA of 
FGC transposon mutants was isolated and PCR with specific primers, flanking the putative insertion site, was conducted. Each 
frame shows the result of one FGC mutant, with mutant template in the first lane and wildtype DNA template in the second 
lane. The exact insertion site of the transposon is indicated on bottom of each frame, as determined by sequencing PCR 
products 

 

 

Supplementary figure 15 Vector map of complementation construct CP1-pBBR1-MCS5. Phaeobacter genomic DNA was amplified 
using primer 1461_Pi_comp_2_fwd and 1462_Pi_comp_2_rev. The resulting DNA fragment was cloned into pCR2.1 using TA-
cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of CP1 (Tm#1440). 
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Supplementary figure 16 Vector map of complementation construct Gm::CP2-pBBR1-MCS5. Gentamicin promotor cassette was 
amplified from empty pBlueskript using primers 024-Gentamycin-for and 1576_Gm_NdeI_rev containing NdeI and SexAI 
restriction sites and cloned into pCR2.1 using TA-cloning. CP2-ORF was amplified from P. inhibens genomic DNA using primer 
1589_Pi_CP2_SexAI_fwd and 1590_Pi_CP2_XbaI_rev. The resulting DNA fragment was cloned into the pCR2.1-construct with 
gentamicin promotor via SexAI and XbaI restriction and ligation. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 
followed. This construct was used to genetically complement the transposon mutant of CP2(Tm#1631). 

 

 

Supplementary figure 17 Vector map of complementation construct Gm::CP3-pBBR1-MCS5. Gentamicin promotor cassette was 
amplified from empty pBlueskript using primers 024-Gentamycin-for and 1576_Gm_NdeI_rev containing NdeI and SexAI 
restriction sites and cloned into pCR2.1 using TA-cloning. CP3-ORF was amplified from P. inhibens genomic DNA using primer 
1581_Pi_CP3_NdeI_fwd and 1590_Pi_CP2_XbaI_rev. The resulting DNA fragment was cloned into the pCR2.1-construct with 
gentamicin promotor via NdeI and XbaI restriction and ligation. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 
followed. This construct was used to genetically complement the transposon mutant of CP2(Tm#1034). 
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Supplementary figure 18 Vector map of complementation construct Comp2-pBBR1-MCS5. Phaeobacter genomic DNA was 
amplified using primer 1459_Pi_comp_1_fwd and 1460_Pi_comp_1_rev. The resulting DNA fragment was cloned into pCR2.1 
using TA-cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of CP1 (Tm#2607) and was also successfully tested in transposon mutants of CP2 and CP3. 

 

 

Supplementary figure 19 Vector map of complementation construct ctrA-pBBR1-MCS5. Phaeobacter genomic DNA was 
amplified using primer 1465_Pi_comp_4_fwd and 1466_Pi_comp_4_rev. The resulting DNA fragment was cloned into pCR2.1 
using TA-cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of ctrA (Tm#4407). 
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Supplementary figure 20 Vector map of complementation construct cckA-pBBR1-MCS5. Phaeobacter genomic DNA was 
amplified using primer 1467_Pi_comp_5_fwd and 1468_Pi_comp_5_rev. The resulting DNA fragment was cloned into pCR2.1 
using TA-cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of cckA (Tm#4437).  

 

Supplementary figure 21 Vector map of complementation construct chpT-pBBR1-MCS5. Phaeobacter genomic DNA was 
amplified using primer 1572_Pi_comp_9_fwd and 1573_Pi_comp_9_rev. The resulting DNA fragment was cloned into pCR2.1 
using TA-cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of chpT (Tm#4380).  

 



Appendix 
 

48 
 

 

Supplementary figure 22 Vector map of complementation construct ECF-pBBR1-MCS5. Phaeobacter genomic DNA was amplified 
using primer 1471_Pi_comp_7_fwd and 1472_Pi_comp_7_rev. The PCR product comprised the full length ECF gene 
(PGA1_c08510) as well as the full length gene upstream (PGA1_c08500).The resulting DNA fragment was cloned into pCR2.1 using 
TA-cloning. Subcloning by restriction digest with SpeI/XbaI into pBBR1-MCS5 followed. This construct was used to genetically 
complement the transposon mutant of chpT (Tm#4380).  
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Supplementary figure 23 Representative electron micrographs of flagellar transposon mutants 
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Supplementary figure 24 Growth curves of Phaeobacter inhibens DSM 17395 and CtrA-phosphorelay mutants. 

