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water habitats (Table 2). Remarkable capacities of this genus are their respiratory diversity and their 
ability to grow under low temperatures, which allows these species to thrive in diverse ecological 
niches. Members of the genus Shewanella have been isolated from a range of salt concentrations, 
temperatures, barometric pressures, in symbiosis and syntrophy with other organisms and even as 
pathogens [116]. The respiratory diversity allows Shewanellae to use a wide range of terminal 
electron acceptors including toxic elements and insoluble metals [118]. The discovery of the 
capability of S. oneidensis MR-1 to reduce manganese oxides under anaerobic conditions started a 
new era for the genus Shewanella in 1988 [119]. Numerous studies identified for Shewanella spp. an 
impressive number of alternative electron acceptors for respiration in the absence of oxygen 
[117,119]. More than 20 organic and anorganic substrates, including a number of toxic elements 
and insoluble metals, including uranium [U(VI)] [120], chromium [Cr(VI)] [121], iodate [122], 
technetium [123], neptunium [124], plutonium [125], selenite [126], tellurite [126] and vanadate 
[127] can be respired by Shewanella [116]. This extraordinary respiratory capacity presents 
opportunities for converting toxic soluble compounds into insoluble non-toxic compounds in 
polluted groundwater and makes them interesting candidates as tools for the process of 
bioremediation.  

 

 

Figure 6: Phylogenetic analysis of the genus Shewanella adapted from Hau et al. 2006 [116]. Phylogenetic 
comparison within the genus Shewanella shows clusters of some groups that were isolated from similar habitats. Different 
colours highlight different groups of Shewanella (see also Table 2). Couloured in purple forming a monophyletic group for 
example are isolates from fish intestinals (S. pneumatophori, S. schlegeliana, S. marinintestina, and S. sairae). Phylogenetic 
relationships were analysed based on 16S rRNA sequences, trimmed to ~1200 bp to facilitate comparison between 
species with incomplete sequences. The alignment was performed using ClustalW and the phylogenetic tree was 
calculated using the neighbour-joining algorithm after 1000 bootstraps using PAUP. E. coli MG1655 was used as 
outgroup. 

 

Flagella-mediated motility is versatile within this environmentally relevant group of bacteria. A 
recently in our lab performed phylogenetic analysis of the 16 fully sequenced Shewanella isolates 
revealed that most of the Shewanella species, e.g. S. amazonensis; S. sp. MR-4 and MR-7 and S. baltica, 
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harbour at least one flagellar system along with one stator complex, which is homologous to the 
sodium ion-dependent PomAB system in Vibrio species (Table 2); [3,116,128]. Some Shewanella 
isolates, e.g. S. putrefaciens CN-32 and S. piezotolerans WP3 posses a second flagellar system with 
homologies to the lateral flagellar system of Vibrio species. These complete flagellar systems also 
include a second set of stator complexes [129,130]. As an exception among the Shewanella species, 
S. oneidensis MR-1 which was isolated from a fresh-water habitat, possesses two distinct stator 
complexes but only a single polar flagellum. 

 

Table 2: Putative stator and flagellar systems and habitats of sequenced Shewanella species.  

strain 

number of putative  

Gene ID (coupling ion*) isolation site reference 
flagellar 
systems 

stator 
system 

S. amazonensis 1 1 Sama2432/2433 (smf) Amapa River, Brazil 
sediments [131] 

S. baltica OS155 2 2 Sbal1360/1361 (smf) Baltic Sea 
marine habitat, 90 m depth [132] 

S. baltica OS185 1 1 Shew1851346/1347 (smf) Baltic Sea 
marine habitat, 120 m depth [132] 

S. denitrificans OS217 2 2 Sden2568/2567 (smf) 
Sden3632/3631 (pmf) 

Baltic Sea 
marine habitat, 120 m depth [133] 

S. frigidimarina  
NCIMB 400 1 1 Sfri2787/2786 (smf) Coast of Aberdeen, UK 

marine, North-Sea [134] 

S. loihica PV-4 1 1 Shew2768/67 (smf) 
Hawaiian Sea mount, US 
iron-rich mat, hyrothermal 
vent 

[135] 

S. oneidensis MR-1 1 2 SO_1529/1530 (smf) 
SO_4287/4286 (pmf) 

Lake Oneida; US 
sediments, fresh-water [136] 

S. pealeana 
ATCC70034 2 2 Spea2987/2988 (smf) 

Spea0056/0057 (pmf) 
Woods Hole Harbour, US 
squid nidamental gland [137] 

S. piezotolerans WP3 2 2 Swp5126/5127 (smf) 
Swp3615/3616 (pmf) 

West Pacific site 
sediment, 1,914 m depth [138] 

S. putrefaciens CN-32 2 2 Sputcn32_1279/1278 (smf) 
Sputcn32_3447/3448 (pmf) 

Albuquerque; US 
subsurface, shale sandstone [139] 

S. sediminis HAW-EB3 2 2 Ssed3326/3325 (smf) 
Ssed0050/0049 (pmf) 

Halifax Harbour, CAN 
sediment, 215 m depth [140] 

S. sp. ANA-3 1 1 Shewana32898/2897 (smf) 
Woods Hole, US 
brackish-water, arsenic 
threatened wooden pier 

[141] 

S. sp. MR-4 1 1 Shewmr42728/2727 (smf) Black Sea 
marine, 16°C, 5 m depth [142] 

S. sp. MR-7 1 1 Shewmr72800/2801 (smf) Black Sea 
marine, high NO3, 60 m depth [142] 

S. sp. W3-18-1 2 2 Sputw31812827/2828 (smf) 
Sputw31810491/0492 (pmf) 

Pacific Ocean, US 
marine sediment [143] 

S. woodyi 1 1 1177/1178 (smf) Strait of Gibraltar 
detritus, 370 m [144] 

* based on homology comparison; smf, sodium-motive force; pmf, proton-motive force  
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1.3.2 Motility of S. oneidensis MR-1 

S. oneidensis MR-1, isolated from the fresh-water habitat Lake Oneida, is environmentally and 
biotechnically important due to its ability to use a wide range of alternative electron acceptors. Its 
genome consists of a 4.9 Mbp circular chromosome and a 1.6 Mbp Megaplasmid, with an average 
GC content of ~ 43% and 5,066 encoded open reading frames [136]. 

The Gram-negative organism exhibits optimal growth at sodium chloride concentrations between 
100 mM and 300 mM. Natural sodium chloride concentration in fresh-water environments reach a 
maximum of 35 mM, thus, the optimal growth concentration for S. oneidensis is rather high [145]. To 
be able to swim towards redox-active surfaces or to form biofilm communities, S. oneidensis MR-1 
requires flagella-mediated motility [146,147]. Motility towards anaerobic electron acceptors is 
therefore directed by a chemotactic response [142,146]. Little is known about the chemotaxis 
system in S. oneidensis, however, a highly conserved chemotaxis cluster has been identified recently. 
Genomic analysis revealed that two uninterrupted cheA gene loci, annotated as cheA-1 and cheA-3 
(SO_2121 and SO_3207, respectively) and one interrupted cheA-2 gene locus are located in this 
chemotaxis cluster. The CheA-3 protein which is conserved among all sequenced Shewanella species 
is essential for chemotactic response towards anaerobic electron acceptors, but not for aerotaxis 
[148]. Although, CheA-1 is conserved in a sub-set of Shewanella it does not play a role for 
chemotactic response to redox-active surfaces or in aerotaxis [148]. 

Genome sequence analysis revealed that S. oneidensis MR-1 harbours one flagellar cluster, including 
single orthologous to FliF, an early protein and the basic component of the MS-ring, and a single 
orthologous to FliG, FliM and FliN, switch complex proteins important for flagellar rotation. 
However, genes encoding for two putative stator complexes were found in the genome of 
S. oneidensis MR-1. One of the stator complex (SO_1529/SO_1530) shares homologies with the 
sodium ion-dependent system in Vibrio species and was therefore annotated as pomAB. The second 
system (SO_4287/SO_4286), annotated as motAB, exhibits homologies to proton-driven stator 
complexes in the lateral flagella system of Vibrio species [149]. Previous characterisation performed 
in my diploma thesis accredits MotAB to be proton-dependent and PomAB to be sodium ion-
dependent. Furthermore PomAB has been shown to be the dominant stator complex [150]. As 
shown by the constructed functional fluorescent protein fusions to the B-subunits, PomAB and 
MotAB localise polarly. Interestingly, swimming speed measurements revealed that full speed at low 
sodium-ion concentration requires both PomAB and MotAB, suggesting that MotAB and PomAB 
are simultaneously active in the single flagellar motor under low sodium-ion conditions. 
Supportively, according to single cell analysis with short-lived Gfp both pomAB and motAB are 
concurrently transcribed [128]. 

Although, those earlier studies indicate that PomAB and MotAB simultaneously contribute to 
motility in S. oneidensis, the exact mechanism remains to be elucidated. 



 
 

1.4 Scope 

The bacterial flagellar motor has become a model system for assembly, function, dynamics and 
adaptation of a multiprotein nanomachine. Chemical energy of an ion gradient is converted into 
mechanical energy of filament rotation and a remarkable sensory system allows the rapid response 
to changing conditions. Structure and physiology of the bacterial flagellar motor has been well 
studied, however, recent advances in fluorescent labelling methods and microscopic approaches 
start to expand our understanding of the mechanics of and the dynamics within this nanomachine. 
It has recently been shown that subunits from the static and rotating part can be exchanged while 
the flagellar motor continues to operate, suggesting that static and rotating units might be 
exchanged in response respect to different environmental conditions. 

The textbook model organism E. coli has a single stator system along with a single flagellar system. 
Interestingly, the number of stator systems can exceed the number of flagellar system, as described 
for Bacillus species or S. oneidensis MR-1, the model organism studied in this work. S. oneidensis MR-1 
harbours two different stator systems, one proton- and one sodium ion-dependent, along with a 
single flagellar system. Both, PomAB and MotAB contribute to motility, and swimming speed 
measurements propose that they are both incorporated into the same stator ring at low sodium-
ion concentration. The process of the incorporation of the stator complexes into the flagellar 
motor is very limited. Here, I determine how dual stator systems might function and propose a 
novel model on how flagellar function might be modulated. 

Specifically the following questions were addressed: 

1) What dynamic underlies the stator exchange of PomAB and MotAB in the single 
flagellar motor of S. oneidensis MR-1 at different sodium-ion concentrations? To 
address this question, protein and transcription levels of the stators were determined. 
Furthermore, the incorporation of the stator complexes into the stator ring at different 
sodium-ion concentrations was monitored by fluorescent protein fusions to the B-subunits. 
Quantification of single molecules was carried out to reveal whether both stator complexes 
are simultaneously incorporated, or whether they form distinct stator rings, occupied by 
either PomAB or MotAB. 
 

