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Table S2: Statistical analysis of FRAP data for stator exchange  

strain mM N Number of 
Clusters1 

Exchange  
half-time2 

SE Exchange  
recovery 
rates2 

SE Exchange 
half-time3  

R-square4 

          
WT-PomBmCherry 200 15 5 24.52 2.81 0.041 0.0061 26.52 0.84 
PomAB and MotAB 0 17 6 8.95 0.67 0.090 0.0055 8.18 0.82 

          
Δmot-PomBmCherry 200 15 5 30.80 2.57 0.023 0.014 29.88 0.78 

(PomAB only) 0 27 9 32.59 1.5 0.029 0.00312 34.73 0.94 
          

Δpom-MotBmCherry 200 18 6 16.36 1.5 0.055 0.005 13.45 0.92 
(MotAB only) 0 18 6 36.10 3.16 0.030 0.0059 36.01 0.81 

Abbreviations: SE=Standard error 

1 cells were clustered according to their plateau of recovery of fluorescence intensity 

2 exchange half-time was derived by averaging the fit to clusters of three cells with a similar range of plateau 

for fluorescence recovery 

3exchange half-time derived from the average fit of all analysed cells 

4 R-square was derived for the fit to the average of the normalised fluorescence intensity data for FRAP as 

shown in figure 1 
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Table S 3: Statistics of the swimming speed analysis 

a) Swimming speed [µm/s] of different strains in dependence of Na+ concentrations 

strain NaCl [mM] N Mean SD 
     
S. oneidensis  MR-1 200 120 53.2 16.0 
 0 120 30.6 17.4 
     
motAB 200 120 52.4 19.1 
 0 120 16.6 5.1 
     
pomAB 200 120 34.8 10.0 
 0 120 40.5 15.6 

Abbreviations: SD=Standard deviation 

 

b) Comparison of the swimming speed [µm/s] of different strains at high and low Na+ 
concentrations. 

strain NaCl  [mM] P-Value1 NaCl  [mM] P-Value1 
     
S. oneidensis  MR-1 200 0.981556 0 <0.0001 
motAB 0  
     
S. oneidensis  MR-1 200 <0.0001 0 <0.0001 
pomAB 0  
     
motAB 

200 <0.0001 
0 <0.0001 

pomAB 0  

S. oneidensis  MR-1 200 <0.0001   
0   

     
motAB 200 <0.0001   
 0    
     
pomAB 200 0.372937   
 0    

 

1P-value of ANOVA test. If p-value below 0.05 mean variables are significantly different. 
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Table S4: Strains, plasmids and oligonucleotides used in this study 

strain relevant genotype or phenotype source or reference 

E. coli   

DH5αλpir recA1 gyrA (lacIZYA-argF) (80d lac [lacZ] M15) pir RK6 (1) 

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

W. Metcalf, University 
of Illinois,Urbana-
Champaign 

In frame deletions 

S. oneidensis MR-1 wild type  (2) 

pomAB SO_1529-30 (3) 

motAB SO_4287-86 (3) 

pomAB/motAB SO_1529-30; SO_4287-86 (3) 

In frame insertion of fluorescence protein fusions 

motB-mCherry motB::mCherry; Kmr; C-terminal fusion mCherry to motB This work 

pomB-mCherry pomB::mCherry; Kmr; C-terminal fusion mCherry to pomB This work 

pomAB 
motB-mCherry

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

This work 

motAB 
pomB-mCherry 

SO_4287-86;  
pomB::mCherry; Kmr; C-terminal fusion mCherry to pomB 

This work 

fliN-Gfp fliN::gfp This work 

 

plasmid relevant genotype or phenotype Source or reference 

pCR2.1-mCherry-SO synthesized mCherry (monomeric), codon usage S. oneidensis MR-
1 in pCR2.1 blunt end inserted 

GenScript 
(USA) 

pET21-sfGfp fast maturating gfp (4) 

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

(3) 

Fluorescent protein fusion constructs 

pNPTS-C-pomB(GGS)-mCherry C-terminal fusion of mCherry to pomB; linker (GGS) inserted 
upstream 

This work 

pNPTS-C-motB(GGS)-mCherry C-terminal fusion of mCherry to motB; linker (GGS) inserted 
upstream 

This work 

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

In frame deletion constructs   

pGPSac28Km-pomAB in frame pomAB deletion fragment in pGPSac28Km; Kmr  (3) 

pGPSac28Km-motAB in frame motAB deletion fragment in pGPSac28Km; Kmr  (3) 

Kmr, kanamycin resistance 
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oligonucleotide Sequence 5’-3’* Restriction 
endonuclease 

Fluorescent protein fusions 

PspOMI-pomB-C-mCherry-up-fw CTC ATA GGG CCC TTG GCT ACA TTT GCC GAT TTG ATG PspOMI 

pomB-C-mCherry-up-rev TGG AAA CGC TGC CGC CAT TTG GTT TAT CCA CTT GAA TCT CTT CC - 

pomB-C-mCherry-OL-fw AAT GGC GGC AGC GTT TCC AAA GGG GAA GAG GAC AAT ATG - 

pomB-C-mCherry-OL-rev TGA GGA CGT GTT ATT TGT ATA ACT CAT CCA TAC CAC CAG - 

pomB-C-mCherry-dwn-fw T AAC ACG TCC TCA TAT TCA GCC GTG - 

NheI-pomB-C-mCherry-dwn-rev TGC TAG CAA GCC ACC TAA ACC TTC GAT ACG NheI 

PspOMI-motB-C-mCherry-up-fw CTC ATA GGG CCC ACC AGA AAA TCA TGA GCG TTG G PspOMI 

motB-C-mCherry-up-rev CTT TGG AAA CGC TGC CGC CCT CAG GAA TGG GAA TAT GGC TTT C - 

motB-C-mCherry-OL-fw TGA GGG CGG CAG CGT TTC CAA AGG GGA AGA GGA CAA TAT G - 

motB-C-mCherry-OL-rev AGG AGT ATT CTT TAT TTG TAT AAC TCA TCC ATA CCA CCA G - 

motB-C-mCherry-dwn-fw TAA AGA ATA CTC CTT CTT AGA TGT GTT TTA ATT TGA C - 

NheI-motB-C-mCherry-dwn-rev TGC TAG CTA ACT GGC TTA TCT ATT ATG TTC TTA ATC NheI 

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

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

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

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

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

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

“check” Primer   

pomB-C-fluo-chk-fw ATG GCT AAG TGC AAC TGT CCA CC  

pomB-C-fluo-chk-rev ATA CGC CCG AGT CGA AAC CAC  

motB-C-fluo-chk-fw TAA CTG GTA TCG CTG ACG GTG AG  

motB-C-fluo-chk-rev AAC CTG ACA CAG AAT TAT GAA CAG CC  

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 - 

 

Additional References 

(1) Miller VL, Mekalanos JJ. 1988. A novel suicide vector and its use in construction of insertion 
mutations: osmoregulation of outer membrane proteins and virulence determinants in Vibrio 
cholerae requires toxR. J Bacteriol 170:2575-2583. 

(2) Venkateswaran K, Moser DP, Dollhopf ME, Lies DP, Saffarini DA, MacGregor BJ, Ringelberg DB,  
White DC, Nishijima M, Sano H, et al. 1999. Polyphasic taxonomy of the genus Shewanella and 
description of Shewanella oneidensis sp. nov. Int J Syst Bacteriol 49:705-724. 

(3) Paulick A, Koerdt A, Lassak J, Huntley S, Wilms I, Narberhaus F, Thormann KM. 2009. Two different 
stator systems drive a single polar flagellum in Shewanella oneidensis MR-1. Mol Microbiol 71:836-
850. 

 (4) Pedelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. 2006. Engineering and 
characterization of a superfolder green fluorescent protein. Nat Biotechnol 24:79-88 
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Summary 

Stators are crucial components of the flagellar motor and determine motor properties such as the 

coupling ion or the torque and speed that can be provided. Shewanella oneidensis MR-1 possesses two 

different stator units to drive flagellar rotation, the Na+-dependent PomAB stator and the H+-driven 

MotAB stator which was probably acquired by lateral gene transfer. In the absence of PomAB, MotAB-

driven flagellar motors cannot support efficient cellular movement through structured environments 

such as soft agar. Here, we show that single point mutations which alter the amphipathic character of 

the so-called plug domain in MotB significantly affect motor functions, allowing cells to swim through 

media with increased viscosity, and to swim under anaerobic conditions. However, the swimming 

speed of MotAB*-driven planktonic cells was reduced, and the overexpression of these stators caused 

reduced growth rates. The number and exchange rate of mutated stator units around the rotor was 

not significantly affected. MotAB* requires MotX/Y, but not FliL for proper function. The results 

suggest that the MotB plug region is involved in regulating the rate of ion flow and the load-sensing 

sensing mechanism of the flagellar motor and may play a key role in functional adaptation and 

diversification of flagellar motors. 

 

Abbreviated summary 

The stators of the flagellar motor are key elements with respect to motor function and properties. 

Here, we found that mutations affecting the so-called plug domain in MotB allows higher torque and 

swimming under anaerobic conditions. We hypothesize that this region might be important in 

functional adaptation of flagellar motors.   
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Introduction 

Numerous bacteria are able to actively move by rotating flagella, long helical filaments extending from 

the cell body. Rotation of the filament is conferred by a membrane-embedded motor, an intricate 

multiprotein complex which is powered by H+ or Na+ gradients. (reviewed in (Berg, 2003, Minamino et 

al., 2008, Sowa and Berry, 2008, Stock et al., 2012)). Two major components are required to convert 

ion fluxes into rotational movement, the cytoplasmic rotor and the stator. The rotor, referred to as the 

C-ring but also called switch complex is formed by multiple copies of the proteins FliG, FliM and FliN. 

The stator, locates in the cytoplasmic membrane, consists of several distinct stator units. These units 

are arranged in a ring-like fashion the surrounds the membrane-spanning part of the flagellar basal 

body, the MS-ring. Each stator unit is composed of two protein subunits, A and B, which assemble in a 

4A:2B stoichiometry. They are commonly referred to as MotA and MotB in H+-dependent motors and 

PomA and PomB in Na+-conducting motors, MotA/PomA has four transmembrane helices and is 

thought to interact with the C-ring component FliG via a cytoplasmic loop. MotB/PomB has a single 

transmembrane domain and a periplasmic region containing a peptidoglycan-binding domain which 

enables binding of the unit to the rigid cell wall. Two A subunits and one B subunit form a single ion-

specific channel, hence each stator unit harbors two ion channels (Sato and Homma, 2000a, Braun et 

al., 2004, Kojima and Blair, 2004, Mandadapu et al., 2015). 

 

The composition of the stator ring has been shown to be highly dynamic in both MotAB (H+)- and 

PomAB (Na+)-driven flagellar systems. Stator units within the motor are constantly exchanged with a 

pool of membrane-located precomplexes. In species such as Escherichia coli or Shewanella oneidensis 

MR-1, about 11 stator units can be synchronously active within the flagellar motor to collectively 

contribute to torque generation (Paulick et al., 2015, Leake et al., 2006, Reid et al., 2006). However, 

recent studies have provided evidence that the number of stator units engaged with the rotor varies 

the ion motive force (imf) and/or the load acting on the flagellar filament (Tipping et al., 2013a, Tipping 

et al., 2013b, Lele et al., 2013, Fung and Berg, 1995, Sowa et al., 2005, Fukuoka et al., 2009). The 

dynamic composition of the stator ring enables the cells to appropriately adjust flagellar functions 

according to the environmental conditions or cellular requirements.  

 

It is unclear how the stator units are recruited to the flagellar motor in an appropriate fashion. Each 

stator unit is produced as a non-active precomplex which diffuses within the cytoplasmic membrane 

prior to engagement with the flagellar motor. Premature ion flow through the precomplex is prevented 

by a periplasmic amphipathic region within the MotB protein which is referred to as ‘plug domain’ 

(Hosking et al., 2006, Kojima et al., 2009, Li et al., 2011). Only after recruitment into the flagellar motor 

and binding to the peptidoglycan of the cell wall does the stator become active and competent for ion 

Chapter 3 Mechanistic consequences of functional stator mutations in the bacterial flagellar motor

50



channeling. The cytoplasmic loop within MotA as well as the C-terminal part of MotB appear to be 

important for functional motor-stator interactions (Kojima et al., 2009, Kojima et al., 2008b, Kojima et 

al., 2008a, Hizukuri et al., 2010, Morimoto et al., 2010b, Sato and Homma, 2000b). Furthermore, 

several flagellar motors have been demonstrated to require additional components for efficient stator 

acquisition, such as FlgT, MotX, and MotY, which were shown to form additional ring structures at the 

flagellar basal body in Vibrio sp. (Terashima et al., 2006, Terashima et al., 2010). Recently, another 

flagellar component, FliL, has been proposed to directly interact with MotAB stators in E. coli and 

Salmonella as well as with PomAB stators in Vibrio, promoting retention of the stators within the 

flagellar motor (Partridge et al., 2015, Zhu et al., 2015). Efficient stator acquisition is further 

complicated by the fact that numerous bacterial species possess two or more distinct types of stator 

units to drive rotation of a single flagellar system (reviewed in (Thormann and Paulick, 2010)).    

 

The gammaproteobacterium Shewanella oneidensis MR-1 is motile by means of a single polar flagellum 

which is, in contrast to other species of this genus, driven by two distinct stator units (Paulick et al., 

2009). Na+-dependent PomAB is present in all Shewanella species whereas the second stator unit, 

MotAB, is H+-dependent and was probably acquired through lateral gene transfer, as strongly 

suggested by phylogenetic analysis of the stator sequence and its corresponding genetic context. We 

have recently shown that the presence of MotAB leads to an increase of the stator exchange rate in 

the flagellar motor and the formation of a stator ring synchronously consisting of PomAB and MotAB 

units (Paulick et al., 2015). Thus, the S. oneidensis MR-1 flagellum is probably driven by a ‘hybrid’ motor 

whose composition is adjusted according to the environmental Na+ concentrations. We also showed 

that functional rotor/stator interaction of both MotAB and PomAB depends on the presence of the T-

ring proteins MotX and MotY (Koerdt et al., 2009). Notably, while MotAB is functional on its own and 

able to drive flagellar rotation, cells propelled by MotAB quickly cease active swimming in planktonic 

cultures and show no cellular spreading on soft agar plates (Paulick et al., 2009, Paulick et al., 2015). 

When cells lacking PomAB were incubated on soft agar plates for extended periods of time, we 

frequently observed mutants which displayed robust lateral extension and vigorous swimming in 

planktonic cultures (Paulick et al., 2009). Here, we isolated several gain-of-function mutants and show 

that an increase in MotAB-mediated swimming was predominantly caused by single point mutations 

within the ‘plug’ domain of MotB, and we further explored the mechanistic consequences for stator-

motor interactions and general motor functions.     