 

 

 

Supplementary figure 25 Electron micrograph and light microscopy comparing P. inhibens DSM 17395 and the ctrA mutant. 
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Supplementary figure 26 RNA quality control of P. inhibens wildtype and transposon mutants of ctrA, cckA and chpT (flaB). A) 
1 µl of the isolated RNA was electrophoretically separated at 100 V for 30 minutes on a 1 % agarose gel. B) DNA detection PCR 
with 1 µl of isolated RNA using primers P256/P257. Sensitivity of PCR assay was determined by titration from 10 ng to 1 pg with 
DNA template. RNA contains less than 10 pg/µl DNA 
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Supplementary figure 27 Transcriptomic data quality control. A) Spearman correlation between individual biological replicates. 
B) Principal component analysis. 
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Supplementary figure 28 Scatter plots of differential gene expression of ctrA, cckA and chpT transposon mutants compared to 
P. inhibens DSM 17395. Each dot represents the log2FC of expression compared to the wildtype expression. Dots were colored 
red when insignificant changes were detected. Blue dots represent significant differential gene expression with log2FC > 1 and 
p < 0.05 
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Supplementary figure 29 TMHMM result of amino acid sequence of PGA1_c08520. The probability of amino acid residues to be 
located in the cytoplasm (blue line) and periplasm (pink line) is shown over the size of the protein. Red vertical lines denote a 
putative transmembrane region. This graphic was created using the amino acid sequence of PGA1_c08520 and the webtoll 
TMHMM v2.0 (http://www.cbs.dtu.dk/services/TMHMM/) 

 

Supplementary figure 30 Rescue Screening of ECF mutant. Double mutants of the ECF transposon mutant electroporated with 
the mariner transposon on 0.3 % soft agar plates with 120 µg/ml kanamycin and 40 µg/ml gentamicin. The two white mutants 
were picked and sequenced. 

 

http://www.cbs.dtu.dk/services/TMHMM/
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Supplementary figure 31 PCR assays of ECF mutant, ECF/262 mutant and dECFwhiteC1. 1, mutant DNA; 2, P.inhibens DSM 17395 
DNA template. ECF, Primers P1428/1429 against ECF gene PGA1_c08510; 262Kb, Primers P1320/P1321 against the 262-Kb 
chromid; tdaB, Primers P2109/P2110 agiants tdaB gene; Gm, Primers P1907/P1910 against Gm cassette on cloning vector 
pBlueskript. A) Shift in PCR ECF documents presence of transposon within the ECF gene, while the 262-Kn chromid is still present. 
B) Succesful curing of the 262-Kb chromid in the double mutant. C) Transposon insertion in ECF gene and tdaB, 262-Kb chromid 
still present. 
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Supplementary figure 32 RNA quality control of P. inhibens transposon mutant ECF and double mutants ΔECFΔtdaB and 
ΔECFΔ262. A) 1 µl of the isolated RNA was electrophoretically separated at 100 V for 30 minutes on a 1 % agarose gel. B) DNA 
detection PCR with 1 µl of isolated RNA using primers P256/P257. Sensitivity of PCR assay was determined by titration from 10 ng 
to 1 pg with DNA template. RNA contains less than 10 pg/µl DNA. 
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Supplementary figure 33 Statistical quality control of the ECF dataset. ) Spearman correlation between individual biological 
replicates. B) Principal component analysis of all replicates 

 

 

 



Appendix 
 

58 
 

Supplementary_Figur
e_33-RepC_phylogeny.pdf

 

Supplementary figure 34 Composite Neighbor Joining tree of 121 RepC replicases from RepABC-type plasmids representing all 
nine Rhodobacteraceae-specific compatibility groups (C1 to C9). The upper subtree based on 50 sequences from 
Rhodobacteraceae and 145 amino acid position (α = 0.92; JTT) and the lower subtree based on 71 mostly rhizobial sequences 
including rhodobacteracean RepC-9 proteins and 226 amino acid positions (α = 1.03; JTT). The statistical support for the internal 
nodes was determined by 100 bootstrap replicates (BR) and values >50% are shown. Internal rooting was performed according to 
the RepC-tree of Petersen et al. (2009). Rhodobacteracean subtrees and the “rhizobial” tree are highlighted by pink and blue 
boxes, respectively. 
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Supplementary figure 35 Neighbor Joining tree (p-distances; 100 BR) of RepA partitioning proteins from the RepABC plasmid 
replication operon of the rhodobacteracean compatibility groups 1 and 2 based on 81 sequences and 386 amino acid positions. 
Martelella mediterranea DSM 17316T and Rhizobium sp. NT-26 are highlighted in blue. Strains for phylogenetic subanalyses are 
highlighted in green and yellow. 
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Supplementary figure 36 Neighbor Joining tree (p-distances; 100 BR) of RepB partitioning proteins from the RepABC plasmid 
replication operon of the rhodobacteracean compatibility groups 1 and 2 based on 81 sequences and 225 amino acid positions. 
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Supplementary figure 37 Neighbor Joining tree (p-distances; 100 BR) of RepC replicases from the RepABC plasmid replication 
operon of the rhodobacteracean compatibility groups 1 and 2 based on 81 sequences and 352 amino acid positions. 
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Supplementary figure 38 Functionality tests of rhodobacteral RepABC modules from nine compatibility groups in P. inhibens 
and A.tumefaciens. EcoRI digestion of plasmid preparations (top). The 1 Kb Plus DNA ladder from Invitrogen was used. Lanes are 
as follows: 1, original construct; 2, transformation of construct into P. inhibens; 3, retransformation of 2 into E. coli; 4, 
transformation of construct into A. tumefaciens; 5, retransformation of 4 into E. coli. C) PCR Assay with primers specific to the 
respective cloning vector (bottom). 

 

 