2) Does the composition of the stator ring influence the performance of the polar 
flagellum? To this end the contribution of PomAB and MotAB to rotation speed and 
their biophysical properties was required to be determined. In order to monitor rotation 
speed at the single cell level a bead assay and a tethered cell assay had to be established for 
the polarly flagellated species. 





 
 

2 RESULTS 

2.1 Two different stator complexes for one polar flagellum 

The first chapter will focus on the characterisation of PomAB and MotAB in S. oneidensis MR-1. 
The in this work conducted phylogenetic analyses propose that PomAB is a natural stator complex 
of S. oneidensis, whereas MotAB has likely been acquired by lateral gene transfer. The localisation 
dynamic of PomB-mCherry and MotB-mCherry at different sodium-ion concentrations was 
analysed and it was found that at low sodium-ion concentration MotB-mCherry and PomB-
mCherry localise at the flagellated pole in more than 70 % of the cell. Additionally, the localisation 
of MotB-mCherry is dependent on the presence and abundance of PomAB. Furthermore, a 
functional N-terminal fusion of Gfp to PomB was constructed, which was then used to analyse the 
number of PomB incorporated into the stator ring at different sodium-ion concentration. The 
obtained data provide evidence for the existence of a hybrid motor in S. oneidensis MR-1 which 
concurrently uses proton and sodium ions under low sodium-ion conditions. 

 

2.1.1 MotAB is most likely acquired by lateral gene transfer 

Homology comparisons of PomAB and MotAB subunits of S. oneidensis MR-1 at the amino acid 
level resulted in two major clusters (Figure 7, extract of the comparison for the B-subunits). 

 

 

Figure 7: MotAB is most 
likely acquired by lateral 
gene transfer. Extract of the 
homology comparison of 
MotB (SO_4286) and PomB 
(SO_1530) protein sequences 
by separate BLAST analyses 
against the NCBI non-
redundant database with an 
expect value cutoff of 1E-10. 
Homologs to PomB and 
MotB are highlighted in green 
and yellow, respectively. 
PomB homologous cluster 
with all Shewanella isolates 
sequenced so far. In contrast, 
MotB homologs are not 
clustering with other 
Shewanella species. The highest 
similarity was found for the B 
subunits in Aeromonas species. 
Bioinformatic analysis was 
performed by Stuart Huntley 
(Department of Eco-
physiology, MPI Marburg). 
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Orthologs of PomB were found in all sequenced Shewanella species, in contrast, the MotB subunits 
of S. oneidensis MR-1 are not related to other Shewanella stators, instead the highest similarity for 
MotB was found for stator subunits of Aeromonas species. Furthermore, in comparison to the 
GC content of the overall genome in S. oneidenis MR-1 (45.88 %), a gene region comprising motA 
(39.04 %) and motB (36.32 %) exhibit a significantly lower GC content [136]. Thus, the MotAB 
stator system appears to be of foreign origin, indicating that the MotAB stator complex has been 
recently acquired by lateral gene transfer driven by motility adaptation to a low sodium 
environment. 

 

2.1.2 PomAB and MotAB contribute to motility 

In order to determine how PomAB and MotAB contribute to motility of S. oneidensis, swimming 
ability on soft-agar plates and under the microscope was tested for stator deletion mutants. 

A comparison of the contribution to motility on soft agar-plates of PomAB and MotAB stator 
complexes is displayed in Figure 8. On soft agar plates, a ∆ pomAB mutant was drastically impaired 
in swimming ability and a ∆motAB mutant had a slightly increased swimming diameter compared to 
the wild type. As a negative control the swimming behaviour of the non-motile mutant, which was 
lacking the flagellar filament (SO_3236-3238, ∆flag), and a double mutant (∆pomAB/motAB) was 
determined. Both strains remained non-motile under all conditions tested. All mutants lacking the 
stator complexes PomAB or MotAB were flagellated like wild-type cells, as observed by flagella 
staining (data not shown). 

 

 
Figure 8: Motility of S. oneidensis MR-1 stator deletion mutants on soft agar plates. Exponentially growing cells of 
wild type, ∆ motAB and ∆pomAB were spotted on LB soft agar plates (0.2 % agar). Cells of the double deletion strain, 
∆pomAB/∆motAB, and the negative control, lacking the flagellar filament, ∆ flag, were non-motile. Wild type and ∆ motAB 
showed similar swimming diameters, in ∆ pomAB flares of elevated motility evolved after prolonged incubation. 
Reinoculation of ∆pomAB cells generated genetically non-fixed and genetically fixed subpopulations of upmotile mutants. 
A genetically fixed mutant is further referred to as ∆pomAB up. 

 

Interestingly, after prolonged incubation of ∆pomAB mutants on soft agar plates flares of swimming 
cells evolved from the inoculation center. PomAB mutants extracted from these flares retained 
their motility on soft agar plates. Note that it was also possible to enrich ∆motAB or wild-type 
strains for elevated motility. Microscopic observations showed that the enrichment primarily 
increased the number of motile cells for wild type, ∆motAB, and ∆pomAB. In enriched ∆motAB and 
wild-type cultures the percentage of motile cells was slightly increased from ~ 60 % of non-
enriched to 70 % in enriched cultures, the percentage in ∆pomAB cultures shifted from ~2 % to 
15 %. In order to visualize the single flagellar motor in S. oneidensis cells, the switch complex protein 
FliN was fused to sfGfp. Microscopic analysis revealed that 95 % of either enriched or non-
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enriched cultures possessed a basal body. Furthermore, filament staining showed that 50 to 60 % of 
cells for wild type, ∆motAB and ∆pomAB were flagellated. Thus, enrichment did not increase the 
number of cells harbouring a flagellar filament or a basal body. Enrichments of ∆pomAB cells of 
flares of elevated motility revealed two different types of cells: a genetically non-fixed 
subpopulation and a genetically fixed one. The phenotypes were defined as genetically fixed, when 
the upmotility was retained after repeated passaging in planktonic cultures. Sequencing flrABC, 
fliFG, fliMN, motXY and motAB genes of the genetically fixed mutants indentified a substitution in 
MotB, residue 56, from serine to proline. To verify that the substitution, which occurred in the 
periplasmic region of MotB, did not change the ion specifity of the MotAB stator complexes, 
inhibitor studies with phenamil, amiloride and the protonophor carbonylcyanide m-
chlorophenylhydrazone (CCCP) were performed. Phenamil, an amiloride analogue, has been shown 
to specifically and efficiently block sodium ion-dependent flagellar motors [151,152]. Motility of 
∆pomAB upmotile and ∆pomAB mutants was not influenced by amiloride and phenamil. In contrast, 
CCCP inhibited swimming, indicating that motility in ∆pomAB upmotile and ∆pomAB depends on the 
proton-dependent MotAB stator complex. Growth was not significantly altered in the ∆pomAB 
upmotile strain compared to wild-type and other stator deletion strains. 

 

In summary, both MotAB and PomAB are able to drive flagellar rotation. MotAB has likely been 
acquired by lateral gene transfer, whereas PomAB has orthologs within all other Shewanella species. 
PomAB is the dominant stator complex in S. oneidensis MR-1. However, MotAB is able to rotate the 
filament, but is less efficient on soft agar plates. Enrichment of cells with elevated motility on soft 
agar plates increased the number of motile cells, but not the number of cells harbouring a basal 
body or a flagellar filament. The substitution in MotB residue 56 from serine to proline might have 
increased motility by stabilising MotAB-rotor interaction. 

 

2.1.3 pomAB and motAB are concurrently transcribed 

Translational promoter fusions of pomAB and motAB to a short-lived gfp (Gfp-ASV) demonstrated 
that both stators are expressed simultaneously and that there are no subpopulations of cells 
expressing only one stator system [150]. In order to determine whether stator selection is 
dependent on the sodium-ion concentration, a transcriptional fusion of motAB and pomAB 
promoters to lucB was used [128]. Promoter activity was then measured by luciferase activity [RLU] 
in cultures grown for 8 h in LM supplemented with the corresponding sodium-ion concentration 
(Figure 9 A). Both promoters were active at all concentrations tested. The mot promoter exhibited a 
peak in activity at 2 mM, thereafter its activity decreased. Activity of the pom promoter had a first 
peak at 2 mM and a second one at 100 mM. Notably, according to the reporter activities, the 
activity of the pom promoter was about 50 fold lower than the mot transcription rate. However, 
changes of the expression rate of pom and mot in dependence of the sodium-ion concentrations 
occured at a maximum of two-fold. 

To further determine whether the protein level is regulated by the environmental sodium-ion 
concentration, an immunoblot assay was performed, using cultures grown for 8 h in LM 
supplemented with the corresponding sodium-ion concentration (Figure 9 B). The PomAB level 
remains relatively constant, with a slight decrease in the protein amount at 0 mM sodium chloride, 
whereas the MotAB level is constant at all sodium-ion concentrations. 
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Figure 9: pomAB and motAB are concurrently transcribed. A) Luciferase activity of pomAB and motAB 
transcriptional fusions to lucB. RLU, relative light unit. A slight increase of luciferase activity was observed at 2 mM and 
100 mM for motAB and pomAB, respectively. pomAB and motAB are concurrently transcribed. B) Wild type lysates for 0, 
2, 5, 25, 50, 100, and 250 mM were analysed by immunoblotting with anti-PomB and anti-MotB antiserum. ∆pomAB and 
∆motAB served as a control. The level of the MotB protein was unaffected by the sodium-ion concentration, the PomB 
level was slightly decreased at 0 mM sodium chloride. 

 

Taken together, the promoter fusions to lucB and to the short lived Gfp indicate that both stators 
are concurrently transcribed independently of the sodium-ion concentration. Additionally, I showed 
that the protein levels of PomAB and MotAB are only weekly dependent of the sodium-ion 
concentration. This suggests that stator selection is regulated in a different manner. 