 

 

  

Chapter 3 Mechanistic consequences of functional stator mutations in the bacterial flagellar motor

51



Results 

Identification of MotB gain-of-function mutants 

To isolate spontaneous mutants that display active swimming through soft agar using only the MotAB 

stator system, ΔpomAB cells were inoculated on soft-agar plates for 72 h. At that time, several colonies 

displayed zones of increased extension into the soft agar. Chromosomal DNA was isolated from 8 

individual mutants that retained the ability to swim through soft agar after several rounds of 

inoculation and incubation in planktonic cultures (. 1A), and the motAB region was sequenced. For all 

8 isolates, mutations were identified in motB. 7 out of the 8 mutants revealed a T to C transition in 

three different loci resulting in amino acid substitutions (3 x Ser54Pro; 2x Ser56Pro; 2 x Leu60Ser). The 

remaining mutant had a deletion of 9 nucleotides resulting in the loss of three codons (residues 47-49, 

MetValGlu; ΔMVE) from the motB coding sequence. Western blotting and subsequent 

immunodetection of MotB revealed that all MotB variants were stably produced; however, the protein 

level varied between some of the mutants (Fig. 1B). An increase of MotB levels did not necessarily 

correlate with an increase of lateral extension in soft agar (Fig. 1A).  

 

Figure 1: Characterization of point mutations in the plug domain of MotB. A) Soft agar swimming assays of the 
wild type (wt) and spontaneous mutants harboring an amino acid substitution in MotB as indicated. B) 
Immunoblot analysis of MotB production by the wild type, control strains (ΔmotAB and ΔpomAB) and the 
spontaneous mutants as indicated, using an antibody raised against MotB. The arrows point to the position 
corresponding to the estimated molecular mass of MotB.  See Fig. S1 for the corresponding loading control. C) 
Comparison of MotB production levels. Left panel: Shown is an immunoblot analysis of MotB production by the 
wild type, control strains (ΔmotAB and ΔpomAB), the spontaneous ∆MVE mutant (sp.) and the mutant with an 
introduced ∆MVE deletion (ins.). The arrow points to the position corresponding to the estimated molecular 
mass of MotB. See Fig. S1 for the corresponding loading control. Right panel: Soft agar swimming assay of the 
wild type and the mutants harboring the spontaneous (sp.) or the introduced (ins.) ∆MVE deletion. D) Soft agar 
assay of wild-type and ΔpomABΔmotAB mutant cells overproducing either wild-type MotAB or mutated versions 
from a plasmid under the control of an arabinose-inducible promoter. Note that each experiment is depicted at 
an individual scale. Therefore, every experiment has its own wild-type control. All soft agar assays were 
performed by placing small amounts of cells from plates on 0.25% soft-agar plates and followed by incubation at 
30 °C for 24 h prior documentation of the lateral extension zones. Dashed lines indicate rearrangement of the 
original positions on the same soft-agar plate to allow a better comparison in the figure. 
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Next, we determined whether the observed gain of function of the MotAB stator was due to the 

substitutions/deletions identified in motB and not to other secondary mutations which might have 

occurred elsewhere in the genome. To this end, the mutated versions of motAB were individually 

expressed from a plasmid in the ΔpomABΔmotAB strain. Ectopic expression of all motB variants 

resulted in cells which displayed robust motility in soft-agar plates or when visualized microscopically 

(Fig. 1C). Overproduction of wild-type MotAB did not result in elevated swimming under both 

conditions (Fig. 1D). We therefore concluded that the identified mutations in motB are sufficient and 

predominantly responsible for the observed effect on swimming in the absence of PomAB. 

 

To further determine whether the higher MotB levels observed in some of the mutants was due to 

elevated motAB expression or an increase in protein stability, we analyzed the motB transcript levels 

of the mutant bearing the ΔMVE deletion in MotB using a transcriptional luxCDABE reporter fusion 

(Fig. S2). Compared to the ΔpomAB strain, the motBΔMVE allele showed an increased expression by a 

factor of about 4x, corresponding to the increase in the MotBΔMVE protein level. In contrast, an MVE 

deletion in ΔpomAB strains resulted in MotBΔMVE production to similar levels as non-mutated MotB 

cells, as confirmed by western immunoblotting (Fig. 1C). The strain retained the up-motile phenotype. 

Sequencing of the predicted promoter regions upstream of motAB did not reveal any further 

mutations, thus, the reason for an increase of motB expression in some of the strains is currently 

unknown. 

  

Mutations in the ‘plug domain’ of MotB result in increased swimming ability conferred by MotAB  

Interestingly, all mutations mapped to, or close to, the periplasmic region shortly upstream of the 

MotB transmembrane domain. This region is thought to form an amphipathic helix referred to as ‘plug 

domain’, which is required to prevent premature ion flow through the stator unit (Fig. 2A) (Hosking et 

al., 2006, Kojima et al., 2009, Li et al., 2011). Accordingly, sequence analysis of MotB using HELIQUEST 

(Gautier et al., 2008) predicted the occurrence of an amphipathic helix of 17 residues (MotB, aa 41-

57). This stretch of amino acids also encompasses the residues found to be substituted or deleted in 

the MotB gain-of-function mutants, with the exception of Leu60Ser, which is located three residues 

downstream. All mutations that were isolated from gain-of-function mutants in MotB were found to 

break the amphipathic character of the ‘plug domain’. To further confirm that mutations within this 

region of MotB might lead to increased swimming of MotAB-only driven cells, we introduced a series 

of mutations into MotB (Leu51Asp; Leu51Lys; Leu51Pro) which were predicted to affect the 

amphipathic nature of the domain. As expected, these MotB variants allowed motility in soft agar. In 

contrast, an amino acid substitution which does not interfere with the amphipathic character of the 

region (Phe46Lys) did not result in a MotB variant supporting motility in soft agar (Fig. 2B). 
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Mutations in the ‘plug domain’ have 

previously been shown to result in ion leakage 

prior to incorporation into the flagellar motor 

(Hosking et al., 2006) which may lead to 

reduced bacterial growth in the presence of 

elevated amounts of stator units upon 

overproduction (Li et al., 2011). We therefore 

performed growth experiments on cells 

overproducing the mutated MotAB stator 

units to determine whether this similarly 

applies to S. oneidensis MR-1. To this end, the 

genes encoding the mutant variants of MotAB 

were ectopically expressed from a plasmid 

and growth of the cells was monitored. Cells 

overproducing MotAB variants in which the 

amphipathic nature of the periplasmic helix 

was disturbed exhibited a significantly lower 

growth rate, the extent varying between the 

different mutations (Fig. 1C). In contrast, 

production of the mutated stators at native 

levels had little or no effect on growth under 

the conditions tested (data not shown).  

 

These results suggest that spontaneous 

mutations affecting the amphipathic 

character of the ‘plug domain’ in MotB may 

alter the properties of MotAB with respect to 

flagellar motor functions, allowing increased 

movement through viscous environments, 

but this comes at the expense of increased ion 

leakage through stators not engaged with the 

rotor. In addition, some mutants exhibit an 

increase in MotB levels. To further understand 

the effect of these mutations on motor 

functions we concentrated on the mutant 

Figure 2: Analysis of the “plug domain” mutants. A) 
Schematic illustration of the MotAB stator and its plug 
domain (colored barrel). Right magnification shows a helix 
wheel projection of the plug domain from below. All amino 
acids mutated in this study are indicated by their number. 
B) Soft-agar assay of a ∆pomAB strain producing the 
inserted ∆MVE mutation (MR-1 motB*) and ∆pomAB 
∆motAB mutants overproducing either wild-type MotAB or 
mutated versions from a plasmid under the control of an 
arabinose-inducible promoter. EV = empty vector control. 
Dashed lines indicate rearranged lateral extension zones 
from the same soft-agar plate. C) Doubling time [min] of 
wild-type (wt), MR-1 motB* and the same ∆pomAB ∆motAB 
strains as in B overexpressing the indicated motAB variants 
from a plasmid under the control of an arabinose-inducible 
promoter. White bars show the doubling time without the 
addition of arabinose and grey bars the doubling time after 
addition of 0.2% arabinose (w/v). Error bar indicate the 
standard deviation. Asterisks indicate doubling times that 
are significantly different (p < 0.05). 
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with a deletion of residues 47-49 (MetValGlu; MVE) in MotB, which was produced at similar amounts 

as the wild-type MotB (Fig. 1C) and has a pronounced gain-of-function phenotype with respect to 

motility while overexpression had little effect on growth. This mutant will henceforth be referred to as 

MotB* and, accordingly, the stator unit to as MotAB*. 

 

MotAB* affects swimming speed and torque under planktonic conditions 

To explore the properties of flagellar motors driven by MotAB*, we monitored the cellular swimming 

behavior under planktonic conditions at high and low levels of Na+, as Na+ levels have been 

demonstrated to affect MotAB recruitment into the flagellar motor (Paulick et al., 2015). At high Na+ 

concentrations, cells driven by non-mutated MotAB were determined to swim at an average speed of 

21.5 ± 10.9 µm · s-1. In contrast, cells producing MotAB* were found to swim significantly slower at 

13.4 ± 7.1 µm · s-1. Also under conditions of low Na+, MotAB*-driven cells were still swimming at a 

significantly lower speed (10.5 ± 5.5 µm · s-1) compared to cells equipped with non-mutated MotAB 

(19 ± 13.4 µm · s-1). In a previous study we have shown that, in S. oneidensis MR-1 wild-type cells, 

MotAB likely forms a hybrid stator ring together with Na+-dependent PomAB stator units (Paulick et 

al., 2015). We therefore looked at the effect of replacing MotAB with MotAB* in wild type motor. We 

found that MotAB* had no positive effect on swimming speeds compared to non-mutated MotAB in 

the presence of PomAB  

at high or low levels of Na+ (data not shown). In addition, we did not observe a significant difference 

between the average directional switching rate of MotAB- and MotAB*-driven cells (0.17 and 0.13 

turns per second, respectively).  

 

To further determine whether MotAB* had an effect on flagella-mediated movement under more 

viscous conditions, we compared the swimming speed of MotAB- and MotAB*-driven cells in medium 

in which the viscosity was increased by the addition of Ficoll. While at a concentration of 5% Ficoll the 

subpopulation of motile cells was not significantly different for MotAB and MotAB* (44 ± 12 % and 41 

± 8 %, respectively), the subpopulation of motile MotAB cells dropped sharply (10 ± 5 %) but remained 

almost constant for MotAB* (40 ± 7 %) in solutions containing 10% Ficoll. At a concentration of 12.5 % 

Ficoll, swimming of MotAB*-driven cells was almost completely inhibited, whereas a significant 

population (29 ± 8 %) of MotAB*-propelled cells still displayed robust swimming (Fig. 3).  

 

Thus, while MotAB*-driven flagellar motors mediate lower swimming speed of the cells, they allow 

motility under conditions of elevated viscosity while not affecting the directional switching rates. We 

hypothesize that this property significantly benefits the movement of cells through environments 

structured by polysaccharides, such as soft-agar plates.   
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MotAB* mediates motility under anaerobic conditions 

When quantifying the swimming speed of the cells, we constantly observed that motility of MotAB-

driven cells rapidly ceased, while cells of a MotAB* population at a comparable density continued 

vigorous swimming. However, swimming of MotAB-driven cells continued at higher dilutions, 

suggesting either nutrient levels or molecular oxygen might be limiting. Using a set-up previously 

established to monitor and quantify type IV pilus retraction and twitching motility while 

simultaneously determine the oxygen concentration, we measured the dependency of motility on 

oxygen levels (Kurre and Maier, 2012, Dewenter et al., 2015). ΔpomAB cells harboring wild-type MotAB 

or mutated MotAB* were introduced into this system at an optical density of 0.05 and the percentage 

of actively swimming cells and the corresponding average speed were quantified in dependence of the 

oxygen concentration in the medium (Fig. 3B). At oxygen saturation levels, wild-type MotAB mediated 

robust motility at an average speed of about 35 µm ± 7 · s-1 in about 50 % of the population. The 

swimming speed remained relatively constant until the oxygen concentration reached about 5 µmol · 

l-1. Between 5 and 0 µmol · l-1 oxygen concentration, the swimming speed of almost the whole 

population rapidly dropped to below threshold levels. When cells driven by the mutated MotAB* 

stators were monitored, the subpopulation of actively moving cells was determined to be similar 

(about 57 %) to that of wild-type MotAB-powered cells at a lower swimming speed (about 23 ± 5 µm · 

s-1). Also for MotAB*-driven cells, the swimming speed started to drop sharply when the oxygen 

concentration reached 5 µmol · l-1. However, the population of actively swimming cells remained 

constant at the same level at a speed of about 11 ± 3 µm · s-1 even when the molecular oxygen was 

consumed. 

Figure 3: Motile fraction and swimming speeds at elevated viscosity. Motility of cells expressing either MotAB 
(grey bars) or MotAB* (white bars) was tested in LB broth containing 5, 10 or 12.5% (w/v) Ficoll (A) or in LM100 
medium with saturated (left) and depleted (right) oxygen levels. The average swimming speed of each strain 
under each condition is indicated as numbers together with the corresponding bar. The error bars represent the 
standard deviation. The asterisks indicate the subpopulations [%] that were significantly different from each 
other  (p<0.05). 
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These results clearly demonstrate that activity of the MotAB stator is directly correlated with the 

amount of available molecular oxygen. While the normal MotAB stator stops functioning immediately 

when the measured oxygen is consumed, the MotAB* stator continues to support motility under 

anaerobic conditions, suggesting that these mutant stators can continue functioning at low proton 

gradients.  

 

Similar exchange rate and stoichiometry of MotAB* in the flagellar motor 

We have previously shown that 7-8 MotAB stator units are present in the S. oneidensis MR-1 flagellar 

motor at high Na+ concentrations, which are constantly exchanged with membrane-located spares 

(Paulick et al., 2015). To determine whether or not MotAB* engage in the motor at similar numbers 

and exchange at a similar rate, we used similar fluorescence microscopy approaches. To this end, we 

constructed fluorescent fusions to the periplasmic C-termini of MotB and MotB* using mCherry as a 

fluorophore, which is also fluorescent after export into the periplasm. Both motB-mCherry and motB*-

mCherry fusions were integrated into the chromosome of S. oneidensis MR-1 ΔpomAB, where they 

replaced native motB. The fluorescently tagged MotB/MotB* proteins were stably produced and 

mediated robust motility (Fig. S3). 

To determine the number of stator units within the motor, we performed stepwise photobleaching 

experiments on stationary fluorescent foci at the cell pole considered to be part of the flagellar motor. 

Figure 4: Quantity and exchange halt time of MotAB and MotAB*. Left panel: Quantification of single MotB 
(grey bar) and MotB* (white bar) units fused to mCherry. The number of single MotBmCherry molecules was 
calculated by the number of distinct steps in intensity loss during continuous photobleaching. The number of 
MotB*mCherry in the motor was subsequently calculated by comparison of the initial fluorescence intensities of 
whole stator cluster formed by MotBmCherry and MotB*mCherry. Error bars represent the standard deviation. 
Right panel: Normalized averaged fluorescence intensity as a function of time obtained from a FRAP analysis of 
MotBmCherry (solid black square and line) and MotB*mCherry (open triangle and dashed line). The half-times 
of recovery (τ ½) were calculated by fitting an exponential decay to the averaged normalized fluorescence 
intensity of clusters of 29 cells for each strain. Error bars indicate the standard error of the mean. mC = mCherry. 
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About 7 ± 4 MotAB stator units were found to be present in the flagellar motor (Fig. 4), which was 

consistent with our previous observations. Under similar conditions, the number of mutated MotAB* 

stator units (6 ± 2) was determined to not significantly differ from the number of the native MotAB 

stator units. To further quantify the extent of stator unit exchange in the flagellar motors, we 

performed Fluorescence Recovery After Photobleaching (FRAP) experiments on the MotB-mCherry or 

MotB*-mCherry clusters at the cell pole. Both wild-type and mutated stator complexes were found to 

undergo exchange within the motor, and fluorescence recovered to similar levels which indicated an 

exchange of the complete stator population. The exchange of MotAB*-mCherry and MotAB*-mCherry 

stator units occurred at a similar rate (half-time of recovery MotAB-mCherry, 50 ± 5 s; MotAB*-

mCherry, 33 ± 5 s). This may suggest a less stable assembly of MotAB* in the flagellar motor, although 

these differences were not statistically different. Taken together, these results suggest that, under our 

experimental conditions, both MotAB and MotAB* stator units are similarly well recruited and retained 

by the rotor.    