 

2.1.4 PomAB and MotAB have a dynamic localisation pattern 

Recent work showed that the stator ring in E. coli is composed of about eleven stator complexes 
which are constantly exchanged with a membrane embedded pool of ~ 300 stator precomplexes 
[104,108]. Fluorescence microscopy using PomB-mCherry and MotB-mCherry fusion proteins in 
S. oneidensis MR-1 revealed a polar localisation for PomB and MotB. Size and integrity of the stator 
fusions to mCherry were verified by immunoblot analysis (Figure 10 C). Functionality of the 
fluorescent fusions was validated by soft agar motility assays and microscopic swimming analysis. 
By co-staining the flagellar filament with Alexa Fluor® 488 Succinidimyl Esters (Invitrogen™, 
Germany) with PomB-mCherry and MotB-mCherry in a pomAB deletion background, I confirmed 
that MotB- and PomB-mCherry colocalise with the flagellar filament (Figure 10 D). This 
localisation pattern is a strong indication that PomB- and MotB-mCherry are incorporated into the 
stator ring system [103]. Furthermore, it was verified by Andrea Koerdt that PomA and MotB-
mCherry, and MotA and PomB-mCherry do not form a functional stator hybrid in S. oneidensis 
(appendix, Figure 34). 
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Figure 10: Dynamic localisation pattern of PomB- and MotB-mCherry. A) Polar localisation of MotB- and PomB-
mCherry at 0 mM (three panels on the left) and 100 mM sodium chloride (three panels on the right). DIC and 
fluorescence micrographs of S. oneidensis cells harbouring motB-mCherry and pomB-mCherry are displayed in the upper and 
lower panel, respectively. Cells were grown in LM with the appropriate sodium-ion concentration for 8 h. B) Percentage 
of polar localisation of MotB- and PomB-mCherry (for n = 500), grown for 8 h in LM with the indicated 
sodium chloride concentration. PomB-mCherry localises polarly in all sodium chloride concentrations, polar localisation 
of MotB-mCherry decreases with increasing sodium chloride concentration. Analysis was performed in collaboration with 
Andrea Koerdt. C) Stability of MotB-mCherry (57 kDa) and PomB-mCherry (61 kDa) was confirmed by immunoblot 
analysis, using anti-MotB and anti-PomB antiserum, respectively. As a control, wild type and ∆ motAB or wild type and 
∆pomAB were used. D) Displayed are DIC and fluorescence micrographs for the colocalisation of flagellar filaments and 
MotB-mCherry (left panel) or PomB-mCherry (right panel). Filaments were stained with Alexa Fluor® 488 Succinidimyl 
Esters (Invitrogen™). The scale bar represents 2 µm. 

 

To further investigate how the stator composition in S. oneidensis MR-1 might be regulated, the 
localisation pattern of MotB-mCherry and PomB-mCherry was examined at 0 mM and 100 mM 
sodium chloride (Figure 10). To this end cultures were grown in LM containing the appropriate 
sodium-ion concentration for 8 h. The quantification of polar localisation in 500 cells at different 
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sodium-ion concentration revealed that a fraction of PomB-mCherry localises polarly in more than 
70 % of the cells independent of the sodium-ion concentration. In contrast, the localisation of 
MotB-mCherry to the flagellated pole was strongly depending on the sodium-ion concentration. In 
media containing 0 mM sodium chloride more than 70 % of the cells exhibited one polar focus, 
however, by increasing sodium-ion concentration polar localisation of MotB-mCherry decreased. 
At a concentration of 100 mM sodium chloride MotB-mCherry was predominantly delocalised to 
the cell membrane and only a subpopulation of < 13 % showed a polar localisation pattern (data 
summarised in Figure 10 B). 

 

In Vibrio alginolyticus functional incorporation of PomAB is dependent on the sodium-ion 
concentration. Resuspending in buffer containing 0 mM sodium chloride rapidly decreased the 
polar localisation from 80 % to 5 % [109]. To further characterise the localisation dynamics of the 
stator complexes in S. oneidensis MR-1, the temporal dynamics of MotB-mCherry and PomB-
mCherry upon buffer change from high to low sodium-ion concentration was elucidated. Cells 
harbouring either MotB-mCherry or PomB-mCherry were grown in LM supplemented with 
100 mM sodium chloride overnight and then resuspended in LM containing 100 mM potassium 
chloride. Figure 11 shows a timelapse for the resulting localisation dynamics of MotB- and PomB-
mCherry. PomB-mCherry was found to localise polarly during all time points. In accordance with 
the drop in fluorescence intensity evaluated by Andrea Koerdt for PomB-mCherry in 
S. oneidensis MR-1 at different sodium-ion concentration [128], the fluorescence intensity of PomB-
mCherry slightly decreases over time. Conversely, in 0 mM sodium chloride the percentage of cells 
with polarly localised MotB-mCherry increased over time, suggesting elevated incorporation 
efficiency for MotAB. First polar foci for MotB-mCherry were observed between 45 and 90 min. 

 

 
Figure 11: Time-lapse fluorescence microscopy of MotB-mCherry and PomB-mCherry after resuspension in 
0 mM sodium chloride. Displayed are DIC and fluorescence micrographs with the localisation patterns of MotB-
mCherry (upper panel) and PomB-mCherry (lower panel). Cells were grown overnight in LM 100 mM sodium chloride, 
washed and resuspended in LM with 100 mM potassium chloride. Time elapsed after resuspension in sodium-ion free 
medium as indicated above the figures. Scale bar equals 2 µm. 
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Taken together, these experiments indicate that at least a subpopulation of PomB-mCherry is 
incorporated into the stator ring independent of the sodium-ion concentration, whereas MotB-
mCherry incorporation is strongly dependent on sodium-ion concentration, indicating that PomB-
mCherry and MotB-mCherry have a different dynamic localisation pattern. At high sodium-ion 
concentration two subpopulations of cells may exist, that either have PomAB or MotAB 
incorporated into the stator ring. Polar localisation of PomB- and MotB-mCherry in 77% and 72% 
of the cells at low sodium-ion concentration, respectively, suggests that both stators are co-
localising to the flagellated pole and are simultaneously incorporated into the same stator ring 
system. 

 

2.1.5 Stoichiometry of sfGfp-PomB is sodium-ion dependent 

To address the question whether the number of PomAB stators in the stator ring system drops 
dynamically with decreasing sodium-ion concentration, the stoichiometry of PomAB stator proteins 
should be determined at different sodium-ion concentrations. 

In order to do so I used a fluorescence microscopy set-up, built in the Molecular Motors Group in 
the Physics Department of the University of Oxford by Dr. Nicolas Delalez, Dr. Bradley Steel and 
Dr. Richard Berry, which allows the determination of the number of single Gfp molecules by 
photobleaching. Due to laser restrictions, this approach required a functional fusion of Gfp to 
PomA/PomB. 

 

CONSTRUCTION OF A FUNCTIONAL POMB-GFP FUSION 

Intensive efforts have been made in the past to generate a functional fusion of any fluorophor to 
the stator complexes. Here, the B-subunit rather than the A-subunit has been choosen for two 
reasons: (1) one stator complex is formed out of four A- and two B-subunits, which doubles the 
number of fluorophores fused to a single stator complex. (2) So far, no functional fusions to the A-
subunit were generated, whereas fusions to B-subunits have been demonstrated to be at least 
partially functional [103,104]. The B-subunits of the stator complexes have a N-terminal 
cytoplasmic region, one transmembrane domain and a C-terminal periplasmic region. The N-
terminal cytoplasmic region of S. oneidensis MR-1 PomB is 16 amino acid in length, followed by a 
transmembrane region (aa 17-37) and a long periplasmic region (aa 38-308) with a putative PG- 
binding domain (Figure 12 A). Since the C-terminus of PomB is located in the periplasm where 
Gfp is not functional if transported unfolded an N-terminal Gfp-PomB fusion needed to be 
constructed. 

Recently, Gfp was functionally fused to MotB in E. coli, and the number of incorporated stator 
complexes was determined. Thus, a similar cloning strategy was applied. To this end, 500bp 
upstream of PomB, including the first 16 cytoplasmic residues, were fused to gfp, the N-terminal 16 
amino acids were repeated followed by a 500bp fragment of motB [104]. I constructed several N-
terminal fusions of Gfp to PomB and MotB in S. oneidensis MR-1 (see appendix, Table 15). Thereby, 
different variants of fluorophores were used (Gfp-mut3, Gfp-mut2, sfGfp, mAzami and mOrange), 
the cytoplasmic region was either repeated or the length of residues was varied; or different linker 
sizes downstream of Gfp were introduced (three, six, nine, twelve amino acids). The fusions were 
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tested for polar localisation under the fluorescence microscope and for swimming motility on soft 
agar plates (see appendix, Table 15). 

 

The repetition of the 16 cytoplasmic amino acids and the introduction of an additional linker 
(GGS)4 generated a functional N-terminal fusion of Gfp to PomB (Figure 12 B). It is worth noting, 
that PomB and MotB of S. oneidensis MR-1 have a shorter cytoplasmic region than MotB of E. coli 
(Figure 12 A). Introducing a long linker might have increased the flexibility of sfGfp, allowing the 
stator to be incorporated. To confirm the functionality of the resulting sfGfp-PomB fusion in 
S. oneidensis MR-1, I performed localisation studies and verified motility on soft agar plates (Figure 
12 C, D). Size and integrity of the fusion protein was verified by immunoblot analysis (not shown). 
Although motility was decreased, sfGfp-PomB was stable and polar foci of the sfGfp-PomB were 
detected in 50% of the cells. This fusion was used to identify the number of sfGfp-PomB 
incorporated into the stator ring at different sodium-ion concentrations in S. oneidensis MR-1. 

 

 
Figure 12: Construction of a functional Gfp fusion. A) sequence alignment of stator B-subunits from different 
organisms by ClustalW, using the BLOSSUM matrix. Light grey, cytoplasmic region; blue, transmembrane domain; dark 
grey, first aa of the periplasmic region. Identical aa are shown in red. B) schematic representation of sfGfp, PomB of 
S. oneidensis MR-1 and the constructed fusion protein sfGfp-PomB-3aa. C) DIC and fluorescent micrograph of sfGfp-
PomB-3aa, scale bar represents 2 µm. D) Functionality was verified on soft agar motility plates. 
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SODIUM-ION DEPENDENCE OF THE SFGFP-POMB STOICHIOMETRY 

Up to eleven stator complexes are incorporated into the stator ring of E. coli. My localisation data 
for S. oneidensis suggest that both PomAB and MotAB are incorporated simultaneously at low 
sodium-ion concentration. Thus, the number of PomAB stator complexes should be decreased 
compared to higher sodium-ion concentrations. In order to analyse whether the stoichiometry of 
PomAB is dependent on the sodium-ion concentration, the number of single sfGfp molecules was 
determined by fluorescence photobleaching in collaboration with the Physics Department in the 
University of Oxford. 

To analyse the stoichiometry of PomAB stator complexes, the sfgfp-pomB strain was subcultured in 
LM, supplemented with the appropriate sodium-ion concentration, grown to exponential phase 
(oD600 of 0.6) and resuspended in 4M buffer containing 0 mM, 5 mM, and 200 mM sodium 
chloride. Time-lapse microscopy image series were taken on a 4M agar pad, supplemented with the 
appropriate sodium-ion concentration, for a period of 500 frames (until the foci were bleached 
completely) at an exposure time of 50 ms and a laser power of 2.5 mW (473 nm DPSS laser). The 
fluorescence image series were recorded and analysed according to Leake et al. [104]. Figure 13 A 
shows an overview of extracted frames for sfGfp-PomB spots over the period of photobleaching at 
different sodium-ion concentrations. As mentioned before, this method allows to visualise and to 
determine single sfGfp. Due to the fact that S. oneidensis MR-1 has a single polar flagellum, only 
polar spots were considered to be incorporated into the stator ring system. As expected, 
photobleaching of sfGfp-PomB foci at high sodium-ion concentration occurs over a longer time 
period than bleaching at low sodium-ion concentration. This is in accordance with earlier 
fluorescence intensity quantifications for PomB-mCherry foci at high and low sodium-ion 
concentrations [153]. 

To quantifiy the number of sfGfp-PomB molecules, time-lapse microscopy image series were 
analysed using a MATLAB code written by Dr. Bradley Steel. It has been shown that single Gfp 
molecules photobleach in a single step [104]. Based on this algorithm, the number of single 
photobleached sfGfp molecules in the stator ring was determined. Fluorescence spots were 
detected and the loss in intensity over time was used to calculate the number of steps, equalling the 
number of sfGfp molecules. The dominant peak in the power spectrum of the pairwise difference 
distribution function was used to extract the brightness of a single Gfp and hence the number of 
Gfp molecules originally present in the polar spot. Quantification of 45, 34 and 58 cells for 
200 mM, 5 mM and 0 mM revealed a median number of Gfp molecules of 18.7, 15.3 and 11.3, 
respectively. Considering that one stator complex is composed of two B-subunits, 9.4, 7.7 and 5.6 
stators are considered to be incorporated into the stator ring at 200 mM, 5 mM and 0 mM sodium 
chloride, respectively (Figure 13 B). An independent t-test at the 0.01 level revealed that these 
numbers are significantly different. Additionally, the distribution of the number of stator complexes 
was plotted as a histogram Figure 13 C. A Gaussian fit revealed 4.8 ± 0.2 and 7.3 ± 0.1 stators for 
0 mM and 5 mM, respectively. The distribution of stators in 200mM sodium chloride suggests two 
subpopulations, one having 6.8 ± 0.2 and the other having up to 11.7 ± 0.6 PomAB stator 
complexes incorporated. Notably, at low sodium-ion concentration more foci were detected 
moving quickly in the membrane. Rough analysis suggests that these complexes represent units of 
up to four sfGfp molecules. 
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Figure 13: Stoichiometry of sfGfp-PomB molecules at different sodium-ion concentrations. A) Photobleaching 
of sfGfp-PomB. Displayed are fluorescence micrographs during photobleaching at the indicated timepoints (frames) of 
sfgfp-pomB-3aa in 4M supplemented with 200 mM, 5 mM and 0 mM sodium chloride. Micrographs were modified in 
Photoshop, using the ‘Autocontrast’ and ‘Autolevel’ application. Wild-type cells as a control did not exhibit fluorescent 
foci. Scale bar, 1 µm. B) Quantification of single sfGfp-PomB molecules. Left Median: The number of single sfGfp-
PomB molecules was determined by analysis of the respective movies (500 frames, each exposed for 50 ms, 473 nm 
DPSS laser, laser power 2.5 mW) using a MATLAB code (written by Dr. Bradley Steel, University of Oxford, according 
to Leake et al. [104]). The estimated number is graphically compared in a box-whisker-plot, with the corresponding data 
distribution shown as ‘▲’ on the left. The box and the included line represent the middle 50 % and the median of the 
data, respectively. The average is shown as ‘□’, and the whiskers denote the data range of the 5 th and 95th percentile. 
Minimum and maximum are represented by ‘x’. Polar foci of 45, 34 and 58 cells for 200 mM, 5 mM and 0 mM sodium 
chloride were analysed, revealing a median number of 9.4, 7.7 and 5.6 stators, respectively. Right Gaussian fit: The 
distributions were plotted in a histogram, individually normalised to the total number of cells analysed for 200 mM, 5 mM 
and 0 mM sodium chloride (bin size 1). Gaussian fits were applied to obtain the number of stator complexes (grey fitting 
curves, and red fitting curve for 200 mM). Notably, the distribution at 200 mM suggests the existence of two 
subpopulations, with 6.8 ± 0.2 and 11.7 ± 0.6 PomAB stators (black fitting curve). Fluorescence movies were taken and 
analysed in collaboration with the Physics Department at the University of Oxford. 
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Taken together, these data support the idea that PomAB is always present in the stator ring, but its 
affinity decreases with decreasing sodium-ion concentrations. Thus, the lower abundance of PomB 
in the stator ring might increase the probability of MotB binding, as more vacant positions in the 
ring occur. If this is the case, more sfGfp-MotB molecules should be present at low sodium-ion 
concentrations. To further analyse this, e.g. to determine if the number of sfGfp-PomB increases 
when no MotAB is present, a ∆motAB pomB::sfgfp-pomB strain will be constructed. Furthermore the 
sfGfp-MotB dynamic needs to be analysed. How both stators colocalise at different sodium-ion 
concentrations could be investigated by using different fluorophores on MotB and PomB. 

 

2.1.6 Localisation of MotAB depends on the presence of PomAB 

Several lines of evidence imply that the abundance and presence of PomAB influences the 
incorporation of MotAB into the stator ring system. I hypothesized that PomAB localises more 
efficiently to the flagellated pole at high sodium-ion concentration, excluding the MotAB stator 
from being incorporated into the stator ring system. To clarify whether the presence of PomAB 
excludes the MotAB stator complex from being incorporated into the stator ring system, a ∆pomAB 
motB::motB-mCherry strain with a plasmid-encoded arabinose-inducible copy of pomAB was 
constructed [153]. As predicted, in the absence of PomAB, MotB-mCherry was localising to the 
flagellated pole in more than 75% of the cells independent of the sodium-ion concentration (Figure 
14). Upon induction of pomAB expression by L-arabinose (0.08%), the polar localisation of MotB-
mCherry decreased and predominantly occured in the cell-membrane. In the uninduced control 
MotB-mCherry was not displaced over time (data not shown). Displacement of MotB-mCherry 
appears to occur more rapidly under high sodium-ion conditions. To verify this, further 
determination regarding the stoichiometry of MotB is necessary. Additionally, overexpression of 
pomAB decreased the polar localisation of MotB-mCherry at low sodium-ion concentrations from 
69.9% to 26.4% [153] indicating that a higher level of PomAB inhibits MotAB incorporation. The 
protein level of PomB upon induction was followed by immunoblot analysis (Figure 14 B), the level 
of MotB protein did not change upon expression of pomAB (data not shown). Induction of pomAB 
expression also complemented motility to wild-type level, as verified on soft agar plates. Expression 
of motAB in a ∆motAB pomB::pomB-mCherry strain was not analysed. However, my fluorescence data 
do not suggest that the percentage of cells with polarly localised PomB-mCherry in this background 
decreases, instead the amount of incorporated PomB-mCherry stators might drop. Accordingly, 
stoichiometry analysis regarding the amount of PomAB incorporated will be interesting.  
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Figure 14: Presence of PomAB influences localisation of MotB-mCherry. A) Shown are DIC and fluorescence 
micrographs of cells harbouring MotB-mCherry and an inducible copy of pomAB under control of a Para-promoter in a 
pomAB deletion background. Cultures were grown overnight in LM 100 mM, washed and resuspended in LM with the 
indicated sodium chloride concentration (0 mM and 100 mM, upper and lower panel, respectively). Images were taken 
prior induction (non-induced) and after induction with 0.08 % arabinose of pomAB expression to the indicated 
timepoints. Β) Protein levels of PomAB were followed by immunoblot analysis with an anti-PomB antiserum in 20 min 
intervals. Scale bar size equals 2 µm. 

 

Taken together, a fraction of PomB-mCherry localises to the flagellated pole at all sodium-ion 
conditions. The number of polarly localised PomB-sfGfp molecules decreases with decreasing 
concentrations. In contrast, polar localisation of MotB-mCherry increases under low sodium-ion 
conditions, suggesting the incorporation of both, PomAB and MotAB in the stator ring system. 
Furthermore, my data indicate that the presence and abundance of PomAB influences the 
localisation of MotB-mCherry. Hence, a single flagellar motor along with two different stator 
complexes, both simultaneously incorporated into the stator ring system at low sodium-ion 
concentrations represents a novel mechanism of the flagellar motor to rapidly adapt to 
environmental changes. 
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2.3 Biophysical characterisation of the bacterial flagellar motor  

As described S. oneidensis MR-1 might use dual stators to form a dynamic hybrid motor which is 
concurrently using sodium-ions and protons to rapidly adapt the flagellar motor to changing 
environmental conditions. In order to test this hypothesis it is essential to get deeper insights into 
the flagellar motor performance at the single cell level. There are different approaches to study the 
performance of single flagellar motors in lateral flagellated species. Two of them, the bead assay, and 
the tethered cell assay were established for S. oneidensis in this work. In a tethered cell assay, cells are 
tethered by their filament and the rotation rate of the cell body is monitored and quantified by 
video microscopy [70]. In the so called bead assay a small polystyrene bead (µm size range) is 
attached to the flagellar filament as a marker for rotation [78]. A microscopy approach, called Back 
Focal Plane Interferometry (BFPI), allows easy measurement of the rotation rate of the polystyrene 
bead. Two methods for measuring rotation speed at the single cell level were established for the 
first time for polarly flagellated species. Applying these methods strongly indicated that MotAB is 
incorporated into the rotating PomAB-driven motor of S. oneidensis MR-1. 

 

 

2.3.1 The S. oneidensis MR-1 bead assay 
The bead assay is well established for single stator motors of the lateral flagellar systems in E. coli 
and Rhodobacter sphaeroides. [18,78]. However, so far there is no set up for a polarly flagellated species 
that allows a constant exchange of buffer conditions, as it is necessary for studying the dynamics in 
response to changing sodium chloride concentrations in the dual stator system for S. oneidensis. 
Thus, the aim of this part of the project was to establish a bead assay for S. oneidensis MR-1 that 
allows first insights into S. oneidensis wild-type flagellar motor performance. 