 

MotXY, but not FliL, are required for MotAB* activity 

Correct stator recruitment and activity has been shown to depend on several components within the 

flagellar motor. One of these components is the T-ring, which is formed by the MotX and MotY proteins 

in many Na+-dependent motors, such as those of Vibrio, Shewanella, or Aeromonas (Terashima et al., 

2006, Koerdt et al., 2009, Molero et al., 2011). To determine whether the activity of MotAB* also relies 

on the presence of MotX and MotY, motX and motY were deleted in ΔpomAB and ΔpomAB motB* 

background strains. We then determined flagella-mediated movement of the resultant mutants. In the 

absence of MotX and/or MotY, neither MotAB nor the mutated MotAB* stator conferred motility on 

soft-agar plates or when observed microscopically (Fig. 5A). Thus, a mutation in the stator’s plug 

domain does not alter the requirement of the T-ring for recruitment to and/or activation of MotAB the 

S. oneidensis MR-1 flagellar motor.  

A second motor component involved in mediating proper rotor-stator interaction is FliL (Partridge et 

al., 2015, Zhu et al., 2015). To determine whether FliL has a similar role in S. oneidensis MR-1, we 

introduced an in-frame deletion in the corresponding gene and quantified the swimming speed of the 

resulting mutants. As previously observed in Salmonella and Vibrio, loss of FliL resulted in a significant 

reduction of swimming speed in S. oneidensis MR-1. Furthermore, fluorescently labeled FliL-mCherry 

displayed a similar localization pattern in the cell envelope and at the cell pole (Fig. 5D), strongly 

indicating that SoFliL has a function similar to that previously reported for Salmonella and Vibrio. When 

fliL was deleted in a ΔpomAB mutant, the swimming speed significantly decreased from about 35 ± 12 

µm · s-1 to 25 ± 11 µm · s-1. In contrast, cells whose flagella were driven by MotAB* do not show a 

significant drop in velocity in the absence of FliL (motAB*, 26 ± 9 µm · s-1; motAB*ΔfliL, 22 ± 7 µm · s-1). 
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The data strongly suggests that, as reported for Salmonella (Partridge et al., 2015), the mutation in the 

plug domain results in a stator unit whose function is less dependent on FliL.     

 

 

 

Discussion 

We previously showed that S. oneidensis MR-1 possesses two different distinct stator units, Na+-

dependent PomAB and H+-driven MotAB, which are each solely capable of driving flagellar rotation. 

The MotAB stator increases flagella-mediated swimming under conditions of low environmental Na+ 

concentrations (Paulick et al., 2015, Paulick et al., 2009). However, in the absence of PomAB, MotAB-

driven flagellar motors do not allow cells to move efficiently through complex environments, such as 

soft agar, and, in addition, swimming under planktonic conditions is rapidly lost. Here we have isolated 

four independent MotB mutants that confer an up-motile phenotype on soft-agar plates, and each of 

the mutation was mapped to or close to the ‘plug domain’ of MotB. This domain, a short amphipathic 

helix located closely upstream of the N-terminal transmembrane region, is a common feature of B-

subunits of stators. The ‘plug domain’ itself is not essential for general stator functions, as both MotB 

and PomB variants still form active stator complexes with the corresponding A-subunit when large 

regions including the amphipathic helix have been deleted (Li et al., 2011, Muramoto and Macnab, 

Figure 5: Role of FliL and MotXY in motility powered by MotAB and MotAB*. A, B) Soft-agar assay of wild-type 
(wt), MR-1 motB and MR-1 motB* combined with deletions of motX and motY (A) or fliL (B). Cells of liquid cultures 
were inoculated on soft agar plates containing 0.25% (w/v) agar and incubated for 24h at 30°C prior to analysis 
of radial extensions. All strains right from the dashed line carried a deletion of pomAB. C) Swimming speeds of 
wild-type, MR-1 motB and MR-1 motB* with and without deletions of fliL. Speed of MR-1 motB and MR-1 motB 
∆fliL differed significantly as indicated by the asterisk. Error bars represent the mean standard deviation. C) 
Localization of FliL fused to mCherry. Displayed are DIC and fluorescent micrographs. Arrows point to polar 
fluorescent clusters and the scale bar represents 5µm. 

 

Chapter 3 Mechanistic consequences of functional stator mutations in the bacterial flagellar motor

59



1998, Morimoto et al., 2010a). A number of studies provided evidence that the ‘plug domain’ prevents 

ion leakage into the cytoplasm from stators diffusing in the membrane until conformational changes 

of the B-subunits induced upon stator binding to the rotor enable binding to the peptidoglycan and 

activation of ion flow (Hosking et al., 2006, Kojima et al., 2009, Zhu et al., 2014, Kojima, 2015). As 

MotAB/PomAB crystal structures including this stator region are lacking, the exact orientation of this 

domain remains unclear. The amphipathic nature of the domain has led to the suggestion that 

interaction of the helix with the hydrophobic core of the membrane keeps the ion channels closed 

(Hosking et al., 2006)). However, a recent model on the MotAB stator suggests that the expected 

length of the domain is too short to fulfill this function (Nishihara and Kitao, 2015). Overproduction of 

all isolated MotB variants in S. oneidensis MR-1 results in a significant growth phenotype, strongly 

indicating that the functional MotB variants become leaky upon breaking the amphipathic character 

of the ‘plug domain’. The extent of the growth defect caused by the mutations in MotB differed 

considerably and did not correlate with the increase in cellular spreading through soft agar, suggesting 

that when engaged they function well and only when disengaged from the rotor do the plug domain 

mutations allow leakage. 

 

It should be noted that, in a previous study on S. oneidensis MR-1 stators, we were unable to attribute 

an observed up-motile phenotype of ΔpomAB mutant cells to mutations within motAB (Paulick et al., 

2009). We therefore speculate that, in addition to those directly affecting the stator-encoding genes, 

other mutations may also improve the function of MotAB. Such mutations may occur in structures 

involved in stator recruitment and activation, such as MotX/Y and FliL, or rotor-stator interactions, 

such as FliG, or they might lead to an increase of the motAB expression levels. Here we showed that, 

in S. oneidensis MR-1, overexpression of wild-type motAB is not sufficient to induce an up-motile 

phenotype on soft-agar plates, unlike the B. subtilis MotPS stator (Terahara et al., 2006). However, we 

found that MotB levels were not always consistent across motB mutants affected in the same amino 

acid residue but were isolated from independent cultures (Fig. 1A). In some instances, higher MotAB 

levels were found to correlate with a further increase in motility of the corresponding mutants on soft-

agar plates (Fig. 1B). However, since overproduction of stator units with defects in the plug domain 

commonly entails a significant growth phenotype, we hypothesize that such mutations are rather 

rapidly lost when competing in planktonic cultures without selection for MotAB-driven motility, as we 

have observed previously (Paulick et al., 2009). 

 

The mutations in the ‘plug region’ of MotB allowed a number of changes in motor behavior. One major 

difference in motor properties conferred by MotAB* was that the mutated stator allows the cells to 

move through more viscous environments than wild-type MotAB. This could be explained by the loose 
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coupling model for flagellar motors (Boschert et al., 2015). If the mutation induces a slight 

conformational change in the channel that increases the pKa of the coupling ion-binding site (Asp21 in 

S. oneidensis MR-1 MotB), the resulting stator could provide more torque near stall than wild-type 

MotAB. Following this model, a higher pKa would, on the other hand, result in a lower stepping rate 

and hence, slower speed. This is also in line with our observation that MotAB*-driven cells were 

significantly slower during normal planktonic swimming. Similar torque-speed relationships were 

recently reported for an E. coli MotB stator variant lacking a stretch of 28 amino acids located in the 

periplasmic domain of MotB almost immediately upstream of the plug region (Castillo et al., 2013). 

Based on estimations of active stator components within the motor at medium load, the authors 

suggested that the deletion affects the normal load-sensing mechanism, which leads to an increase of 

active stator units upon elevated load on the filament (Lele et al., 2013, Tipping et al., 2013a). This may 

similarly apply to MotAB* in S. oneidensis MR-1. Under our experimental conditions, neither the 

number of MotAB* stator units nor the exchange rate within the motor at stall was significantly 

different from those of wild-type MotAB, suggesting that the ΔMVE deletion within the plug domain 

affects stator activity rather than stator recruitment. Accordingly, our results indicate that the activity 

of the mutated MotAB* stator is independent of the flagellar protein FliL. Recent studies on several 

bacterial species strongly indicate that this protein interacts with both the stator and the flagellar basal 

body to increase the ability of the stator/rotor system to create sufficient torque required under 

conditions such as swarming or moving through structured or viscous environments (Suaste-Olmos et 

al., 2010, Partridge et al., 2015, Zhu et al., 2015). Our results are consistent with the studies on 

Rhodobacter and Salmonella MotB which both previously demonstrated that mutations affecting the 

‘plug region’ effectively suppress motility phenotypes of mutants lacking fliL. We therefore concur with 

the corresponding models that FliL might favor the unplugged state of the stators to increase stator 

engangement with the motor and benefits stator activation and/or efficiency of ion flow (Partridge et 

al., 2015, Suaste-Olmos et al., 2010). In contrast, in S. oneidensis MR-1, the T-ring structure formed by 

MotX and MotY, which is commonly present in Na+-driven motors, remains essential for MotB activity 

also when the plug domain is mutated. It remains to be shown whether the T-ring is also required for 

stator activation or whether it is rather required for retention and stability of the stator within the 

flagellar motor. 

 

In addition to allowing spreading in soft-agar plates, the mutated MotAB* stators allowed the flagellar 

rotation under anaerobic conditions. By synchronous measurements of swimming speed and the 

concentration of molecular oxygen we show that swimming using the wild-type MotAB stator stops 

when the oxygen is used up, while MotAB*- (and also PomAB-)driven cells continued swimming. Lack 

of oxygen results in pronounced decrease in the pmf in E. coli and Salmonella (Setty et al., 1983, 
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Kashket, 1981), and a reduction in aerobic respiration will be expected to have the same effect on S. 

oneidensis MR-1. Accordingly, previous studies on H+- and Na+-fueled motors provided evidence that 

functional rotor-stator interactions directly depend on the corresponding ion motive force (imf) 

(Tipping et al., 2013b, Fukuoka et al., 2009, Fung and Berg, 1995). Collapse of the imf may, but not 

necessarily has to, result in physical detachment of the stators from the motor (Morimoto et al., 2010b, 

Tipping et al., 2013b, Fukuoka et al., 2009). Species of the genus Shewanella are able to use a wide 

array of alternative electron acceptors in the absence of oxygen, thus, it will be expected that the cells 

maintain a low pmf even after oxygen has been exhausted. We assume it rather unlikely that the 

different mutant strains used in this study maintain different levels of pmf under the same conditions. 

This is suggesting that at low pmfs the mutated MotAB stators remain engaged and functional while 

the native MotAB stators are closed and non-active, supporting the hypothesis that the mutations may 

alter the pKa of ion-binding within the stator. Further studies will have to show whether or not MotAB 

(re-)activation and function requires a certain pmf level and whether the plug domain is involved in 

imf-dependent stator activation. 

 

The stator units determine various flagellar motor properties with respect to the coupling ion that is 

used for rotation, and torque and speed that can be provided (reviewed in (Morimoto and Minamino, 

2014, Kojima, 2015)). The general features of stator units, such as the domain organization of the A- 

and B-subunits and the position of critical residues are highly conserved across species and flagellar 

motors, irrespective of the coupling ion used. Therefore, stator units, or chimeras derived from 

different stators, are often functional when transferred into a different species and may even convert 

the coupling ion from Na+ to H+ and vice versa (Gosink and Häse, 2000, Asai et al., 2003).  

It easy to conceive that the addition of a second stator set, either by acquisition by horizontal gene 

transfer or formation of a paralogous system through duplication events, may be a useful asset to an 

existing flagellar machinery. Numerous bacterial species do possess two or more distinct stator 

systems to drive rotation of the flagellum (reviewed in (Thormann and Paulick, 2010)). Several lines of 

evidence suggest that S. oneidensis MR-1 has only recently acquired motAB by horizontal gene transfer 

and that the encoded set of stators is not yet fully adjusted to the originally PomAB-driven flagellar 

motor. We and others have shown that single nucleotide transitions within the stator genes are 

sufficient to significantly alter the flagellar motor properties and, thus, are potentially important 

drivers of the functional diversification of bacterial flagellar motors. 
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Experimental Procedures 

Bacterial strains, growth conditions, media 

All strains used in this study are listed in Table S1. Shewanella oneidensis MR-1 (MR-1) strains were 

cultivated at 32°C in LB, LM 100 (10 mM HEPES, pH 7.5; 100 mM NaCl; 0.02% yeast extract; 0.01% 

peptone; 15 mM lactate), or LM 0 (LM 100 without NaCl). Escherichia coli strains were cultured at 37°C 

in LB. E. coli WM3064 cultures were supplemented with 2,6-diamino-pimelic acid (DAP) to a final 

concentration of 300µM. When necessary, 50 µg ml-1 kanamycin or 10% (w/v) sucrose or 1.5% (w/v) 

agar was added to the media. Soft agar plates were prepared with LB and 0.2% (w/v) agar.  

 

Strain constructions 

Genetic manipulations of S. oneidensis MR-1 were always introduced into the genome to replace the 

native gene locus, unless stated otherwise. The in-frame deletions or chromosomal integration of gene 

variants or fusions were obtained by sequential double homologous recombination using vector 

pNTPS-138-R6K carried out essentially as previously described (Lassak et al., 2010). Vectors were 

transferred into MR-1 cells by conjugation with E. coli WM3064. 

 

Vector constructions  

All vectors and oligonucleotides used in this study are listed in Tables S2 and S3. Construction of the 

vectors was carried out using either appropriate standard restriction/ligation or Gibson assembly 

(Gibson et al., 2009). All kits for preparation and purification of nucleic acids (VWR International GmbH, 

Darmstadt, Germany) and enzymes (Fermentas, St. Leon-Rot, Germany) were used according to 

standard manufacturers’ protocols. To generate markerless in-frame deletions, 500-750 bp fragments 

of the up- and downstream region of a gene were combined to create a deletion leaving only eight 

codons of the 5’- and 3’-termini of the corresponding genes. Compared to our previous study using 

mCherry-fused stators (Paulick et al., 2015, Paulick et al., 2009), the linker region connecting MotB and 

mCherry was modified to improve activity of the fluorescently tagged protein.  To this end MotB was 

fused to mCherry via a 22 amino acids long linker by amplifying mCherry with flanking BglII and EcoRI 

sites following insertion into pVENC-2 and a release of the mCherry-linked fragment by HindIII and 

EcoRI. The resulting fragment was subsequently joined with amplicons of the regions flanking the C-

terminus of motB via overlap PCR. FliL was N-terminally fused to mCherry connected by a 3 x GGS 

linker. To this end, ~750 bp long fragments encompassing the up- and downstream region of the fliL 

5’-end were fused to the 5’- and 3’-end of mCherry. For the transcriptional lux reporter fusion a ~700 

bp fragment upstream of motB including its start codon was amplified using either chromosomal DNA 

from wild-type or a strain carrying the ΔMVE deletion as a template and transcriptionally fused to the 

luxCDABE operon amplified from mini-Tn7T-Gm-lux (Choi et al., 2005). The fusion product was ligated 
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into pNPTS-138-R6KT. The resulting vector pNPTS-138-R6KT PmotB luxCDABE was transferred into the 

appropriate strain by conjugation and integrated into the chromosome via a single homologous 

recombination. 

For overexpression of the motB variants the pBBMt vector was constructed using the pBBR1-MCS2 

backbone, the promoter and multiple cloning site region were amplified from pBAD/HisA (Thermo 

Fisher Scientific, Waltham, USA) and the terminator region from pUC18-mini-Tn7T-Gm-lux (Choi et al., 

2005). Promoter/MCS and terminator fragments were amplified using primer sets B207/SH144 and 

B205/B206, respectively. The promoter/MCS fragment as well as pBBR1-MCS2 backbone were cut 

using SacI and XbaI and ligated. The resulting plasmid and the terminator fragment were subsequently 

digested with KpnI and PspOMI and ligated to yield pBBMt. 

 

Determination of transcriptional levels via lux fusions 

To determine transcriptional activity of motB, appropriate strains bearing the transcriptional lux fusion 

were cultivated in LM100 overnight. The following day, 1/100 dilutions of the cultures were grown to 

an OD600 of ~0.25. Then, 180 µl aliquots were transferred to white polystyrene plates (Greiner Bio One, 

Frickenhausen, Germany), and luminescence was quantified using a Tecan Infinite M200 plate reader. 

Values of 6 measurements were averaged and luminescence normalized to the corresponding culture 

density (OD600). 

 

Fluorescence microscopy 

Prior to microscopy, strains were cultivated overnight in LM media and subcultured in LM to 

exponential growth phase (OD600 = 0.2 - 0.3). 4µl of culture were spotted on a PBS agarose pad (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4, adjusted to pH 7.4 and solidified by 1% 

(w/v) agarose). Fluorescence images were recorded using a Leica DMI 6000 B inverted microscope 

(Leica, Wetzlar, Germany) equipped with an sCMOS camera (Visitron Systems, Puchheim, Germany) 

and an HCX PL APO 100×/1.4 objective. Image processing and analysis was carried out using the 

ImageJ-based Fiji tool (Schindelin et al., 2012). 

 

Motility assays 

Cells of MR-1 strains from overnight cultures were used to inoculate 10ml of LM medium to an OD600 

of 0.01. After reaching an OD600 of 0.2-0.3 a 50 µl aliquot was placed under a coverslip fixed by four 

droplets of silicone (baysilone, VWR International GmbH, Darmstadt, Germany) to generate a space of 

1-2mm hight. Movies of 100 frames were taken with a Leica DMI 6000 B inverse microscope (Leica, 

Wetzlar, Germany) equipped with an sCMOS camera (Visitron Systems, Puchheim, Germany) and an 

HCX PL APO 100×/1.4 objective.  The speed of at least 150 cells per strain was quantified using the 
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MTrackJ plugin of Fiji (Meijering et al., 2012). Significance was tested using ANOVA (p = 0.05) in R 

version 3.0.1. Motility in semi-solid environments was analyzed by placing 3µl of a planktonic culture 

or cell material from solid plates on soft agar plates followed by an incubation of 24h at 30°C. Strains 

to be directly compared were always placed on the same plate. 

 

Fluorescence recovery after photobleaching (FRAP) 

To determine the exchange rate of stators within the flagellar motor, we used the same FRAP setup as 

previously described (Rossmann et al., 2015). Cells were cultured and immobilized on agarose pads as 

described above. After acquisition of a pre-bleach image a single laser pulse of 100 ms was used to 

bleach individual MotB-mCherry clusters. Fluorescence recovery was subsequently monitored at 30, 

60, 120, 340, 560, 780, 1000 and 1220 sec post bleaching. The integrated fluorescence intensities of 

the whole cell, the bleached region and a background area were measured for each time point using 

Fiji. After background correction, the fluorescence intensities of the bleached regions were divided by 

the whole cell intensity to correct for general photobleaching during the imaging process. Average 

values of 29 cells for each strain were plotted using OriginPro 9.1. Recovery rates were determined by 

fitting the data obtained for the bleached region to the single exponential function F(t) = ΔF*(1-exp(-

x/t1))+F0, where F(t) is the fluorescence at time t, ΔF the maximum change in fluorescence during 

recovery, x the time in min, 1/t1 the rate constant in min-1, and F0 the fluorescence intensity 

immediately after the bleaching step (t=0 min). In all cases, fits with R2 ≥ 0.99 were obtained. Recovery 

half-times were calculated according to the equation τ1/2 = ln(2)*t1. 

 

Stoichiometry 

Cells from overnight cultures were used to inoculate 10ml of LM supplemented with 100 mM KCl and 

adjusted to a pH of 7.3 to an OD600 of 0.05. At mid-exponential growth phase (OD600 of 0.2 – 0.3), 1 ml 

of cells was harvested by centrifugation and washed twice in 4M buffer (50 mM HEPES; 200 mM NaCl; 

15 mM lactate, pH 7). 5µl of the suspension was spotted on an agarose pad prepared with 4M buffer. 

Stoichiometry of MotB stator complexes was determined essentially as described previously (Leake et 

al., 2006, Paulick et al., 2015) with the following modification: Movies of 300 frames were recorded 

with each frame being exposed for 0.1 s by applying a laser power of 0.1 mW with an excitation 

wavelength of 550 nm. Stoichiometry of MotB ∆MVE-mCherry stator was calculated by measuring 

initial fluorescence intensities of 450 stator cluster using ImageJ and relating them to MotB-mCherry. 

Statistical analyses were done using R version 3.0.1. Prior to analysis, data was log-transformed to 

satisfy the assumptions of homoscedasticity and normally distributed residuals. Significant differences 

were calculated using ANOVA (p < 0.05). 
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Oxygen-speed dependency 

Measurement of oxygen concentration has been described in detail in (Kurre and Maier, 2012). In 

short, an oxygen sensor based on the oxygen sensitive dye Pt(II) meso-

tetra(pentafluorophenyl)porphine PtTFPP (Frontier Scientific, Logan, Utah, USA) was fabricated to 

monitor oxygen consumption and bacterial motility simultaneously (Thomas et al., 2009). The stock 

solution of PtTFPP (20mM in toluene) was stored at RT. PtTFPP is embedded in a Sylgard 184 

polydimethylsiloxane network (PDMS, Dow Corning, Midland, Michigan, USA). Therefore, PDMS was 

mixed with Sylgard 184 curing agent (Ratio 10:1) and 1mM PtTFPP and directly spin-coated on cover 

slides to result in ~30 µm thin layers. In the end, oxygen sensors were cured at 60°C for at least 3 hours. 

Calibration and oxygen measurements are described in (Kurre and Maier, 2012). Images for oxygen 

measurements were taken every 60 s at a distance of 60 µm away from the site where the swimming 

speed was imaged to avoid photodamage. The swimming speed experiments were performed in a 

sealed chamber with a volume of 100µl in LM-medium. The density of bacteria was adjusted to OD600 

of 0.1. This density supported swimming motility while enabling undisturbed swimming and tracking. 

Glass slides were sealed with VALAP. The chamber was mounted into an inverted microscope (Nikon 

TI). A built-in thermobox in the microscope maintained the temperature at 30°C. Swimming speed was 

measured as described above. 

 

Immunofluorescence analysis 

Production and stability of MotB and its fusions were determined by immunoblot analyses. Protein 

lysates were prepared from exponentially growing cultures. Cell suspensions were uniformly adjusted 

to an OD600 of 10. Protein separation and immunoblot detection were essentially carried out as 

described earlier (Bubendorfer et al., 2012, Binnenkade et al., 2014) using polyclonal antibodies raised 

against mCherry (Eurogentec Deutschland GmbH, Köln, Germany) or the periplasmic part of MotB. 

Signals were detected using the SuperSignal® West Pico Chemiluminescent Substrate (Thermo 

Scientific, Schwerte, Germany) and documented using a FUSION-SL chemiluminescence imager 

(Peqlab, Erlangen, Germany). 

 

To determine the exchange rate of stators within the flagellar motor, we used the same FRAP setup as 

previously described (Rossmann et al., 2015). Cells were cultured and immobilized on agarose pads as 

described above. After acquisition of a pre-bleach image a single laser pulse of 100 ms was used to 

bleach individual MotB-mCherry clusters. Fluorescence recovery was subsequently monitored at 30, 

60, 120, 340, 560, 780, 1000 and 1220 sec post bleaching. The integrated fluorescence intensities of 

the whole cell, the bleached region and a background area were measured for each time point using 

Fiji. After background correction, the fluorescence intensities of the bleached regions were divided by 
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the whole cell intensity to correct for general photobleaching during the imaging process. Average 

values of 29 cells for each strain were plotted using OriginPro 9.1. Recovery rates were determined by 

fitting the data obtained for the bleached region to the single exponential function F(t) = ΔF*(1-exp(-

x/t1))+F0, where F(t) is the fluorescence at time t, ΔF the maximum change in fluorescence during 

recovery, x the time in min, 1/t1 the rate constant in min-1, and F0 the fluorescence intensity 

immediately after the bleaching step (t=0 min). In all cases, fits with R2 ≥ 0.99 were obtained. Recovery 

half-times were calculated according to the equation τ1/2 = ln(2)*t1. 

 

Stoichiometry 

Cells from overnight cultures were used to inoculate 10ml of LM supplemented with 100 mM KCl and 

adjusted to a pH of 7.3 to an OD600 of 0.05. At mid-exponential growth phase (OD600 of 0.2 – 0.3), 1 ml 

of cells was harvested by centrifugation and washed twice in 4M buffer (50 mM HEPES; 200 mM NaCl; 

15 mM lactate, pH 7). 5µl of the suspension was spotted on an agarose pad prepared with 4M buffer. 

Stoichiometry of MotB stator complexes was determined essentially as described previously (Leake et 

al., 2006, Paulick et al., 2015) with the following modification: Movies of 300 frames were recorded 

with each frame being exposed for 0.1 s by applying a laser power of 0.1 mW with an excitation 

wavelength of 550 nm. Stoichiometry of MotB ∆MVE-mCherry stator was calculated by measuring 

initial fluorescence intensities of 450 stator cluster using ImageJ and relating them to MotB-mCherry. 

Statistical analyses were done using R version 3.0.1. Prior to analysis, data was log-transformed to 

satisfy the assumptions of homoscedasticity and normally distributed residuals. Significant differences 

were calculated using ANOVA (p < 0.05). 

 

Oxygen-speed dependency 

Measurement of oxygen concentration has been described in detail in (Kurre and Maier, 2012). In 

short, an oxygen sensor based on the oxygen sensitive dye Pt(II) meso-

tetra(pentafluorophenyl)porphine PtTFPP (Frontier Scientific, Logan, Utah, USA) was fabricated to 

monitor oxygen consumption and bacterial motility simultaneously (Thomas et al., 2009). The stock 

solution of PtTFPP (20mM in toluene) was stored at RT. PtTFPP is embedded in a Sylgard 184 

polydimethylsiloxane network (PDMS, Dow Corning, Midland, Michigan, USA). Therefore, PDMS was 

mixed with Sylgard 184 curing agent (Ratio 10:1) and 1mM PtTFPP and directly spin-coated on cover 

slides to result in ~30 µm thin layers. In the end, oxygen sensors were cured at 60°C for at least 3 hours. 

Calibration and oxygen measurements are described in (Kurre and Maier, 2012). Images for oxygen 

measurements were taken every 60 s at a distance of 60 µm away from the site where the swimming 

speed was imaged to avoid photodamage. The swimming speed experiments were performed in a 

sealed chamber with a volume of 100µl in LM-medium. The density of bacteria was adjusted to OD600 
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of 0.1. This density supported swimming motility while enabling undisturbed swimming and tracking. 

Glass slides were sealed with VALAP. The chamber was mounted into an inverted microscope (Nikon 

TI). A built-in thermobox in the microscope maintained the temperature at 30°C. Swimming speed was 

measured as described above. 

 

Immunofluorescence analysis 

Production and stability of MotB and its fusions were determined by immunoblot analyses. Protein 

lysates were prepared from exponentially growing cultures. Cell suspensions were uniformly adjusted 

to an OD600 of 10. Protein separation and immunoblot detection were essentially carried out as 

described earlier (Bubendorfer et al., 2012, Binnenkade et al., 2014) using polyclonal antibodies raised 

against mCherry (Eurogentec Deutschland GmbH, Köln, Germany) or the periplasmic part of MotB. 