 

PREREQUISITES FOR A FUNCTIONAL BEAD ASSAY 

In a bead assay beads of sub-micron size are attached to truncated flagellar filaments. The bead 
assay for the polarly flagellated species S. oneidensis MR-1 was performed similarly to the one in 
R. sphaeroides and was developed in collaboration with Dr. Mostyn Brown and Dr. Bradley Steel in 
the Molecular Motors group of the Biophysics and Biochemistry Department at the University of 
Oxford (see for protocol Material and Methods). Carboxyl-modified polystyrene beads were 
crosslinked with goat anti-rabbit IgG and attached to flagellar filaments coated with polyclonal anti-
filament antibodies of immobilised cells in a tunnel slide (Figure 17). Trajectories of the rotating bead 
were taken by BFPI in an optical trap and analysed by a LabView code developed by the Molecular 
Motors Group in the Physics Department of the University of Oxford. 

Reliable data of the flagellar motor revolution frequency requires conditions in which: 

A) the bead is attached to the truncated flagellar filament; 
B) the filament with the attached bead rotates freely;  
C) the cell body is tightly immobilised on a proper microscopic surface; and 

finally a combination of B) and C): a freely rotating bead upon tightly immobilised cells. 

 



Results 
 

42 
 

(D) ROTATING FILAMENT ON IMMOBILISED CELLS 

In the final step, delocalised freely rotating filaments with attached beads were combined with 
immobilised cells in a tunnel slide  measure the flagellar rotation frequency by BFPI. In a tunnel slide, a 
tunnel of 100 µm height is formed by sealing the edges with sticky tape (see Material and Methods, 
Figure 33). The advantage of a tunnel slide is the ability to easily and efficiently wash the surface, to 
change buffers, e.g. to have floating cells or to have a variability in buffer conditions. 

 ∆flhF up cells cultured in LM were immobilised on Rain-X®-coated coverslips, incubated with the 
primary anti-filament antibody and supplemented with 1.1 µm polystyrene beads crosslinked with 
the secondary goat anti-rabbit antibody. Rotating beads were observed under the microscope. Cells 
with rotating beads were active for a period of several minutes (~5 min). Most of the cells either 
stopped or detached and swam away pulling or pushing a bead. These findings indicate that the 
stop of bead rotation is not caused by irreversible attachment of the beads to the surface, but rather 
due to the physiology of the flagellar motor in S. oneidensis MR-1. The organism is well known for 
its ability to form biofilms, and surface attachment is one of the major stages in biofilm formation. 
It is conceivable that after surface attachment the flagellar motor slows down and even stops. This 
interesting fact will be analysed in further experiments. 

Although the bead assay as described here is unsuitable for long-term studies of the flagellar motor 
in S. oneidensis MR-1, it is sufficient to get first insights into the properties of the S. oneidensis flagellar 
motor, a polarly flagellated species. By applying Back Focal Plane Interferometry (BFPI) I was able 
to measure the rotation speed of the filament in  ∆flhF up mutants as described in the next chapter. 

 

FLAGELLAR ROTATION SPEED ANALYSIS IN S. ONEIDENSIS MR-1 BY USING THE BEAD ASSAY 

In the following, the performance of the S. oneidensis MR-1 wild-type flagellar motor (∆flhF up) was 
determined by applying the previously established bead assay. To this end, rotation speed of an 
attached 1.1 µm polystyrene bead2

The first insights into-wild type flagellar motor performance of S. oneidensis MR-1 by BFPI in an 
optical trap are summarised in 

 was analysed for 30 s. Cells were grown in LB medium to an 
optical density OD600 of 0.6 and washed in 4M buffer supplemented with 200 mM sodium chloride. 
Immobilisation of cells was carried out in a tunnel slide on a Rain-X®-coated coverslip (detailed 
protocol see Material and Methods). Trajectories of the rotating bead were taken by BFPI in an 
optical trap and analysed by applying a LabView code. Optical devices were constructed and the 
software was written in the Molecular Motors Group of the Physics Department in the University 
of Oxford. 

Figure 21. First, the direction of rotation, either clockwise (CW) or 
counter-clockwise (CCW), viewed from the distal end of the filament was determined. The 
convention for clockwise (CW) and counter-clockwise (CCW) is schematically shown in Figure 
21 A, a positive rotation is classified to be CCW and a negative rotation CW rotation. A trajectory 
of 1 s and 10,000 data points for the analysed 1.1 µm rotating bead is displayed in Figure 21 B. 
Trajectories depend on the size of the flagellar stub, the bead size and how steadily the filament is 
rotating (given that the beads are well aligned in the trap). The obtained speed data were 200 point 
median filtered, which gives a resolution of 20 ms. Only approximately circular trajectories were 
taken into account for further analysis. Angle-time and rotation speed-time traces for a 1.1 µm 
bead, recorded for 30 s are shown in Figure 21 C. The observed cell was switching between CW 
                                                      
2 Note that rotation of a 1.1 µm polystyrene bead reflects rotation under high load. 
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2.3.3 Wild-type motor outperforms PomAB-driven motor at low sodium 
ions 

In order to analyse motor performance at different sodium-ion concentrations, ∆flhF up, 
∆flhF up ∆motAB and ∆flhF up ∆pomAB cells were tethered to a coverslip in a tunnel slide using the 
purified anti-filament IgG. Unlike ∆flhF up and ∆flhF up ∆motAB cells, the cell bodies 
of ∆flhF up ∆pomAB were not rotating under these conditions. However, observations of swimming 
cells under the microscope revealed that those cells were motile. At least 36 tethered cells for 
∆flhF up were analysed at different sodium-ion concentrations for 15 s. The highest rotation speed, 
independent of CW or CCW direction, for 200 mM, 5 mM and 0 mM sodium chloride under static 
buffer conditions is summarised in Figure 24 for wild type flagellar motor and ∆flhF up ∆motAB. 
Rotation speed of wild-type and PomAB-driven motors were not significantly different in 200 mM 
and 5 mM sodium chloride. In contrast, low sodium-ion conditions (0 mM sodium chloride) had 
significantly different rotation speeds for ∆flhF up and ∆flhF up ∆motAB (t-Test, p-Value 0.01). 
Unexpectedly, cells were able to rotate at 0 mM sodium chloride, indicating that the buffer is not 
sodium-ion free. Notably, preliminary analyses of the distribution of wild type flagellar motor 
performance at high sodium-ion concentration suggest that there may be two different populations 
of speed, one rotating at 7.5 Hz and the other at 21.2 Hz (see appendix, Table 16). 

 

 
Figure 24: The wild-type flagellar motor outperforms the sodium ion-driven motor at low sodium-ion 
concentration. Summarised are rotations speeds obtained for ∆flhF up and ∆flhF up ∆motAB tethered cells in a box-
whisker-plot. The box and the included line represent the middle 50 % and the median of the data. The average is shown 
as ‘□’, and the whiskers denote the data range of the 5th and 95th percentile. Minimum and maximum are represented by 
‘x’. Rotation speed of 75, 57 and 77 ∆flhF up cells for 200 mM, 5 mM and 0 mM sodium chloride were analysed, revealing 
a median angular velocity of 8.7, 5.1, and 4.8 Hz, respectively. 39, 36, and 93 ∆flhF up ∆motAB cells rotated at 8.2, 5.5 and 
2.0 Hz in 200 mM, 5 mM and 0 mM sodium chloride, respectively. Performance of the wild type flagellar motor at 0 mM 
sodium chloride is significantly different from the PomAB-driven motor (t-test, p-Value 0.01) 

 

Taken together, my data imply that the performance of the flagellar motor in S. oneidensis MR-1 
depends on the sodium-ion concentration. Additionally, the wild-type flagellar motor outperforms 
the PomAB-driven one at low sodium-ion concentration, suggesting that MotAB is functionally 
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2.4 How common are multiple stator complexes? 

Textbook knowledge suggests that most flagellated bacteria species, e.g. E. coli and Salmonella 
possess one or more distinct flagellar systems along with individual stator complexes. However, 
S. oneidensis MR-1 has two different stator complexes, PomAB and MotAB, along with a single polar 
flagellar system. To address the question how common multiple stator systems are among bacteria, 
I first determined how many flagellar systems and how many stator systems are present in the 
corresponding species. To that end, a sequence alignment of S. oneidensis MR-1 FliF against bacterial 
genomes by using BLASTP was performed. To exclude type III secretion systems that might have a 
considerable degree of homology to flagellar systems, an E-value cutoff < 1E-10 was used. FliF was 
chosen as a representative for flagellar systems, because it is an evolutionary conserved MS-ring 
protein and belongs to the early proteins of the flagella assembly process [4,177]. FliF is crucial for 
flagellar synthesis and deletion of fliF results in loss of the whole flagellar apparatus. Considering 
only fully sequenced and annotated genomes and fliF genes in vicinity to other flagella-related 
genes, 400 organisms harbouring a single and 134 harbouring two FliF homologs were identified 
(appendix, Table 17). For further analysis only organisms with a single FliF-encoding gene were 
included. Putative stator systems were identified by sequence alignment of PomA/MotA and 
PomB/MotB of E. coli, V. alginolyticus, and B. subtilis against sequenced bacterial genomes by 
BLASTP (E-value cutoff < 1E-10). These data were combined using the evaluated table for species 
harbouring a single FliF encoding gene as a master table. Only pairs of directly neighbouring 
putative orthologs to A- and B-stator subunits were considered to form a distinct stator locus 
(Table 5). It is conceivable that not all identified stator complexes are active, however, according to 
the literature almost all of the resulting species were shown to be motile.  

 

 

Table 5: Dual stator complexes are surprisingly common. 

FliF orthologsa putative stator systems species 

1 2 52 

1 3 12 

1 4 5 

a only the 134 suspecies, 69 species, out of 400 organisms harbouring multiple stator  
systems were included in the analysis. 

 

Thus, the systematic bioinformatic analysis suggests that 33.5 % of the included 400 organisms 
harbour dual or multiple stator complexes along with one single flagellar system (134 different 
subspecies, 69 different species). Multiple stator systems are widely distributed among Gram-
negative and Gram-positive bacteria (Figure 30). A complete list of all identified species can be 
found in the appendix (Table 18). 
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Table 6: Flagellar systems & stator systems come at different ratios. Summarised are the most important studies on 
species with dual or multiple stator systems.  

species flagellar 
system(s) 

stator 
system(s) 

energy source/ 
coupling ion* 

ratio 
flagella:stator function reference 

Aeromonas 
hydrophila 

single polar 
flagellum 

 

 

lateral 
flagella 

PomAB 
 

PomA2B2 
 

 

MotAB/LafTU 

smf 
 

smf 
 

 

pmf 

2:3 

PomAB: swimming, 
swarming  

PomA2B2 : swimming at 
low sodium (?) 

biofilm formation (?) 