Signals were detected using the SuperSignal® West Pico Chemiluminescent Substrate (Thermo 

Scientific, Schwerte, Germany) and documented using a FUSION-SL chemiluminescence imager 

(Peqlab, Erlangen, Germany). 
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Table S1: Bacterial strains that were used in this study 

 
Strain 
 

Genotype 
 

Reference  
 

 
Escherichia coli 

DH5α λpir 
ϕ80dlacZ ΔM15 Δ(lacZYA-argF)U169 recA1 hsdR17 deoR thi-l supE44 gyrA96 
relA1/λpir 

Miller VL, Mekalanos 
JJ (1988) 

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

W. Metcalf, University 
of Illinois, Urbana‐
Champaign 

 
Shewanella oneidensis 

S79 MR-1, wild type 
(Venkateswaran et al., 
1999) 

S86 pomAB, SO_1529-30 (Paulick et al., 2009) 

S91 motAB, SO_4287-86 (Paulick et al., 2009) 

S92 pomABmotAB, SO_1529-30 SO_4287-86 (Paulick et al., 2009) 

S258 pomABmotX Koerdt et al., 2009 

S255 pomABmotY Koerdt et al., 2009 

S1153 pomABmotXY Koerdt et al., 2009 

S2715 pomAB motB_L60S (spontaneous mutant) This study 

S2716 pomAB motB_MVE (spontaneous mutant) This study 

S2717 pomAB motB_S54P (spontaneous mutant) This study 

S2718 pomAB motB_S56P (spontaneous mutant) This study 

S2719 pomAB motB_S54P (spontaneous mutant) This study 

S2720 pomAB motB_L60S (spontaneous mutant) This study 

S2721 pomAB motB_S54P (spontaneous mutant) This study 

S2722 pomAB motB_S56P (spontaneous mutant) This study 

S2967 pomAB mcherry_motB_MVE (spontaneous mutant) This study 

S2970 pomAB motB_MVE (knock in) motY This study 

S2973 pomAB mcherry_motB This study 

S3305 pomAB motB_MVE (knock in) motXY This study 

S3416 pomAB motB_MVE (knock in) This study 

S3642 pomABmotAB pBBMt motB This study 

S3644 pomABmotAB pBBMt motB_L51D This study 

S3645 pomABmotAB pBBMt motB_MVE This study 

S3656 pomABmotAB pBBMt motB_L51K This study 

S3657 pomABmotAB pBBMt motB_L51P This study 

S3658 pomABmotAB pBBMt motB_F46K This study 

S3866 pomAB fliL This study 

S3867 motAB fliL This study 

S3954 pomAB motB_MVE (knock in) fliL motXY This study 
S3955 fliL_mcherry This study 
S4053 pBBMt (empty vector control) This study 
S4092 pomAB mcherry_motB_MVE (knock in) This study 

S4100 pomAB motB_MVE (knock in) fliL This study 

S4312 pomAB motB_MVE (knock in) motX This study 

S4313 pomAB motB_MVE (knock in) motXY This study 
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Table S2: Plasmids that were used in this study 

Plasmid 
 

Relevant genotype or phenotype Source or reference 

pNPTS138-R6KT 
 

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

 

Lassak et al., 2010 
 

pBBMt pBBR1-MCS2 backbone (pBBR origin, Kmr ); TetR, Promoter and multiple 
cloning site of pASK-IBA3plus and E.coli rrnB1 T1 and lambda phage T0 
terminator 
 

this study 

pET24d(+) T7 promoter, his-tag fusion site, T7 terminator, lacI, pBR322 ori, f1 ori, Kmr Novagen 
 
pGAT3 
 

 
bla, lacI, T7-lacO promoter, SP6 promoter, T7 terminator, Apr 

 
Peränen et al., 1996 
 

In-frame deletion vectors (in pNPTS138-R6KT) 
 
pNPTS138-R6KT-HubP-KO hubP (Sputcn32_2442), in-frame deletion fragment 

 
this study 

pNPTS138-R6KT-FlhF-KO flhF (Sputcn32_2561), in-frame deletion fragment this study 
 

pNPTS138-R6KT-FlhG ∆N20 flhG ∆N20 (deletion of first 20 amino acids in Sputcn32_2560), in-frame 
deletion fragment 
 

this study 
 

In-frame complementation  vectors (in pNPTS138-R6KT) 
 
pNPTS138-R6KT-HubP-KI hubP (Sputcn32_2442), in-frame insertion fragment for complementation 

of ∆hubP 
 

this study 

pNPTS138-R6KT-FlhF-KI flhF (Sputcn32_2561), in-frame insertion fragment for complementation 
of ∆flhF 
 

this study 

Fluorescent fusion vectors (in pNPTS138-R6KT)  
   
pNPTS138-R6KT-FlaAB2-Cys flaAB2-Cys (Sputcn32_3455_T156CT159C, Sputcn32_3456_T159CT160C), in-

frame substitution fragment 
 

 
pNPTS138-R6KT‐FliM1­GL-
sfGFP-His6 
 

fliM1-6xGly-sfGFP‐His6 in pNPTS138-R6KT in-frame insertion fragment Bubendorfer et al., 2012 

pNPTS138-R6KT‐FliM1‐GL- 
mCherrySO‐His6 
 

fliM1-6xGly-mCherrySO-His6 in pNPTS138-R6KT in-frame insertion fragment Bubendorfer et al., 2012 

pNPTS138-R6KT-mCherry-ParB mCherry-2xGly-Gly-Ser-parB (Sputcn32_3964), in-frame insertion fragment 
 

this study 

pNPTS138-R6KT-FlaAB1-Cys flaAB1-Cys (Sputcn32_2586_T159C, Sputcn32_2585_T159C), in-frame 
substitution fragment 
 

this study 

pNPTS138-R6KT-sfGfp-3GGS-
CheY 
 

sfGFP-His6-3xGly-Gly-Ser-cheY (Sputcn32_2558), in-frame insertion fragment this study 

pNPTS138-R6KT-VENUS-GL-
CheZ 
 

VENUS-6xGly-cheZ (Sputcn32_2557), in-frame insertion fragment this study 

pNPTS138-R6KT-CheA-
mCherry 
 

cheA-2xGly-Gly-Ser-mCherry (Sputcn32_2556), in-frame deletion fragment this study 

pNPTS138-R6KT-HubP-sfGFP hubP-3xGly-Gly-Ser-sfGFP (Sputcn32_2442), in-frame insertion fragment 
 

this study 

pNPTS138-R6KT-HubP-
mCherry 
 

hubP-3xGly-Gly-Ser-mCherry (Sputcn32_2442), in-frame insertion fragment this study 

pNPTS138-R6KT-FlhF-mCherry flhF-3xGly-Gly-Ser-mCherry (Sputcn32_2561), in-frame insertion fragment 
 

this study 

pNPTS138-R6KT-ZapA-sfGFP zapA-2xGly-Gly-Ser-sfGFP (Sputcn32_3215), in-frame insertion fragment 
 

this study 

pJP5603_Sputcn32_0796-
sfGFP 

MCP_0796-sfGFP (Sputcn32_0796), for single homologous insertion this study 
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pNPTS138-R6KT-FlhG-sfGFP flhG-1xGly-Ser-sfGFP (Sputcn32_2560), in-frame insertion fragment 

 
This study 

Overproduction vectors 
 
pBTOK-HubP-sfGFP hubP-3xGly-Gly-Ser-sfGFP (Sputcn32_2442) in pBTOK 

 
this study 

pBTOK-LysM-mCherry hubP_AA1-134-2xPro-mCherry (Sputcn32_2442_nt1-402) in pBTOK 
 

this study 

pBTOK-FlhF-mCherry flhF-1xGly-Ser-mCherry (Sputcn32_2561) in pBTOK This study 
 
pFlhF 

 
flhF (Δ-10) in pET24d 

 
this study 

 
pFlhG 

 
flhG in pET24d 

 
this study 

 
pN-FlhG 

 
N-terminus of flhG (aa 1-20) in pGAT3 

 
this study 

Apr, ampicillin resistance; Kmr, kanamycin resistance  
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Table S3: Oligonucleotides used in this study 

Identifier of oligonucleotides 
 

Sequence 5’-3’ 
Purpose 

B207 SacI-araBAD-pARA-fwd C GAG CTC TTA TGA CAA CTT GAC GGC TAC ATC A 

Construction of pBBMt 
SH144 pBBMt MCS rev TTC TAG AGC TAG CGT TAG CCC AAA AAA CGG GTA TGG 

B205 PspOMI-terminator-fwd TCC GGG CCC ATT AGC TGA GCT TGG ACT CCT G 

B206 KpnI-terminator-rev GG GGT ACC GCA AGC TCC TAG CGG CGG 

SH304 SO MotB C-tag up fw ACA CTT GGG CCC ATC CGC TGT AGA TGC AGA GC 
MotB_mCherry fusion, 
upstream fragment 

SH320 SO MotB C-tag pVENC 
OL rv 

GCA ATT GGA CGT CTC GCG ACT CAG GAA TGG GAA TAT 
GGC TTT C 

SH302 SO mCherry linker fw TTC AGA TCT ATG GTT TCC AAA GGG GAA GAG G MotB_mCherry fusion, 
mCherry insertion into 
pVENC-1 SH303 SO mCherry linker rv 

AGG AAT TCT TAT TTG TAT AAC TCA TCC ATA CCA CC 

SH311 SO MotB mC C-tag OL rv
  

CTA AGA AGG AGT ATT TCT AGA CTT TAT TTG TAT AAC 
TCA TCC ATA CCA CC 

MotB_mCherry fusion, 
addition of homology to 
mCherry fragment 

SH306 SO MotB C-tag dwn OL 
fw 

AGT CTA GAA ATA CTC CTT CTT AGA TG 
MotB_mCherry fusion, 
downstream fragment 

SH307 SO MotB C-tag dwn rv AGC TAG CGT AGT GAC ATA GGG GGA GAT AAA G 

SH325 SO MotB 3aa del ins up 
fw 

ACA CTT GGG CCC AGG CGA TGT GAG AAA AGG TGG 
Insertion of three amino 
acid deletion SH326 SO MotB 3aa del ins dwn 

rv 
GGC TAG CGA ATG GGA ATA TGG CTT TCA ACG 

SH604 MR1 FliL up fw GCG AAT TCG TGG ATC CAG AT TCC GAA TGC TAG TGA 
CGA TAA CC 

Deletion of FliL 

SH605 MR1 FliL up OL rev TTA TTG CAT CAC TTC CTT GGC CAT GTT CTG TAC TC 

SH606 MR1 FliL dwn OL fw ATG GCC AAG GAA GTG ATG CAA TAA CCT TTA TCT TCA 
GC 

SH607 MR1 FliL dwn rev GCC AAG CTT CTC TGC AGG AT TCT TGT TTA TCG CTC TGG 
ACA CC 

SH536 mC fw TGGCTCTGGTGGCAGCATGGTTTCCAAAGGGGAAGAGG 

FliL_mCherry fusion 

SH623 FliL mCherry KI up fw GCG AAT TCG TGG ATC CAG AT TTG CGG ACA GCC ATG 
TCT CC 

SH624 FliL mCherry KI up rev GCT GCC ACC AGA GCC ACC GCT ACC GCC TTG CAT CAC 
AAA ACC GGT AAA GAG 

SH625 FliL mCherry KI rev fw CTA TTT GTA TAA CTC ATC CAT ACC ACC 

SH626 FliL mCherry KI up fw GGT ATG GAT GAG TTA TAC AAA TAG CCT TTA TCT TCA 
GCA CCT TAA AGA G 

SH82 MotB SO AB XhoI Strep-
tag rv 

G ctc gag TTA TTA TTT TTC GAA CTG CGG GTG GCT CCA 
AGC GCT CTC AGG AAT GGG AAT ATG GCT TTC AAC 

Overexpression of 
motAB carrying point 
mutations 

VB15 NheI_OE_motAB_fwd ACT ACC GCT AGC AGG AGG ATA GCT AAT GAG TTT TAT 
AGG TGT AAT TGT TGC G 

SH449 SO MotB F46K up rev CTT CAA CCA TCT TTT TAG CTT CAT TTT TAT C 

SH450 SO MotB F46K dwn fw gatAAA AAT GAA GCT AAA AAG ATG GTT GAA GG 

SH451 SO MotB L51P up rev AGA CAA CGA ATC TAT AGG ACC TTC AAC C 

SH452 SO MotB L51P dwn fw GGT TGA AGG TCC TAT AGA TTC GTT GTC 

SH453 SO MotB L51K up rev AGA CAA CGA ATC TAT CTT ACC TTC AAC C 

SH454 SO MotB L51K dwn fw GGT TGA AGG TAA GAT AGA TTC GTT GTC 

SH455 SO MotB L51D up rev AGA CAA CGA ATC TAT GTC ACC TTC AAC C 

SH456 SO MotB L51D dwn fw GGT TGA AGG TGA CAT AGA TTC GTT GTC 
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Figure S1: Loading controls of MotB immunoblots.

Coomassie-stained PAGE gels with protein samples of amounts equal to immunoblots against MotB from Fig. 1. The left and middle panels 
show samples of the spontaneous up-motile mutants from Fig. 1B, right panel displays the samples from Fig. 1C. Each gel contains a 
wild-type sample (wt) for reference.
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Figure S2: Transcriptional levels of motB and motB*.

Luminescence (as relative light units) of exponentially growing LM100 cultures of MR-1 ΔpomAB with wild type motB (white bar) or sponta-
neously mutated motB* (grey bar) harboring the luxCDABE operon integrated into motB on the chromosome was determined. Values 
correspond to the average of 6 independent measurements. Error bars represent the standard deviation.

w
t

m
ot

B-
m

C

35

25

kDa m
ot

B*
-m

C

fli
L 

m
C

48
65

17

75

*

w
t

m
ot

B-
m

C

35

kDa m
ot

B*
-m

C

fli
L 

m
C

48

65

17

75

Figure S3: Stability, activity and localizationof fluorescent fusion proteins.

A) Stability of MotB, MotB* and FliL fused to mCherry was determined via immunoblotting using antibodies raised against mCherry (left 
panel). A Protein sample from wild-type was used as a negative control and shows formation of several signals due to unspecific binding. 
Signals of fusion proteins were detected at positions corresponding to their estimated size (MotB-mCherry 59.1kDa, FliL-mCherry 46.1 
kDa). Asterisk indicated position of presumable degradation product of FliL-mCherry. Right panel shows the Coomassie-stained PAGE gel 
as loading control. B) Soft-agar assay of wild-type (wt), MR-1 motB-mCherry and MR-1 motB* -mCherry. Cells from a plate were placed on 
soft agar plates containing 0.25% (w/v) agar and incubated for 24h at 30°C prior to analysis of radial extensions. Dashed lines indicate 
rearrangement of the original positions on the same soft-agar plate to allow a better comparison in the figure. C) Localization of MotB and 
MotB* fused to mCherry. Displayed are DIC and fluorescent micrograph. Arrows point to polar fluorescent clusters. The scale bar 
represents 5μm.
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Summary

Spatiotemporal regulation of cell polarity plays a role
in many fundamental processes in bacteria and often
relies on ‘landmark’ proteins which recruit the corre-
sponding clients to their designated position. Here,
we explored the localization of two multi-protein com-
plexes, the polar flagellar motor and the chemotaxis
array, in Shewanella putrefaciens CN-32. We demon-
strate that polar positioning of the flagellar system,
but not of the chemotaxis system, depends on the
GTPase FlhF. In contrast, the chemotaxis array is
recruited by a transmembrane protein which we iden-
tified as the functional ortholog of Vibrio cholerae
HubP. Mediated by its periplasmic N-terminal LysM
domain, SpHubP exhibits an FlhF-independent locali-
zation pattern during cell cycle similar to its Vibrio
counterpart and also has a role in proper chromo-
some segregation. In addition, while not affecting fla-
gellar positioning, SpHubP is crucial for normal
flagellar function and is involved in type IV pili-
mediated twitching motility. We hypothesize that a
group of HubP/FimV homologs, characterized by a
rather conserved N-terminal periplasmic section
required for polar targeting and a highly variable
acidic cytoplasmic part, primarily mediating recruit-
ment of client proteins, serves as polar markers in

various bacterial species with respect to different cel-
lular functions.

Introduction

During the recent decades, numerous studies have pro-
vided evidence that in bacteria, a variety of fundamental
cellular functions depend on the proper spatial and tem-
poral organization of proteins and other macromolecules
within the cell. A paradigmatic example for spatiotemporal
organization in bacteria is cell division where correct posi-
tioning of the cell division proteins and distribution of
replicated chromosomal DNA are critical for propagation
(Thanbichler, 2010; Reyes-Lamothe et al., 2012). Unlike
the cell division machinery of most bacteria, numerous
other complexes are specifically targeted to the cell pole
for proper function. Several different systems involved in
the regulation of cell polarity have been identified and
studied; this topic has been the subject of recent reviews
(Laloux and Jacobs-Wagner, 2014; Treuner-Lange and
Søgaard-Andersen, 2014).

One major multiprotein complex that needs to be spe-
cifically positioned is the flagellar machinery of polarly
flagellated bacterial species. The mechanisms by which
this localization is achieved are still poorly understood for
most bacteria (summarized in Schuhmacher et al., 2015a).
In those species that have been studied in detail, polar
recruitment of the flagellar system appears to rely on
landmark proteins to assign the desired position, and the
absence of these polar markers commonly leads to mis-
placement of the flagella. In the alphaproteobacterium
Caulobacter crescentus, TipN has been identified as such
a landmark protein (Huitema et al., 2006; Lam et al., 2006).
TipN localizes to the new pole of both daughter cells after
cell division and recruits a second protein, TipF, a positive
regulator of flagellar assembly. TipF in turn recruits PflI, a
third protein required for proper flagellar placement
(Obuchowski and Jacobs-Wagner, 2008; Davis et al.,
2013). The concerted action of these three proteins is
required for formation of a single flagellum at the desig-
nated cell pole (Davis et al., 2013).

However, homologs of the TipN/F proteins appear to be
absent outside the group of alphaproteobacteria. In many
other bacterial species, a set of two proteins, FlhF and
FlhG, has been implicated in regulating diverse aspects of
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flagellar localization, number, and activity (reviewed in
Kazmierczak and Hendrixson, 2013; Altegoer et al., 2014).
Potential orthologs of the two proteins are present in a wide
range of bacterial species (Bange et al., 2011). FlhG
(orthologs also named YlxH, MinD2, FleN or MotR)
belongs to the MinD/ParA ATPase family, and the recently
solved crystal structure revealed striking structural
homologies to the ATPase MinD of Escherichia coli
(Schuhmacher et al., 2015b). Loss of FlhG in polarly flag-
ellated bacterial species commonly results in hyperflagel-
lation and severe perturbation of flagella-mediated motility
(Dasgupta et al., 2000; Correa et al., 2005; Kusumoto
et al., 2006; 2008; Schuhmacher et al., 2015b). The exact
mechanism by which FlhG exerts its role is still elusive;
however, its mode of action involves binding to major
components of the flagellar rotor, FliM and FliN/FliY, puta-
tively to facilitate their incorporation into the nascent basal
body structure (Schuhmacher et al., 2015b). The second
protein of the system, FlhF, belongs to the signal recogni-
tion particle SRP-type GTPase subfamily of the SIMIBI
class of nucleotide-binding proteins, and the crystal struc-
ture of FlhF from Bacillus subtilis has been solved (Bange
et al., 2007; Bange and Sinning, 2013). Loss of the protein
has a range of different consequences with respect to
flagellar gene expression, assembly and function in
various polarly flagellated species, but consistently results
in displacement of the flagellum away from the cell pole
(Pandza et al., 2000; Murray and Kazmierczak, 2006;
Kusumoto et al., 2008; Balaban et al., 2009; Green et al.,
2009). FlhF was demonstrated to co-localize with the
flagellum to the old cell pole (Murray and Kazmierczak,
2006; Kusumoto et al., 2008; Ewing et al., 2009). Moreo-
ver, studies on Vibrio cholerae FlhF have provided evi-
dence that the same spatial organization occurs in the
absence of any other flagellar components (Green et al.,
2009) or upon heterologous production of Vibrio alginolyti-
cus FlhF in E. coli (Kusumoto et al., 2008), indicating that
polar localization is an intrinsic feature of the protein. The
presence of FlhF at the cell pole is required for correct
placement of the early flagellar basal body protein FliF.
Thus, it has been speculated that FlhF represents the polar
landmark protein which recruits early components of the
flagellar machinery to the appropriate subcellular location
by a mechanism which is yet elusive. In addition, for
Pseudomonas aeruginosa, it was reported that the chemo-
taxis protein CheA also localizes away from the cell pole in
the absence of FlhF in a pattern resembling that of the
flagellar basal body system (Kulasekara et al., 2013). This
finding strongly indicates that FlhF might also mediate the
recruitment of the chemotaxis machinery in P. aeruginosa
or that the chemotaxis machinery is directly associated
with the flagellar system.

Recent studies on V. cholerae have identified another
major landmark protein which is involved in the polar

accumulation of flagella but primarily directs the chemo-
taxis system and the chromosome segregation machin-
ery to the cell pole. According to its proposed function as
a polar hub, the protein was named HubP (Yamaichi
et al., 2012). HubP is a transmembrane protein with an
N-terminal periplasmic peptidoglycan-binding (LysM)
domain and a large cytoplasmic section comprising 10
copies of an imperfect 46-amino-acid repeat. Fluores-
cence microscopy demonstrated that, mediated by the
N-terminal LysM domain, HubP localizes to the cell pole
and the cellular division plane. Deletion of hubP in
V. cholerae results in delocalization of the chemotaxis
machinery, leading to a defect in chemotactic swimming.
In addition, the origin of the larger of the two V. cholerae
chromosomes, oriCI, is not fully targeted to the cell pole
and a small fraction of cells displays an increased
number of flagella. Interaction of these large complexes
with HubP is thought to be mediated through a set of
different ParA-like ATPases, ParAI for oriCI, ParC for the
chemotaxis machinery and FlhG for the flagellar machin-
ery. Potential homologs of HubP have been identified in
several other species among the gammaproteobacteria;
however, it is not clear whether or not these proteins are
functional orthologs and which role they might play in
these species.

Shewanella putrefaciens CN-32 is a gammaproteo-
bacterium which possesses two complete flagellar
systems encoded by two distinct separate gene clusters
(Bubendorfer et al., 2012). The primary gene cluster, which
is present in all Shewanella species and encodes orthologs
of FlhF and FlhG, leads to formation of a single polar
Na+-driven flagellum. The secondary flagellar system lacks
flhF and flhG and is expressed in a subpopulation of cells
when cultivated in complex media. These cells form one or
more lateral flagella which are rotated at the expense of the
proton gradient and enable a more effective motility of the
corresponding subpopulation by increasing the directional
persistence of swimming. However, our studies strongly
indicated that the single chemotaxis system of S. putrefa-
ciens CN-32 predominantly or even exclusively addresses
the primary polar system but not the lateral flagellar motors
(Bubendorfer et al., 2014). To further elucidate the spatial
arrangement of the chemotaxis machinery with respect to
the two flagellar systems of S. putrefaciens CN-32, we
performed localization studies by fluorescence micros-
copy. We identified the functional ortholog of the V. chol-
erae polar landmark protein HubP in S. putrefaciens
CN-32, and we demonstrate that FlhF and HubP indepen-
dently localize the primary flagellar system and the
chemotaxis and chromosome segregation machinery,
respectively. We thus show that general features and
mechanisms are conserved between HubP-like proteins of
different species and suggest that HubP-dependent polar
localization might be more widespread among bacteria.
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Results

The chemotaxis machinery of S. putrefaciens CN-32
localizes to the flagellated cell pole

To first explore the subcellular position of the chemotaxis
system in S. putrefaciens CN-32, we performed fluores-
cence microscopy on cells producing fluorescently labeled
components of the chemotaxis machinery. S. putrefaciens
CN-32 possesses a single chemotaxis system with
37 predicted putative methyl-accepting sensor proteins
(MCPs). To determine the localization of the chemotaxis
machinery within CN-32 cells, we generated C-terminal
fluorescent protein fusions to 16 of the 37 MCPs. Because
all fusions yielded very similar results, we will, within this
manuscript, only refer to MCP0796-eGFP. MCP0796 is an
MCP with a periplasmic helical bimodular (HBM) sensor
domain followed by the typical cytoplasmic HAMP and
methyl-accepting chemotaxis-like (MA) domain. The func-
tion of this MCP is not yet characterized; however, the
fluorescent fusion reliably allowed localization of the
protein which was therefore chosen as representative. We
further generated a C-terminal fluorescent fusion to CheA
(CheA-mCherry) as well as N-terminal fluorescent protein
fusions to CheY (sfGFP-CheY) and CheZ (Venus-CheZ).
The genes encoding these fusions were separately intro-
duced into the CN-32 chromosome where they replaced
the corresponding native genes. Immunoblotting and
swimming assays demonstrated that the fluorescently
labeled proteins were mostly stably produced (Fig. S1) and
fully (Venus-CheZ and CheA-mCherry) or partially (sfGFP-
CheY) supported movement through soft agar (Fig. S2). To
enable localization of the chemotaxis machinery with
respect to the position of the primary polar flagellar system,
all fusions were introduced into a CN-32 strain in which
FliM1 was functionally labeled with sfGFP or mCherry
(Bubendorfer et al., 2012) as a marker for the primary
basal body complex.

Subsequent fluorescence microscopy revealed that
MCP0769-eGFP as well as sfGFP-CheY, CheA-mCherry
and Venus-CheZ distinctly localized to the cell pole marked
by FliM1 in 73% (CheY and CheA) and 89% (CheZ) respec-
tively (Fig. 1). In addition, some cells displayed a bipolar
localization pattern of labeled chemotaxis components
(CheY, 19%; CheA, 29%; CheZ, 21%). In cells with a FliM1

focus, the signal intensity of co-localizing foci formed by the
labeled chemotaxis components was always stronger than
that of foci at the opposite cell pole: For sfGFP-CheY, the
signal at the opposite cell poles only reached 38% intensity
compared to that of the flagellated pole, CheA-mCherry
reached 27% and Venus-CheZ 24%. In contrast,
co-localization of any of the labeled chemotaxis compo-
nents with FliM2-mCherry as a marker for the position of the
secondary lateral flagellum was not observed, unless
FliM2-mCherry was located close to the cell pole (data

not shown). Based on these results, we concluded that in
S. putrefaciens CN-32, the chemotaxis machinery is local-
ized at, or in close proximity to, the cell pole decorated with
the primary flagellar complex and is assembled at the old
cell pole during cell division.

The SRP-like GTPase FlhF is required for polar
localization of the primary flagellar system, but not of
the chemotaxis cluster, in CN-32

The SRP-like GTPase FlhF has been demonstrated to be
the major determinant for flagellar placement and number
in various polarly flagellated gammaproteobacteria. We
therefore determined whether this protein has a similar
role in S. putrefaciens CN-32 and whether SpFlhF also
dictates the localization of the chemotaxis system, as has
previously been suggested for P. aeruginosa (Kulasekara
et al., 2013). FlhF acts in concert with its antagonist, the
MinD-like ATPase FlhG (Kusumoto et al., 2008; Ono
et al., 2015), and in B. subtilis it has been shown that the
conserved N-terminal region of FlhG stimulates the

Fig. 1. Localization of the chemotaxis cluster in S. putrefaciens
CN-32. Displayed are DIC (left panel) and fluorescent micrographs
in which FliM1 (middle panels) and CheA, CheY and CheZ (right
panel) are fluorescently labeled as indicated. The arrows point out
fluorescent foci. The scale bar equals 5 μm.
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GTPase activity of FlhF by approximately three to fivefold
(Bange et al., 2011). To assess whether FlhF from
S. putrefaciens CN-32 is an active GTPase whose activity
is affected by FlhG, both proteins were purified and the
impact of SpFlhG on the GTPase activity of SpFlhF
was assessed by high-pressure liquid chromatography
(HPLC). While SpFlhF alone showed only minor GTPase
activity, an approximately three to fivefold stimulation of
SpFlhF was observed in the presence of either full-length
FlhG or its N-terminal region. As expected, this stimulation
was almost abolished in a GTP hydrolysis-deficient FlhF
variant (FlhF-R285A; Fig. 2A). This agrees with observa-
tions made for FlhF and FlhG from B. subtilis. Corre-
spondingly, an flhG-ΔN20 mutant in CN-32 displayed a
hyperflagellated phenotype (Fig. S3B) which was drasti-
cally impaired in flagella-mediated motility similar to a cell
completely lacking flhG (Fig. S3A). This indicates that
FlhG may also stimulate the FlhF GTPase in polarly flag-
ellated gammaproteobacteria such as S. putrefaciens
CN-32 and that this interaction likely is required for proper
flagellation.

To localize SpFlhF within the cells, we created a hybrid
gene encoding a C-terminal fusion of FlhF to mCherry
(flhF-mCherry) which we integrated into the chromosome
to replace native flhF. FlhF-mCherry was partially stable
(Fig. S1) and predominantly localized to the flagellated cell
pole in 85% of the population (Fig. 2B). A bipolar localiza-
tion frequently occurred in cells that evidently were within
the process of cell division. To further determine whether
FlhF has a function in regulating flagellar placement and
number, we studied the localization of FliM1 and the flagel-
lar filament in the absence of flhF. To this end, we intro-
duced in-frame deletions of flhF into CN-32 wild-type cells
and into cells bearing a FliM1-sfGFP fusion. To specifically
enable visualization of the primary flagellum, cysteine resi-
dues were introduced in both flagellins forming the primary
flagellar filament to enable fluorescent labeling (FlaAB1-
Cys) in the wild-type and ΔflhF background. In mutants
lacking FlhF (ΔflhF), we observed a significantly lower
amount of cells exhibiting FliM1-mCherry foci (wild type,
72%; ΔflhF, 27%), and these foci were commonly dis-
placed from the cell pole to lateral positions (Fig. 2D).
Fluorescence labeling of the flagellins confirmed that, in
the relatively few flagellated ΔflhF cells, the filament fre-
quently originated from lateral positions. Significantly
fewer cells were observed to be motile, and cells exhibited
irregular swimming patterns when observed by light
microscopy and decreased lateral extension when moving
through soft-agar plates (Fig. 2C). When FlhF or FlhF-
mCherry was ectopically overproduced from an inducible
promoter in wild-type cells, we observed increased accu-
mulation at the cell pole accompanied by hyperflagellation
of the cells which solely occurred at the same cell pole
(Fig. S4B). In contrast, deletion of flhF had no significant

effect on the production or placement of the secondary
filaments (Fig. S4C). We then determined the localization
of MCP0796, CheY, CheA or CheZ in the absence of FlhF
to explore potential effects on the localization of any of
the fluorescently labeled components. In contrast to the
primary flagellar system, all chemotaxis components
retained a polar localization pattern indistinguishable from
that observed in the wild-type background (Fig. 2D;
Fig. S5).

We thus confirmed that, in S. putrefaciens CN-32, FlhF
is an active GTPase that shares the common features and
properties which have been described for other species of
the gammaproteobacteria and serves as a polar landmark
protein and regulator for polar flagellar assembly. Further-
more, we showed that FlhF does not direct the chemot-
axis system to the flagellated cell pole, which prompted us
to screen for other potential landmark proteins that might
be required for cell polarity in Shewanella.