LafTU: swimming, 
swarming 

[187] 
 

[188] 

 

[181] 

Pseudomonas 
aeruginosa 
PA01 

single polar 
flagellum 

MotAB 
(PA4954 / 4953) 

MotCD 
(PA1460 / 1461) 

pmf 

 
pmf 

1:2 

both: swimming, 
swarming, biofilm 
formation 

MotAB: swimming 
in liquid 

MotCD: swimming 
at elevated viscosity, 
swarming 

[179,180,189] 

Bdellovibrio 
bacteriovorus 

single polar 
flagellum 

MotAB1 
(Bd0144/0145) 

MotAB2 
(Bd3020/3019) 

MotAB3 
(Bd3254/3253)) 

pmf 
 

pmf 
 

pmf 

1:3 

Each individual MotAB 
is sufficient for motility 
inside the bdelloplast 
and during host-
independent growth. 

[190] 

Bacillus 
subtilis 

peritrichous 
flagella 

MotAB 
(BSU13690/13680) 

MotPS 
(BSU29730/29720) 

pmf 
 

smf 
1:2 

MotAB: swimming, 
swarming 

MotPS: swimming at 
elevated viscosity, pH 
and Na+ concentrations,  

biofilm formation 

[182] 

Shewanella 
oneidensis   
MR-1 

single polar 
flagellum 

MotAB 
(SO4287 / 4286) 

PomAB 
(SO1529 /1530) 

pmf 
 

smf 
1:2 

PomAB: swimming 

MotAB: swimming at 
low Na+ concentration 

both: biofilm formation 

[128] 

* pmf, proton-motive force; smf, sodium-ion motive force.
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Sequence alignment of flagellin of S. oneidensis MR-1 as described in section 2.3.1. 

 
Figure 35: Sequence alignment of S. oneidensis FliC. Aligned FlaA (SO_3238) and FlaB (SO_3237) of 
S. oneidenis MR-1 and FliC of E. coli and S. typhimurium. Alignment was performed by using ClustalW and ESPRIPT. 
Putative modified residues of S. oneidensis flagellin are highlighted in red. Amino acids are  coloured according to the 
corresponding flagellin domains: N-D0 and C-D0, cyan and red; N-D1 and C-D1, purple and yellow; D2 and D3 
domains, green. In S. oneidensis MR-1 most of the D2 and the complete D3 domains are missing. 
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To get insights into the flagellar motor performance the rotation speed of tethered cells was 
analysed. Shown are the statistics for the cells included in the analysis in section 2.3.3. 

 

Table 16: statistics for tethered cell experiments. 

Strain 
Sodiumchloride 

[mM] 

Median speed [Hz] Number of cells High 
speed 
[Hz]* 

Number 
of cells 

CW CCW CW CCW 

∆flhF up 

200 8.64 5.66 69 40 8.72 75 

5 4.35 5.77 34 25 5.09 57 

0 4.86 3.52 67 7 4.79 77 

∆flhF up ∆motAB 

200 6.42 5.88 30 31 8.17 39 

5 3.49 6.41 23 22 5.53 36 

0 1.08 2.28 32 70 1.95 93 

* median speed for CCW and CW direction was compared and only the highest rotation speed was 
considered as the maximum output of the flagellar motor of the analysed tethered cell. 

 

 

Raw data for the genome wide analysis in section 2.4 are listed below. Fully sequenced and 
annotated organisms harbouring one FliF were used as a master table to identify the number of 
stator complexes, consisting of A- and B-subunits. 

 

Table 17: Raw data bioinformatic analysis of obtained FliF, PomAB and MotAB orthologs. 

number of 
putative 
FliFs 

number of 
organisms 
(raw data) 

number of 
organisms(annotated 
and fully sequenced) 

stator complex  number of 
orthologs 

1 663 400 PomA 821 

2 102 134 PomB 1219 

3 1 0 MotA 1218 

   MotB 1226 
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Listed are all organisms obtained in the genome-wide bioinformatic analysis harbouring one 
flagellar system and multiple stator complexes (section 2.4). 

 

Table 18: Dual or multiple stator systems are common among bacteria. 

organism with one putative motor system** number of putative 
stator system*** 

Gram (-) bacteria  
  Proteobacteria           
 Alpha-proteobacteria  
Rhodospirillum rubrum ATCC 11170 2 
Zymomonas mobilib subsp. mobilis 2 
            Beta-proteobacteria  
Azoarcus sp. BH72 2 
Burkholderia ambifaria 2 
Burkholderia cenocepacia* 2 
Burkholderia glumae BGR1 3 
Burkholderia multivorans ATCC 17616 2 
Burkholderia phymatum STM815 2 
Burkholderia phytofirmans PsJN 2 
Burkholderia sp. 383 3 
Burkholderia vietnamiensis G4 2 
Burkholderia xenovorans LB400 2 
Dechloromonas aromatica RCB 2 
Herminiimonas arsenicoxydans 2 
Janthinobacterium sp. Marseille 2 
Methylobacillus flagellatus KT 2 
Nitrospira multiformis ATCC 25196 2 
Thauera sp. MZ1T 2 
    Gamma-proteobacteria  
Azotobacter vinelandii DJ 2 
Cellvibrio japonicus Ueda107 2 
Chromohalobacter salexigens DSM 3043 2 
Colwellia psychrerythraea 34H 2 
Halorhodospira halophila SL1 3 
Legionella pneumophila* 2 
Marinobacter aquaeolei VT8 4 
Marinomonas sp. MWYL1 3 
Pseudoalteromonas haloplanktis TAC125 2 
Pseudomonas aeruginosa* 2 
Pseudomonas entomophila* 2 
Pseudomonas fluorescens* 2 
Pseudomonas putida* 2 
Pseudomonas stutzeri A1501 3 
Pseudomonas syringae* 2 
Saccharophagus degradans 2-40 2 
Shewanella oneidensis MR-1 2 
Stenotrophomonas maltophila* 2 
Teredinibacter turnerae T7901 2 
Thioalkalivibrio sp. HL-EbGR7 4 
Thiomicrospira crunogena  XCL-2 3 
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organism with one putative motor system** number of putative 
stator system*** 

Vibrio fischeri* 2 
Xanthomonas axonopodis pv. citri str. 306 2 
Xanthomonas campestris pv. campestris* 2 
Xanthomonas oryzae pv. oryzae* 2 
               Delta-proteobacteria  
Bdellovibrio bacteriovorus HD100 3 
Desulfobacterium autotrophicum HRM2 3 
Desulfovibrio desulfuricans subsp. desulfuricans G20 2 
Desulfovibrio magneticus RS-1 4 
Desulfovibrio salexigens DSM 2638 4 
Desulfovibrio vulgaris str. Miyazaki F  4 
Desulfovibrio vulgaris* 3 
Lawsonia intracellularis PHE/MN1-00 2 
       Nitrospirae  
Thermodesulfovibrio yellowstonii DSM 11247 2 
    Acidobacteria  
Candidatus  Koribacter versatili Ellin 345s 2 
Candidatus solibacter usitatus  Ellin 6076 3 
  Gram(+) bacteria  
             Firmicutes  
Bacillus amyloliquefaciens FZB42 2 
Bacillus anthracis*  2 
Bacillus cereus * 2 
Bacillus cytotoxicus NVH 391-98 2 
Bacillus licheniformis ATCC 14580 2 
Bacillus subtilis* 2 
Bacillus thuringiensis* 2 
Bacillus weihenstephanensis KBAB4 2 
Oceanoacillus iheyensis HTE831 2 
    Clostridia  
Clostridum acetobutylicum ATCC 824 2 
Clostridium beijerrinckii NCIMB 8052 3 
Clostridium botulinum* 2 
Desulfitobacterium hafniense Y51 2 
Desulfotomaculum reducens MI-1 2 
Moorella thermoacetica ATCC 25196 3 

* different strains in this species, exhibiting the same number of putative stator complexes, are combined 

** Identification of the putative motor systems was done by sequence alignment of FliF of S. oneidensis MR-1 using the 
BLASTP homepage, with an E-value of 1E-10. Putative MS-ring proteins for sequenced genomes were checked for the 
neighbour genes in a flagellar cluster.  

*** Identification of the putative stator systems was done by sequence alignment of PomA / MotA and PomB / MotB 
subunits of E. coli; V. alginolyticus and B. subtilis using the BLASTP homepage, with an E-value of 1E-10. Putative stator 
subunits located in a close neighbourhood are referred to stator complexes.  
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Material and Methods: 

 

Strains, plasmids and oligonucleotides used and constructed in this work. 

 

Table 19: Strains. 

Strain Relevant genotype or phenotype Source or reference 

E. coli   

DH5αλpir recA1 gyrA (lacIZYA-argF) (80d lac [lacZ] M15) pir RK6 [223] 

WM3064 thrB1004 pro thi rpsL hsdS lacZ ΔM15 RP4-1360 
Δ(araBAD) 567ΔdapA 1341::[erm pir(wt)] 

W. Metcalf, University 
of Illinois,Urbana-
Ch i  

In frame deletions for the characterisation of flagellar motor components 

S. oneidensis MR-1 wild type  [117] 

MR-1 egfp wild type, labeled with enhanced Gfp integrated in Tn7 region [214] 

∆flag ∆flag [128] 

∆pil/∆mshA ∆pil; ∆mshA [147] 

∆pomAB ∆SO_1529-30 [128] 

∆motAB ∆SO_4287-86 [128] 

∆pomAB/∆motAB ∆SO_1529-30; ∆SO_4287-86 [128] 

∆pomAB-up ∆SO_1529-30, “upmotile” mutant enriched from edges of elevated 
motility on soft agar plates 

this work 

∆motX ∆SO_3936 [153] 

∆motY ∆SO_2754 [153] 

∆motXY ∆SO_3936; ∆SO_2754 [153] 

∆motAB/∆motX ∆SO_4287-86; ∆SO_3936 this work 

∆motAB/∆motY ∆SO_4287-86; ∆SO_2754 this work 

∆motAB/∆motXY ∆SO_4287-86; ∆SO_3936; ∆SO_2754 this work 

∆pomAB/∆motX ∆SO_1529-30 this work 

∆pomAB/∆motY ∆SO_1529-30; ∆SO_2754 this work 

∆pomAB/∆motXY ∆SO_1529-30; ∆SO_3936; ∆SO_2754 this work 

∆flhF ∆SO_3212 This work 

∆flhG ∆SO_3211 This work 

∆flhFG ∆SO_3212; ∆SO_3211 Nathalie Heß 

∆flhFup ∆SO_3212; upmotile muatnt, enriched from edges of elevated 
motility on soft agar plates 

this work 

∆flhFup/∆pomAB ∆SO_3212 up; ∆SO_1529-30 this work 

∆flhFup/∆motAB ∆SO_3212 up; ∆SO_4287-86  this work 

∆flhFup/∆pomAB/ 
∆motAB 

∆SO_3212 up; ∆SO_1529-30;  
 

 

this work 

∆flhFup/ ∆CheA1,3 ∆SO_3212 up; ∆SO_2121 (∆cheA1); ∆SO_3207 (∆cheA3) this work 
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Strain Relevant genotype or phenotype Source or reference 

In frame insertion of AraBC for inducible expression of pomAB and motAB 

pomAB-AraBC pomAB::araC-PBAD-pomAB this work 

∆motAB 
pomAB-AraBC 

∆SO_4287-86  
pomAB::araC-PBAD-pomAB 

this work 

motAB-AraBC motAB::araC-PBAD-motAB this work 

∆pomAB 
motABAB-AraBC 

∆SO_1529-30;  
motAB::araC-PBAD-motAB 

this work 

∆flhFup/ 
pomAB-AraBC 

pomAB::araC-PBAD-pomAB this work 

∆flhFup/∆motAB 
pomAB-AraBC 

∆SO_4287-86  
pomAB::araC-PBAD-pomAB 

this work 

∆flhFup/ 
motAB-AraBC 

motAB::araC-PBAD-motAB this work 

∆flhFup/∆pomAB 
motAB-AraBC 

∆SO_1529-30;  
motAB::araC-PBAD-motAB 

this work 

In frame insertion of fluorescence protein fusions 

motB-mCherry motB::mCherry; Kmr; C-terminal fusion mCherry to motB [150] 

pomB-mCherry pomB::mCherry; Kmr; C-terminal fusion mCherry to pomB [150] 

∆pomAB 
motB-mCherry 

∆SO_1529-30;  
motB::mCherry; Kmr; C-terminal fusion mCherry to motB 

[128] 

motX-mCherry motX::mCherry; Kmr; C-terminal fusion mCherry to motX [156] 

motY-mCherry motY::mCherry; Kmr; C-terminal fusion mCherry to motY [156] 

∆motX 
motB-mCherry 

∆SO_3936;  
motB::mCherry; Kmr; C-terminal fusion mCherry to motB 

This work 

∆motY 
motB-mCherry 

∆SO_2754;  
motB::mCherry; Kmr; C-terminal fusion mCherry to motB 

This work 

∆motXY 
motB-mCherry 

∆SO_3936; ∆SO_2754; 
motB::mCherry; Kmr; C-terminal fusion mCherry to motB 

This work 

∆motX 
pomB-mCherry 

∆SO_2754;  
pomB::mCherry; Kmr; C-terminal fusion mCherry to pomB 

[156] 

∆motY 
pomB-mCherry 

∆SO_2754;  
motB::mCherry; Kmr; C-terminal fusion mCherry to pomB 

[156] 

∆motXY 
pomB-mCherry 

∆SO_3936; ∆SO_2754; 
pomB::mCherry; Kmr; C-terminal fusion mCherry to pomB 

This work 

fliN-Gfp fliN::gfp This work 

∆flhF 
fliN-Gfp 

∆SO_3212; fliN::gfp This work 

∆flhFup 
fliN-Gfp 

∆SO_3212 up; fliN::gfp Nathalie Heß 

∆flhfG 
fliN-Gfp 

∆SO_3211; fliN::gfp Nathalie Heß 

∆flhFG 
fliN-Gfp 

∆SO_3212; ∆SO_3211; fliN::gfp Nathalie Heß 

pomB-sfGfp-3aa 
pomB::sfGfp; N-terminal fusion with GGS-linker, sfGfp inserted after 
cytoplasmic aa (first 17 aa) and repetition of first 17 aa downstream 
of linker 

This work 
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Table 20: Plasmids. 

plasmid relevant genotype or phenotype Source or reference 

pCR2.1-mCherry-SO synthesized mCherry (monomeric), codon usage S. oneidensis 
     

GenScript 
 

pET21-sfGfp fast maturating gfp [235] 

pUC18-R6KT-miniTn7T-egfp enhanced gfp inserted in miniTn7T [214] 

pET21-mOrange mOrange (monomeric) Thanbichler 

pUC57-mAzami-SO Synthesized mAzami (monomeric); codon usage S. oneidensis; 
blunt end inserted in pUC57 

GenScript 
(USA) 

pNPTS138-R6KT pUC origin pNPTS138 exchanged with γ-origin from 
pUC18R6KT-mini-Tn7T 

[128] 

pGP704Sac28Km mobRP4+ ori-R6K sacB, suicide plasmid for in frame 
deletions, Kmr 

[229] 

pBAD33 araC, oriVp15A PBAD promoter; Cmr Invitrogen 
(Germany) 

pNPTS-lacIq lacIq integrated in pNPTSR6KT Lassak 

Fluorescent protein fusion constructs 

pJP5603-motB::mCherry  C-terminal fusion of motB to mCherry in pJP5603, Kmr [150] 

pJP5603-pomB::mCherry C-terminal fusion of pomB to mCherry in pJP5603, Kmr [150] 

pNPTSR6KT-fliN-gfp C-terminal fusion of gfp to fliN This work 

pNPTS-pomB17(GGS)-sfgfp N-terminal fusion of sfgfp to pomB; linker (GGS) inserted 
downstream; first 17 aa repeated 

This work 

pNPTS-pomB17(GGS)2-sfgfp N-terminal fusion of sfgfp to pomB; linker (GGS)2 inserted 
downstream; first 17 aa repeated 

This work 

pNPTS-pomB17(GGS)2-sfgfp N-terminal fusion of sfgfp to pomB; linker (GGS)3 inserted 
downstream; first 17 aa repeated 

This work 

pJP-pomB-mAzami C-terminal fusion of mAzami to pomB This work 

pNPTS-motB18-mAzami N-terminal fusion of mAzami to motB; first 18 aa repeated This work 

pNPTS-pomB17-mAzami N-terminal fusion of mAzami to pomB; first 17 aa repeated This work 

pNPTS-motB-gfpmut2 N-terminal fusion of gfpmut2 to motB; inserted after 2nd aa This work 

pNPTS-motB-gfpmut3 N-terminal fusion of gfpmut3 to motB; inserted after 2nd aa This work 

pNPTS-pomB-mOrange N-terminal fusion of mOrange to pomB; inserted after 2nd aa This work 

In frame deletion constructs   

pGPSac28Km-∆pomAB in frame pomAB deletion fragment in pGPSac28Km; Kmr  [128] 

pGPSac28Km-∆motAB in frame motAB deletion fragment in pGPSac28Km; Kmr  [128] 

pGP704Sac28Km-∆motX in frame motX deletion fragment in pGP704Sac28-Km, Kmr [156] 

pGP704Sac28Km-∆motY in frame motY deletion fragment in pGP704Sac28-Km, Kmr [156] 

pNPTSR6KT-∆flhF in frame flhF deletion fragment in pNPTSR6KT; Kmr This work 

pNPTSR6KT-∆flhG in frame flhG deletion fragment in pNPTSR6KT; Kmr This work 

pNPTSR6KT-∆cheA1 in frame cheA1 deletion fragment in pNPTSR6KT; Kmr This work 

pNPTSR6KT-∆cheA3 in frame cheA3 deletion fragment in pNPTSR6KT; Kmr This work 
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plasmid relevant genotype or phenotype Source or reference 

Inducible expression constructs   

pNPTSR6KT-motAB-AraBC in frame fusion of araBC-PBAD to motAB in pNPTSR6KT; 
Kmr; AraBC amplified of pBAD33; motAB from MR-1  

This work 

pNPTSR6KT-pomAB-AraBC in frame fusion of araBC-PBAD to pomAB in pNPTSR6KT; 
Kmr; AraBC amplified of pBAD33; pomAB from MR-1 

This work 

pNPTS-R6KT-lacIq-motAB in frame fusion of lacIq to motAB in pNPTSR6KT; Kmr; lacIq 
amplified of pNPTS-lacIq; motAB from MR-1 

This work 

pNPTS-R6KT-lacIq-pomAB in frame fusion of lacIq to pomAB in pNPTSR6KT; Kmr; lacIq 
amplified of pNPTS-lacIq; pomAB from MR-1 

This work 

pBAD33-pomAB pomAB in pBAD33; Cmr [128] 

 

 

Table 21: Oligonucleotides 

name Sequence 5’-3’* Restriction 
endonuclease 

In frame deletion 

PspOMI-flhF-KO-up-fw GCG CAA GGG CCC PspOMI  CAA CTT ATG GAT ATG CTT GCG AAG C 

flhF-up-ol-rev CAC AGG TCA TAT TAT CTG AAC GCA TAT CTT TGG CAA AAA AAC 
GTT TAA TC 

- 

flhF-dwn-ol-fw TTG CCA AAG ATA TGC GTT CAG ATA ATA TGA CCT GTG CAT TCG 
AG 

- 

NheI-flhF-dwn-rev CGC TAG C NheI AT AGG CGT CAG TAA TAG ACG TTG G 

PspOMI-flhG-KO-up-fw TCG TAT GGG CCC PspOMI  CGG TGC CTA TGA GCA ATT AGC AA 

flhG-up-ol-rv GAA AAT CTG GTC GAT GAT AGG GTT GAT TCA TCA TAC GTA AAC 
CAC TTG C 

- 

flhG-dwn-ol-fw CAA CCC TAT CAT CGA CCA GAT TTT CAA GAG GAA AAA AC - 

NheI-flhG-KO-dwn-rev AGC TAG C NheI TC GTA GTA TAA CGA TAG CAC TAG C G 

PspOMI-CheA1-KO-fw GAT CTA GGG CCC PspOMI  CGG ATG ATT GGG TAA AAG TGT GC 

OL-CheA1-KO-rv CTG TGC CAG CAT ATT AAT GGA CAT AGT GCC CC - 

OL-CheA1-KO-fw CAT TAA TAT GCT GGC ACA GCA AAT TAA GAA TTA ACT G - 

NheI-CheA1-KO-rv GTG CAT GC NheI C TCT TCA TCT TGG TGT TGG CG 

PspOMI-CheA3-KO-up-fw GAT CTA GGG CCC

 

 TGA ACA CTC TCA AGC TGA TGA TTT ATT TAG PspOMI 

CheA3-KO-OL-up-rv CTA ACT TTT ATC AAA GGC CAT CAA ATT GAC TCC CA - 

CheA3-KO-OL-dwn-fw ATG GCC TTT GAT AAA AGT TAG TTT CCA AGT TAA GGA ATG GAA 

 