Shewanella sp. possess a HubP ortholog

In V. cholerae, polar localization of the chemotaxis machin-
ery was recently demonstrated to be dependent on the
transmembrane landmark protein HubP. Genome analysis
revealed that HubP showed significant similarities to
Sputcn32_2442, a gene of 3294 bp, predicted to encode a
protein of 1097 aa. Sputcn32_2442 was preliminary anno-
tated as pilus assembly protein FimV based on its similarity
to P. aeruginosa FimV, a protein regulating cell polarity
during type IV pili-mediated twitching motility (Semmler
et al., 2000; Wehbi et al., 2011). However, at the amino-
acid level, significant identity or similarity between
Sputcn32_2442, Vibrio HubP or P. aeruginosa FimV was
only observed for the N- and very C-terminal segments of
the deduced protein sequence (Fig. S6). Despite the rather
low overall similarity and a lower molecular mass (esti-
mated 117 kDa compared with ∼ 178 kDa of HubP), the
predicted protein exhibited striking similarities to Vibrio
HubP with respect to domain architecture and some other
features (Fig. S7). Both Sputcn32_2442 and Vibrio HubP
are highly acidic proteins (pI 3.87 and 3.22 respectively).
Similar to HubP, Sputcn32_2442 is predicted to possess an
N-terminal signal sequence (likely to be cleaved between
aa 24 and 25) followed by a putative LysM peptidoglycan-
binding domain and a transmembrane domain.
Sputcn32_2442 is annotated to directly begin with the
signal sequence, while VcHubP features a short cytoplas-
mic stretch of amino acids prior to the rather hydrophobic
residues. Both proteins harbor within their cytoplasmic
C-terminal segment a number of copies of an imperfect
repeat that is highly enriched in acidic amino acids (10 in
VcHubP; 9 in Sputcn32_2442). With a length of 37 aa,
these repeats are shorter in Sputcn32_2442 than in
VcHubP (46 aa) and are also less well conserved.
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Fig. 2. Activity and role of FlhF in flagellar placement.
A. The GTPase activity of FlhF is stimulated by the N-terminus of FlhG. GTP hydrolysis in nmol per mg FlhF per hour is given as mean
value ± standard deviation of three independent measurements.
B. FlhF localizes to the flagellated cell pole. Shown are DIC (left) and corresponding fluorescence micrographs of cells harboring fluorescent
fusions to both FlhF and FliM1 as indicated (right).
C. Loss of FlhF results in decreased swimming abilities in soft agar. 3 μl of exponentially growing cultures of the indicated strain were placed
on 0.25% soft agar plates and incubated at 30°C for 16 h. Please note that the complete soft agar plate is displayed in Fig. S2.
D. FlhF has a role in localization of flagellar but not of chemotaxis components. In wild-type cells (upper panel), FliM1, the flagellar filaments
and CheA occur at the cell pole. In the absence of FlhF (lower panel), both FliM1 and flagellar filaments are shifted to lateral positions. In
contrast, chemotaxis components, here CheA, still occur at the cell poles. Displayed are DIC and fluorescent images in which the FlhF, FliM1,
CheA or the flagellins are fluorescently labeled (FlhF-mCherry; FliM1-sfGFP, CheA-mCherry, Alexa-Fluor 488). Arrows mark fluorescent
clusters and the positions of the flagellar filaments’ origins respectively. The scale bar equals 5 μm.
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With respect to the genetic context, both hubP and
Sputcn32_2442 are flanked downstream by truA, a gene
predicted to encode tRNA pseudouridine synthase A.
Potential orthologs to Sputcn32_2442 can be readily iden-
tified in many other sequenced Shewanella species, but
these exhibit variations in protein length and similarity
particularly within the repeat domain of the protein
(Fig. S7). Based on the similarities, and despite the low
overall conservation at protein level, we hypothesized that
Sputcn32_2442, henceforth SpHubP, represents the func-
tional ortholog of VcHubP.

SpHubP localizes the chemotaxis, but not the flagellar
system, to the cell pole

In V. cholerae, HubP has been demonstrated to mediate
polar localization of the chemotaxis cluster and to be
involved in restricting the number of polar flagella to a
single filament. To determine whether this similarly applies
to SpHubP, corresponding fluorescent protein fusions to
FliM1, MCP0976 (Sputcn32_0796-eGFP), CheY (sfGFP-
CheY), CheA (CheY-mCherry) and CheZ (Venus-CheZ)
were introduced into the CN-32 ΔhubP background and
their localization was analyzed by fluorescence micros-
copy (Fig. 3A; Fig. S8A). We observed that, in the absence
of SpHubP, FliM1-sfGFP exclusively remained at the pole in
all cells. In addition, fluorescence labeling of the flagellar
filament in ΔhubP-mutants revealed that the cells still
displayed a single polar filament undistinguishable from
the wild type. However, the number of cells with polar
FliM1-sfGFP clusters dropped significantly in the absence
of SpHubP (wild type, 72%; ΔhubP, 42%), and, accord-
ingly, the number of flagellated cells was correspondingly
lower. In contrast to the flagellar system, components of
the chemotaxis machinery were no longer restricted to the
cell pole but also localized to lateral positions within the cell
envelope (Fig. 3A; Fig. S8A).

We also analyzed the major determinants for polar fla-
gellar localization and number, FlhF and FlhG, in the
CN-32 ΔhubP background (Fig. 3B; Fig. S8B). Polar posi-
tioning of FlhF occurred independently of SpHubP as
FlhF-mCherry exclusively localized in distinct clusters to
the cell poles in both wild-type and the ΔhubP-mutant cells.
However, as already observed with FliM1-sfGFP, the fre-
quency of cells displaying polar FlhF-mCherry foci dropped
significantly in a population of cells lacking SpHubP (wild
type, 73%; ΔhubP, 46%). As previously observed in Vibrio
species (Kusumoto et al., 2008; Yamaichi et al., 2012; Ono
et al., 2015), stable and fully functional FlhG-sfGFP dis-
played a cytoplasmic localization but also accumulated at
the flagellated pole in a number of cells (51%). These
discrete polar foci were virtually absent in a ΔhubP mutant
(0.25%), strongly suggesting that polar localization of FlhG
depends on SpHubP as has previously been observed in

V. cholerae (Yamaichi et al., 2012). Taken together, the
results strongly indicate that localization of the chemotaxis
cluster is exclusively conferred by SpHubP. Positioning of
the polar flagellar system is primarily dictated by FlhF/
FlhG; however, SpHubP directly or indirectly affects the
amount of polar accumulation of FlhF and FlhG and the
size of the cellular subpopulation forming a flagellum.

The absence of SpHubP negatively affects motility

To further determine whether SpHubP might have a direct
or indirect effect on the flagellar function, we analyzed the
swimming behavior of cells by soft-agar assays and light
microscopy (Fig. 4A and B). When placed on soft agar, the
ΔhubP mutant displayed a significantly lower lateral exten-
sion than wild-type cells, indicating a decreased chemot-
actic drift and/or slower swimming. Analysis of cellular
swimming by light microscopy revealed that ΔhubP mutant
cells, in fact, exhibit a significant decrease in average
swimming speed (wild type: 52.7 μm s−1; ΔhubP: 29.5 μm
s−1). Such a phenotype has not been described for VcHubP
before and indicates that SpHubP has further functions in
motor performance in addition to ensuring close proximity
between the chemotaxis and flagellar motor system.

Because the potential homolog of Vc- and SpHubP in
P. aeruginosa, FimV, is required for normal twitching motil-
ity (Semmler et al., 2000; Wehbi et al., 2011), we also
determined type IV pili-mediated twitching motility of
S. putrefaciens CN-32 wild-type and ΔhubP mutant cells.
Although this type of movement was not very pronounced
under the conditions tested, cells lacking SpHubP showed
a significant reduction in the area covered by twitching by
a factor of about 4 (Fig. 4C).

Taken together, the results provide evidence that
SpHubP has different functions with respect to various
aspects of motility in S. putrefaciens CN-32.

SpHubP has a complex localization pattern in
S. putrefaciens CN-32

To determine the localization of SpHubP in S. putrefa-
ciens CN-32 cells, we constructed a hybrid gene encoding
a C-terminal fusion to sfGFP or mCherry, which we inte-
grated into the chromosome to replace the native hubP.
Immunoblotting analysis confirmed that SpHubP-sfGFP
and SpHubP–mCherry were stably produced, and swim-
ming analysis indicated that the labeled proteins were
fully functional (Figs S1 and S2). Fluorescence micros-
copy revealed that SpHubP-sfGFP mainly co-localizes
with FliM1-mCherry to the flagellated cell pole (Fig. 5A).
The majority of cells (95%) also displayed minor fluores-
cence foci at the opposite pole with about half the intensity
(47%) of that of the main cluster. In addition, in cells which
were in the process of dividing, SpHubP-mCherry was
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observed to accumulate at the division plane where it
co-localized with the fluorescently labeled cell division
protein ZapA-sfGFP (Fig. 5B). Time-lapse microscopy
and quantification of the fluorescent foci’s fluorescence
intensity (Fig. 6A and B) strongly suggested that targeting
of SpHubP to the cell division plane resulted in formation
of the minor SpHubP cluster that is observed at the new,
nonflagellated cell poles after completion of cell division
and fission. The fluorescent signal at the new cell pole
rapidly gained intensity (almost reaching fluorescent
intensity observed in the division plane within 10 min;

Fig. 6B), strongly indicating an immediate recruitment of
further copies of SpHubP to the new cell pole. The signal
further increased significantly during cell growth over
40 min (corresponding to one generation time) until
reaching the intensity observed at the opposite pole. Both
major and minor SpHubP clusters displayed fluorescence
recovery after complete bleaching with a half-time of
about 3.2 min (major cluster) and 3.7 min (minor cluster).
Thus, at least a fraction of SpHubP proteins within the
clusters is constantly exchanged, or further copies of the
protein are constantly recruited to both clusters (Fig. 5D).

Fig. 3. Localization of flagellar and chemotaxis components in dependence of SpHubP.
A. In the absence of SpHubP, FliM1 and flagellar filaments remain at the cell pole, while chemotaxis components, such as CheA, are
delocalized to subpolar positions.
B. In the presence of SpHubP, both FlhF and FlhG occur at the cell pole (upper panels, the corresponding line scan analysis can be found in
Fig. S8). In ΔhubP-mutant cells (lower panel), FlhF remains at the cell pole while FlhG loses its polar accumulation pattern. Displayed are DIC
and fluorescent micrographs in which FliM1, CheA and the flagellar filament are appropriately labeled (FliM1-sfGFP, CheA-mCherry,
Alexa-Fluor 488). Arrows mark fluorescent clusters. The scale bar equals 5 μm.
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The same localization pattern for SpHubP occurred in S.
putrefaciens cells in which the full gene locus encoding the
primary polar flagellar system including flhF was deleted
(ΔclusterI) (Fig. S9B), confirming that neither FlhF nor any
other component of the polar flagellum is directly or indi-
rectly required to target SpHubP to the cell pole or division
plane. When expressing a truncated version of hubP which
only encodes the N-terminal part including the signal
sequence and the predicted peptidoglycan-binding LysM
domain (aa 1–134), we observed a localization pattern
reminiscent to that of full-length SpHubP-sfGFP (Fig. 5C).
We thus concluded that the N-terminal LysM-containing

domain of SpHubP is sufficient for specific cellular target-
ing of the protein. When full-length SpHubP-sfGFP or
LysM-mCherry was heterologously produced in E. coli,
both proteins similarly localized to the cell pole regions, the
cell envelope, and the division plane (Figs S5 and S9C).
Thus, the LysM-targeted localization of SpHubP is not
specific for Shewanella. Notably, ectopic overproduction of
SpHubP-sfGFP in S. putrefaciens CN-32 did not result in
polar enrichment of the protein, but the excessive amounts
were rather targeted to and accumulated at the cell enve-
lope and division plane. These cells exhibited a distinct
phenotype during growth in planktonic cultures, i.e. the
occurrence of numerous smaller and elongated cells as
well as chains of cells that had not separated after com-
pletion of cell division. This finding is indicating that an
excess of SpHubP interferes with normal cell division
(Fig. S9B and D). Because a similar phenotype was
observed upon overproduction of LysM-sfGFP, the effect is
likely conferred by the N-terminal periplasmic domain of
SpHubP.

SpHubP, but not FlhF, targets the oriC to the cell pole
during cell division

VcHubP has been shown to orchestrate polar localization
of the oriCI of the larger of the two V. cholerae chromo-
somes. To determine whether or not SpHubP fulfills a
similar function in S. putrefaciens CN-32, we fused the
ParB (Sputcn32_3965) C-terminus to mCherry. The hybrid
gene was chromosomally integrated to replace the native
parB. ParB is an origin-associated centromere-binding
protein and thus marks the localization of the chromosomal
origin. We observed no phenotype with respect to cell
morphology or growth rate in the resulting strain (mCherry-
parB), indicating that the fusion protein is fully functional.

The mCherry-ParB fusion enabled us to follow chromo-
some segregation in CN-32 over the cell cycle by fluores-
cence microscopy (Fig. 6A). Under the growth conditions

Fig. 4. SpHubP is required for normal motility in S. putrefaciens
CN-32.
A. Contribution of SpHubP to spreading in soft agar. There was 3
μl of exponentially growing cultures of the corresponding strains
placed on an agar plate solidified with 0.25 % agar and incubated
for 16 h.
B. Contribution of SpHubP to flagellar performance. Displayed is
the swimming speed of wild-type and ΔhubP strains. The box
represents the interquartile range of the data. The average and the
median are shown as ‘□’ and ‘—’, and the whiskers denote the
data range of the 5th and 95th percentile. Minimum and maximum
are represented by ‘x’. Swimming speed was determined for 200
cells each. Performance of the wild-type flagellar motor is
significantly different from that of ΔhubP-mutant cells (ANOVA, P
value 0.05).
C. Contribution of SpHubP to twitching motility. The micrographs
show images of the radial extension formed by twitching cells, the
quantification of which is displayed below. The error bars show the
standard deviation of five independent experiments.
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applied, a new replication was already initiated before cell
separation, resulting in cells with four mCherry-ParB foci
(33% of the population). In wild-type cells, mCherry-ParB
fluorescent foci moved towards the opposite cell pole until
they co-localized with fluorescently tagged SpHubP
directly at the cell pole. In contrast, when SpHubP was
absent, the mCherry-ParB foci remained at 1/4 or 3/4
position of the cell and did not resume full localization to the
cell pole (Fig. 6C and D, Fig. S10A and B). Based on these
observations, we concluded that SpHubP has a function in
chromosome segregation and is required for recruitment of
oriC to the cell pole. Notably, the difference in chromosome
segregation between wild-type and ΔhubP cells did not
result in a significant phenotype with respect to growth or
cell morphology. However, we noticed a slight difference in
the timing of cell division: Under our experimental condi-
tions, wild-type cells consistently exhibited a visible con-
striction when cells reached a length of 4.5 μm. In contrast,
in ΔhubP-mutant cells, formation of the constriction
occurred at less-defined cell lengths in a range of 3.6–
4.4 μm. In contrast, polar localization of mCherry-ParB-
marked oriC was unaffected by the presence or absence of
FlhF (Fig. S10B).

Taken together, we have shown here that S. putrefa-
ciens CN-32 possesses two distinct polar landmark
systems, FlhF and SpHubP. Both proteins display distinct
localization patterns, and while FlhF regulates the number
and polarity of the primary flagellar system, SpHubP is
required to target the chromosomal origin region and the
chemotaxis system to the designated cell pole and likely
performs some additional functions with respect to cellular
motility (Fig. S11).