- 

NheI-CheA3-KO-dwn-rv TGC TAG C NheI CG ATG TGC CAA TCA GCA GTA ATT TAT A 

Inducible expression constructs  

PspOMI-pomAB-AraBC-OL-up-fw CAT ACT GGG CCC PspOMI  GGT GGC TTC ATC GAA AGC GAT ATG TAC A 

pomAB-AraBC-OL-up-rv GAC GGA GGA CAT AAT ACT GAC TCT ATT GGT AAA ATA ACA CT - 

pomAB-AraBC-OL-dwn-fw TTA TGT CCT CCG TCA AGC CGT CAA TTG TCT GAT - 

SphI-pomAB-AraBC-OL-dwn-rv TTG CAT GC SphI C GGT GGA CAG TTG CAC TTA GCC AT 

SphI-motAB-AraBC-OL-dwn-rv TTG CAT GC

 

C ATC TTA TTA GTG CTC TAA ATA TGG ATT TAA TTG 
AGC T 

SphI 
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name Sequence 5’-3’* Restriction 
endonuclease 

motAB-AraBC-OL-dwn-fw TTC GCC CTC CGT CAA GCC GTC AAT TGT CTG AT - 

PspOMI-motAB-AraBC-OL-up-fw CAT ACT GGG CCC PspOMI  GAT GCG CTA CAG TTT ACA TCT GAT GCA AT 

motAB-AraBC-OL-up-rv TGA CGG AGG GCG AAT TTT GTT CCA AAG TAC ACA TTA TAA G - 

pomAB-RBS-Ptac-OL-dwn-fw ATT CGA GCT CAG GAG GAT CGT TGT GGA TTT AGC TAC AAT AAT 
AGG ACT AGT CG 

- 

pomAB-RBS-Ptac-OL-dwn-SphI-rv A AGC ATG C SphI GC CTT CTA TCA CCC TAG GAT TTT GGC CA 

pomAB-RBS-Ptac-OL-mid-fw ACC GAA CCT GCA GGA TAT CTG GAT CCG TTG ACA - 

pomAB-RBS-Ptac-OL-mid-rv AAC GAT CCT CCT GAG CTC GAA TTC CAA GCT TCT GCT GGG A - 

NheI-pomB-Ptac-OL-up-fw A GCT AGC NheI ACT GAG GAG CTG TAT CTT CGA GTG TAC TAA 

pomB-Ptac-OL-up-rv GAT ATC CTG CAG GTT CGG TTT AAC CGA CAT AAT ACT GAC TC - 

Fluorescent protein fusions 

FliN-I-fw-SphI  CAA TGC ATG C SphI GC CAC CAT TGT CAG CCC AAC CGA AG 

FliN-I-rv-Eco CAT CGA ATT C EcoRI CA TCT CAC TTC ACC TTT ATA ATT CTG 

FliN-II-fw-Bam AAG TGG ATC C BamHI AG TAC AGA TGA CGA TTG GGC AGC 

FliN-II-rv-Pst  GTT ACT GCA G PstI CC GTT GCC GCA CTA CCT TCA TTG 

Gfp138-fw-Eco-NL CTT GAA TTC EcoRI  CGT AAA GGA GAA GAA CTT TTC AC 

Gfp138-rv-G-Bam GAA GGA TCC BamHI  TCC TCC GCC TCC TTT GTA TAG 

PspOMI-motAB-fw GAT CTA GGG CCC PspOMI  GAG GCA ATG GGT GGC TAT TGT CC 

motAB-sfGFP-OL-rv CCT TTG CTC ATA CGC TCA TGA TTT TCT GGT GGA TCA AC - 

sfGFP-motB´-OL-fw ATC ATG AGC GTA TGA GCA AAG GAG AAG AAC TTT TCA CTG - 

sfGFP-noHis-GGS-OL-rv CCG CCA CTG CCA CCG CTG CCG CCG GAT CCT TTG TAG AGC TCA 
TCC ATG CCA T 

- 

GGS-motB- noLys-OL-fw GC AGT GGC GGT AGC GGC GGC TCA AAG AAA GTT GAT CCA CCA 
GAA AAT CAT GAG 

- 

motB-dwn-NheI-rv AGC TAG C NheI GC AGA TCC AGA TGC AAA AAA AGT ATT GTT GTC 

PspOMI-pomAB-fw TGA CTG GGG CCC PspOMI  GGA TAT TAC GCT TAC AGA GGA TCG C 

pomAB-sfGFP-OL-rv CCT TTG CTC ATC AAC CAG AGT GGC GCT CCG GG - 

sfGFP-pomB´-OL-fw CAC TCT GGT TGA TGA GCA AAG GAG AAG AAC TTT TCA CTG - 

GGS-pomB- no3aa-OL-fw GCA GTG GCG GTA GCG GCG GCT CAT GCA ACT GTC CAC CGC CCG 
GA 

- 

pomB-dwn-NheI-rv AGC TAG C NheI CT TGC TGA TTG ATC TTA TCC TGA GC 

GGS-pomB- 3aa-OL-fw GCA GTG GCG GTA GCG GCG GCT CAA TGG CTA AGT GCA ACT GTC 
CAC C  

- 

Bam-motB-mAz-fw AGG ATC C BamHI GA GAG TAA TAA TGA CCT AAC AAA TGC C 

motB-GGS-OL-mAz-rv AAT CAC GCT CAC GCT ACC ACC CTC AGG AAT GGG AAT ATG GCT 
TTC AAC 

- 

motB-GGS-OL-mAz-fw CCC ATT CCT GAG GGT GGT AGC GTG AGC GTG ATT AAA CCA GAA 
ATG AA 

- 

mAzami-Kpn-rv CTG GTA CC KpnI T TAC TTG GCT TGG CTT GGT AAC ATG 

Bam-pomB-mAz-fw GGG ATC CGT TAA AGC TGA AGC TGC TGC GG - 

pomB-GGS-OL-mAZ-rv TCA CGC TCA CGC TAC CAC CAT TTG GTT TAT CCA CTT GAA TCT 
CTT CC 

- 

pomB-GGS-OL-mAz-fw AAC CAA ATG GTG GTA GCG TGA GCG TGA TTA AAC CAG AAA TGA - 

PspOMI-motB18-up-fw GAT CTA GGG CCC PspOMI  ACG AAC TGA TTT AAA CGA GCG TGC 

motB18-sfGFP-up-rv TCT CCT TTG CTA GAA ATT AAC CAA CGC TCA TGA TTT TC - 
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name Sequence 5’-3’* Restriction 
endonuclease 

motB18-sfGFP-OL-fw GTT AAT TTC TAG CAA AGG AGA AGA ACT TTT CAC TGG - 

motB18-dwn-fw GTG GCA GTG GCG GTA GCA AAA AAA AGA AAG TTG ATC CAC CAG 
AAA ATC AT  

- 

NheI-motB-dwn-rv TGC TAG C NheI GT CAG CAT AAA TCT CCA TTG GCA A 

motB18-mAzami-up-rv TAA TCA CGC TCA CAG AAA TTA ACC AAC GCT CAT GAT TTT C  - 

motB18-mAzami-OL-fw TTA ATT TCT GTG AGC GTG ATT AAA CCA GAA ATG A - 

mAzami-GGS3-OL-rv ACT GCC ACC GCT GCC GCC CTT GGC TTG GCT TGG TAA CAT G  - 

PspOMI-pomB17-up-fw GAT ACG GGG CCC PspOMI  ATT CCT TGC CCT TGA GGA AGC 

pomB17-sfGFP-up-rv TCT CCT TTG CTT GTA GCC AAC CAG AGT GGC G - 

pomB17-sfGFP-OL-fw TGG CTA CAA GCA AAG GAG AAG AAC TTT TCA CTG G - 

pomB17-sfGFP-dwn-fw CAG TGG CGG TAG CGC TAA GTG CAA CTG TCC ACC G - 

NheI-pomB-sfGFP-dwn-rv TGC TAG C NheI CA ATT TCA ATC GCA CCA TCG 

pomB17-mAzami-up-rv TCA CGC TCA CTG TAG CCA ACC AGA GTG GCG - 

pomB17-mAzami-OL-fw GTT GGC TAC AGT GAG CGT GAT TAA ACC AGA AAT GA - 

“check” Primer 

chk-pomB-sfGFP-GGS-fw ACT ATG GCC GAT GCC GCT CGT - 

chk-pomB-sfGFP-GGS-rev CAT TCA AGC TGC TTA GGG CGT G - 

chk-motB-sfGFP-GGS-fw CCT AAC AAA TGC CAA GAG TAA TGA CAC - 

chk-motB-sfGFP-GGS-rev ACT ACT CTG CCT GGC ACA GAT GC - 

motB-N-chk-fw GAG GTA ATC GCA TCT GTG CCA G - 

pomB-N-chk-fw CGT TGT GCG CTC TGT TGG TGA - 

mAzami-chk-rv TAC ATC TTT TCG GTG CTT GGT TCC - 

CheA1-chk-fw GCT ATC GAC CAT GGA GTC CTT GA - 

CheA1-chk-rv CGG CCT TAT TGG CAT AAA TGA TAT TAC G - 

chk-pomAB-SO-rv GCA CGC CAA TCG CAT CGG TAA - 

chk-pomAB-SO-fw TGC ATT GAC TAA CAC GCT GAT TCG - 

chk-motAB-SO-fw ACG TTA ATG GAG CGT CAC TTT AGT TC - 

chk-motAB-SO-rv CTG ACA CAG AAT TAT GAA CAG CCT CT - 

CheA3-SO_3207-chk-fw CAT CAC GCT CGA GCA TGC TCA - 

CheA3-SO_3207-chk-rv CCA TAG TGA TCA CTT GGG GAT TGA GA - 

pomAB-OE-chk-fw GCA CGC CAA TCG CAT CGG TAA - 

pomAB-OE-chk-rv TGC ATT GAC TAA CAC GCT GAT TCG - 

motAB-OE-chl-fw ACG TTA ATG GAG CGT CAC TTT AGT TC - 

motAB-OE-chk-rv CTG ACA CAG AAT TAT GAA CAG CCT CT - 

* restriction endonuclease recognition sites are underlined. 
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ABBREVIATIONS 

 

aa  amino acid 

BFM  bacterial flagellar motor 

BFPI  Back Focal Plane Interferometry 

bp  base pairs 

CCW  counter clockwise 

CW  clockwise 

EDAC  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

e.g.  for example 

mCherry monomeric Cherry (red fluorescent protein) 

PG  peptidoglycan 

pmf  proton-motive force 

sfGfp  super-folding Green fluorescent protein 

smf  sodium ion-motive force 

TIRF  Total Internal Reflection Fluorescence 
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