Discussion

For the vast majority of bacterial species, proper spati-
otemporal regulation of cell polarity is crucial for a number
of important or even essential cellular processes, such as
chromosome segregation and cell division, differentiation,
and cell motility (Treuner-Lange and Søgaard-Andersen,
2014). The latter is particularly evident for polarly flagel-
lated bacterial species. These bacteria need to synthesize
one or more new flagellar machineries at the designated
cell pole, and this process often has to be strictly coordi-
nated with the cell cycle to ensure that the daughter cell is
immediately motile after separation from the mother cell

Fig. 5. Localization patterns of SpHubP. Displayed are DIC and fluorescent micrographs of cells harboring fluorescently labeled components
as indicated below the corresponding panels. Arrows indicate the position of fluorescent clusters. The scale bar equals 5 μm.
A. SpHubP-sfGFP co-localizes with FliM1 at the corresponding poles but also forms a minor cluster at the opposite cell pole.
B. SpHubP-mCherry also accumulates at the division plane where it co-localizes with ZapA-sfGFP.
C. Localization pattern of SpHubP-sfGFP (left panels) and its periplasmic domain (LysM-mCherry; right panels) upon ectopic production.
D. Rate of SpHubP exchange as determined by FRAP. Displayed is the normalized averaged fluorescence intensity as a function of time for
SpHubP-sfGFP at the flagellated (black squares) and the non-flagellated (white circles) pole. Error bars display the standard error. The poles
were defined prior to bleaching by co-localization with FliM1-mCherry.
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(Chilcott and Hughes, 2000; Ryan and Shapiro, 2003). In
most bacterial species, motor functions can be modulated
by one or more associated chemotaxis systems which
allow biased movement towards a source of attractant or
away from a repellent (Porter et al., 2011; Sourjik and
Wingreen, 2012). Components of bacterial chemotaxis
systems are commonly arranged in large macromolecular
clusters whose size has allowed their visualization and
structural characterization by means of electron cryo
tomography (Zhang et al., 2007; Briegel et al., 2009; 2012;
Liu et al., 2012). In a number of bipolarly or unisemipolarly
flagellated bacterial species, such as Caulobacter cres-
centus, P. aeruginosa and V. cholerae, specific chemot-
axis arrays localize in discrete foci at or close to the
flagellated cell pole (Alley et al., 1992; Wadhams et al.,
2003; Bardy and Maddock, 2005; Ringgaard et al., 2011).
This proximity of the chemotaxis system and the receiving
flagellar motors has been suggested to facilitate rapid
signal exchange via CheY and, hence, chemotactic effi-

ciency (Sourjik and Berg, 2002; Lipkow et al., 2005;
Ringgaard et al., 2014), and to ensure the inheritance of a
functional chemotaxis array upon division (Jones and
Armitage, 2015). S. putrefaciens CN-32 belongs to the
bacterial species which are equipped with two complete
distinct flagellar systems, a primary polar and a secondary
lateral system. Under appropriate conditions, both
systems are synchronously assembled (Bubendorfer
et al., 2012). Our study demonstrates that also in
Shewanella, the chemotaxis cluster is localized to the
flagellated cell pole. We have previously shown that the
polar flagellar system primarily mediates cellular propul-
sion and is directly addressed by CheY. In contrast, the
secondary system constantly rotates in a counterclockwise
direction and does not respond to the chemotaxis system.
This is likely due to the absence of the conserved
N-terminal CheY-binding motif in the FliM2 motor protein of
the secondary system (Bubendorfer et al., 2014). Thus, in
S. putrefaciens CN-32, the primary flagellar motor and its

Fig. 6. Localization of oriC in dependence of SpHubP.
A. Localization patterns of SpHubP-sfGFP and ParB-mCherry during a full cell cycle. Shown are DIC (upper panel) and corresponding
fluorescent micrographs (lower panel) of cells in which ParB as a marker for oriC was labeled with mCherry and SpHubP was labeled with
sfGFP. Yellow spots mark areas in which ParB and SpHubP co-localize. The scale bar represents 5 μm.
B. HubP-sfGFP fluorescence intensity at midcell prior to cell fission and at each new cell pole 5–10 min after cell fission.
C. Left panel: Positioning of SpHubP-sfGFP (green) and mCherry-ParB (mC-parB; red) relative to the cell length (black line). Right panel:
Positioning of mCherry-ParB (mC-parB; red) relative to the cell length (black line) in the absence of SpHubP. A corresponding image also
displaying fluorescence intensity can be found in Fig. S10A.
D. Line scan analysis of the average mCherry-ParB (mC-parB) fluorescence intensity relative to the cell length. In wild-type cells (solid line)
the oriC is localized close to the cell poles while it remains at a 1/3 position in ΔhubP cells (dashed line).
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corresponding chemotaxis system are localized in close
proximity, which likely enables rapid signal exchange via
phosphorylated CheY. In contrast, the lateral filaments
operate independently to curb the cellular turning angles
during chemotaxis to increase spreading efficiency of the
population (Bubendorfer et al., 2014).

The close proximity of chemotaxis and flagellar systems
in various bacterial species might lead to the speculation
that polar localization of both molecular machines is medi-
ated by the same polar landmark system. Correspondingly,
previous studies on P. aeruginosa strongly indicated that
both the polar flagellar system as well as at least one of the
chemotaxis arrays depend on the polar targeting system
FlhF/FlhG (Kulasekara et al., 2013). In contrast, in V. chol-
erae, polar localization of the chemotaxis cluster is inde-
pendent of FlhF (Ringgaard et al., 2011) but instead
requires the multidomain protein HubP (Yamaichi et al.,
2012). Our studies demonstrate that in S. putrefaciens
CN-32, the GTPase FlhF specifically serves as the land-
mark protein for polar localization of the flagellar system
and exhibits the corresponding localization to the old cell
pole. In S. putrefaciens CN-32, deletion of flhF negatively
affects production of flagella and results in displacement of
the flagellum from the cell pole to more lateral positions.
These data are fully consistent with those obtained for
other polarly flagellated gammaproteobacteria (summa-
rized in Kazmierczak and Hendrixson, 2013). In contrast to
the primary flagellar system, normal polar localization of
the chemotaxis system in S. putrefaciens CN-32 occurs
independently of FlhF and requires the presence of
another polar multidomain landmark protein, which we
identified as the functional ortholog of VcHubP.

Along most of their length, VcHubP and SpHubP exhibit
little similarity at the amino acid level with the exception of
the N-terminal and far C-terminal sections (Figs S6, S7,
S11). The conserved N-terminal section harbors the peri-
plasmic part of HubP including the LysM domain and the
downstream transmembrane domain. In both species, this
LysM-containing part of the protein appears to be required
for targeting HubP to the designated cellular compartment.
The localization pattern of SpHubP is complex: In most
cells, the protein forms a distinct cluster at the flagellated
cell pole and a smaller cluster at the opposite pole. As
indicated by FRAP experiments, SpHubP molecules in
both major and minor clusters are constantly exchanged at
a similar rate. During cell division, the minor SpHubP
cluster appears to increase in size while the chromosomal
origin is moved towards that pole. Overproduction of both
full-length SpHubP-sfGFP and LysM-sfGFP did not lead to
infinite growth of the polar clusters, indicating that only a
certain amount of SpHubP may join these clusters. Excess
SpHubP occurring in the cell envelope may then be tar-
geted to the cellular division plane. After completion of
division, the new poles of both mother and daughter cells

bear the minor SpHubP cluster while the major cluster
remains at the old pole which is decorated with the primary
flagellar and the corresponding chemotaxis system. Thus,
similar to what has been shown for TipN in C. crescentus,
this minor SpHubP cluster might serve as a marker for
future polar assembly sites in the progeny cells (Huitema
et al., 2006; Lam et al., 2006). Overproduction of TipN in
C. crescentus results in the formation of lateral cell poles
and leads to cellular branching. In contrast, in S. putrefa-
ciens CN-32, SpHubP-sfGFP and LysM-sfGFP do not form
subpolar clusters upon overproduction but diffusively
accumulate in the cell envelope and at the cell division
plane. We thus hypothesize that the observed phenotype
with respect to cell size and cell separation in S. putrefa-
ciens CN-32 at excessive levels of SpHubP (or its periplas-
mic part) might rather be due to interference between cell
division proteins and the periplasmic domain of SpHubP.
The homologous periplasmic region of P. aeruginosa FimV
has previously been shown to bind peptidoglycan (Wehbi
et al., 2011) and, upon overproduction, may lead to
cell elongation, vaguely reminiscent of the phenotype
observed in CN-32 (Semmler et al., 2000). It remains to be
shown how VcHubP, SpHubP or FimV are targeted to the
cell pole and/or the division site. It might be speculated that
this targeting is due to specific regions within the peptido-
glycan, such as the nascent cell wall formed during cell
fission, and that the resulting minor cluster of HubP is then
required to recruit further HubP copies to the new cell
pole after cell separation. When SpHubP-sfGFP or LysM-
sfGFP are ectopically produced in E. coli, the protein local-
izes to the cell poles and cell division plane as observed in
Shewanella, suggesting that similar structures are recog-
nized by the periplasmic region of SpHubP in both species.
However, it should be noted that VcHubP is directed to the
cell envelope in E. coli, but does not exhibit its normal
localization pattern in this species.

In contrast to the periplasmic region, the cytoplasmic
parts of SpHubP and VcHubP are far less conserved and,
in addition, this section is considerably shorter in SpHubP
(Figs S6 and S7). However, both proteins harbor within this
domain 9 or 10 copies of an imperfect repeat of an amino
acid motif that is highly enriched in aspartate and gluta-
mate residues and thus imparts a highly acidic character
on the protein. Studies on VcHubP have provided evidence
that the protein exerts its function as a polar hub by
directing ParA-like ATPases, which are commonly impli-
cated in spatiotemporal organization processes in bacteria
(Lutkenhaus, 2012), to the designated cell pole (Yamaichi
et al., 2012). ParA1, required for segregation of the larger
of the two V. cholerae chromosomes, has been shown to
directly interact with the repeat region of VcHubP and this
might be similarly true for SpParA and SpHubP, because a
deletion in hubP results in a very similar phenotype with
respect to chromosome segregation in both V. cholerae
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and S. putrefaciens. Direct interaction of VcParC, which is
implicated in positioning of the chemotaxis machinery
(Ringgaard et al., 2011), and VcHubP could not be dem-
onstrated, strongly indicating that not all VcHubP client
proteins have been identified yet (Yamaichi et al., 2012).
Accordingly, deletion of the obvious VcParC ortholog in
S. putrefaciens CN-32 (Sputcn32_2553) did not exhibit a
major phenotype with respect to chemotactic swimming
(data not shown). The findings strongly suggest that other,
yet unidentified, factors are required to mediate polar
recruitment of the chemotaxis complex by HubP.

In S. putrefaciens, polar targeting of FlhF and SpHubP
and localization of flagellar and chemotaxis systems
appear to occur independently. However, when SpHubP
is absent, FlhF and, accordingly, FliM1 was observed at
the cell pole in a significantly smaller cell population,
indicating that SpHubP might be involved in regulating the
ability of FlhF to accumulate at the cell pole and to recruit
basal body proteins. A previous study has provided evi-
dence that a high amount of FlhG negatively affects polar
localization of FlhF in V. alginolyticus (Kusumoto et al.,
2008). Recent work on the same species provided further
conclusive evidence that polar localization of FlhG
strongly depends on the ATPase activity of the protein and
has a strong effect on the polar accumulation of FlhF and,
hence, the formation of flagella at the cell pole (Ono et al.,
2015). Notably, HubP was shown to directly interact with
FlhF and FlhG in V. cholerae (Yamaichi et al., 2012), and
we have shown here that also in S. putrefaciens CN-32,
FlhG localizes to the flagellated cell pole in a SpHubP-
dependent fashion. This may suggest that while SpHubP
might not directly localize FlhF, it might mediate proper
FlhF-FlhG interactions at the cell pole to restrict the for-
mation of the number of polar flagella to one in the appro-
priate number of cells. In addition, we could provide
evidence that SpFlhF and SpFlhG interact in vitro and that
the N-terminal section of SpFlhG stimulates the GTPase
activity of SpFlhF. Thus, SpHubP-mediated interaction
between FlhF and FlhG and control of the GTPase activity
might affect FlhF-related functions such as polar accumu-
lation and recruitment of flagellar components, but also
flagellar performance, as has recently been suggested for
P. aeruginosa (Schniederberend et al., 2013). Accord-
ingly, a deletion of hubP in both V. cholerae and S. putre-
faciens CN-32 resulted in a significantly decreased ability
to navigate through soft agar. In V. cholerae, this pheno-
type has been mainly attributed to a decrease in the
chemotactic drift of the population due to the, on average,
increased distance between the chemotaxis machinery
and the flagellar motor, resulting in a limited ability to
induce directional switches appropriately (Ringgaard
et al., 2011; Yamaichi et al., 2012). However, we addition-
ally found that in S. putrefaciens CN-32 ΔhubP mutants,
the average swimming speed in planktonic cultures was

significantly reduced which cannot be solely attributed to
the loss of chemotaxis (Bubendorfer et al., 2014). While
this observed decrease in swimming speed might be due
to SpHubP-FlhF/FlhG interaction as elaborated above, it
might similarly be speculated that SpHubP directly or indi-
rectly recruits other proteins that affect flagellar functions
(Boehm et al., 2010; Fang and Gomelsky, 2010; Paul
et al., 2010; Kulasekara et al., 2013). We have shown that
also type IV pili-mediated twitching motility, which requires
polar assembly and disassembly of pili fibers (Burrows,
2012), is affected in S. putrefaciens ΔhubP. We thus
expect that further interaction partners, or ‘client’ proteins,
of SpHubP remain to be identified which do not belong to
the group of ParA-like proteins.

Potential HubP or FimV orthologs can be identified in a
number of different bacterial genera (Semmler et al., 2000;
Yamaichi et al., 2012). All of these proteins share an
N-terminal periplasmic domain comprising the, putatively
peptidoglycan-binding, LysM-domain. This N-terminal
domain might also be involved in mediating protein–protein
interactions within the periplasm or membrane (Wehbi
et al., 2011). In addition, all these proteins are character-
ized by a highly acidic cytoplasmic part which appears to
function as the docking region for other appropriate inter-
action partners. This cytoplasmic region is little conserved
at the amino acid level but also with respect to protein
length and the presence and organization of repeat units,
and even within a group of closely related species, such as
in various Shewanella sp., the cytoplasmic part of HubP/
FimV exhibits a high degree of variation. It might thus be
speculated that polar targeting within the cell by the LysM
domain is conserved throughout the species. In contrast,
the cytoplasmic and also the periplasmic parts may have
adapted to the specific requirement of the host species for
polar localization of client proteins or protein complexes.
These differences might be the reason why the chemotaxis
system is localized by HubP in V. cholerae and S. putrefa-
ciens CN-32, but directly or indirectly depends on FlhF in
P. aeruginosa. Thus, HubP/FimV proteins might have
numerous different functions, including various aspects of
motility and chromosome segregation as shown for P. aer-
uginosa, V. cholerae and S. putrefaciens CN-32 (Semmler
et al., 2000; Wehbi et al., 2011; Yamaichi et al., 2012;
Fig. S11). We expect that future studies on different
species will identify further processes which are spatiotem-
porally organized by HubP/FimV proteins.

Experimental procedures

Strains, growth conditions and media

All strains used in this study are listed in Table S1. E. coli
strains were routinely cultured in LB medium at 37°C if not
indicated otherwise. S. putrefaciens CN-32 strains were cul-
tivated in LB or LM (10 mM HEPES, pH 7.5; 200 mM NaCl;
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