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The single polar flagellum of Shewanella oneidensis MR-1 is powered by two different stator complexes, the
sodium-dependent PomAB and the proton-driven MotAB. In addition, Shewanella harbors two genes with
homology to motX and motY of Vibrio species. In Vibrio, the products of these genes are crucial for sodium-
dependent flagellar rotation. Resequencing of S. oneidensis MR-1 motY revealed that the gene does not harbor
an authentic frameshift as was originally reported. Mutational analysis demonstrated that both MotX and
MotY are critical for flagellar rotation of S. oneidensis MR-1 for both sodium- and proton-dependent stator
systems but do not affect assembly of the flagellar filament. Fluorescence tagging of MotX and MotY to
mCherry revealed that both proteins localize to the flagellated cell pole depending on the presence of the basal
flagellar structure. Functional localization of MotX requires MotY, whereas MotY localizes independently of
MotX. In contrast to the case in Vibrio, neither protein is crucial for the recruitment of the PomAB or MotAB
stator complexes to the flagellated cell pole, nor do they play a major role in the stator selection process. Thus,
MotX and MotY are not exclusive features of sodium-dependent flagellar systems. Furthermore, MotX and
MotY in Shewanella, and possibly also in other genera, must have functions beyond the recruitment of the
stator complexes.

Flagellum-mediated swimming motility is a widespread
means of locomotion among bacteria. Flagella consist of pro-
tein filaments that are rotated at the filament’s base by a
membrane-embedded motor (3, 39). Rotation is powered by
electrochemical gradients across the cytoplasmic membrane.
Thus far, two coupling ions, sodium ions and protons, have
been described as energy sources for bacterial flagellar motors
(4, 24, 48). Two major components confer the conversion of
the ion flux into rotary motion. The first component forms a
rotor-mounted ring-like structure at the base of the flagellar
basal body and is referred to as the switch complex or the C
ring; it is composed of the proteins FliG, FliM, and FliN. The
second major component is the stator system, consisting of
membrane-embedded stator complexes that surround the C
ring (3). Each stator complex is composed of two subunits in a
4:2 stoichiometry. In Escherichia coli, MotA and MotB consti-
tute the stator complex by forming a proton-specific ion chan-
nel; the Na�-dependent counterpart in Vibrio species consists
of the orthologs PomA and PomB (1, 5, 49). MotA and PomA
both have four transmembrane domains and are thought to
interact with FliG via a cytoplasmic segment to generate
torque (2, 50). Stator function is presumably made possible by
a peptidoglycan-binding motif located at the C-terminal por-
tion of MotB and PomB that anchors the stator complex to the
cell wall (1, 8). In E. coli, at least 11 stator complexes can be

synchronously involved in driving flagellar rotation (35). How-
ever, a single complex is sufficient for rotation of the filament
(36, 40). Despite its tight attachment to the peptidoglycan, the
stator ring system was found to form a surprisingly dynamic
complex. It has been suggested that inactive precomplexes of
the stators form a membrane-located pool before being acti-
vated upon incorporation into the stator ring system around
the motor (13, 45). In E. coli, the turnover time of stator
complexes can be as short as 30 s (21).

In Vibrio species, two auxiliary proteins, designated MotX
and MotY, are required for motor function of the Na�-driven
polar flagellar system (22, 23, 28, 31). Recently, it was shown
that the proteins associate with the flagellar basal body in
Vibrio alginolyticus to form an additional structure, the T ring
(42). MotX interacts with MotY and the PomAB stator com-
plexes, and both proteins are thought to be crucial for the
acquisition of the stators to the motor of the polar flagellum.
(29, 30, 42). A MotY homolog is also associated with the
proton-dependent motor system of the lateral flagella of V.
alginolyticus that is induced under conditions of elevated vis-
cosity (41).

We recently showed that Shewanella oneidensis MR-1 uses
two different stator systems to drive the rotation of its single
polar flagellum, the Na�-dependent PomAB stator and the
proton-driven MotAB stator. As suggested by genetic data, the
MotAB stator has been acquired by lateral gene transfer, pre-
sumably in the process of adaptation from a marine to a fresh-
water environment (32). The two different stators are recruited
to the motor in a way that depends on the sodium ion concen-
tration in the medium. The Na�-dependent PomAB stator is
present at the flagellated cell pole regardless of the sodium ion
concentration, whereas the proton-dependent MotAB stator
functionally localizes only under conditions of low sodium or in
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the absence of PomAB. It is still unclear how stator selection
is achieved and whether additional proteins play a role in this
process.

Orthologs of motX and motY have been annotated in S.
oneidensis MR-1. We thus hypothesized that MotX and MotY
might play a role in stator selection in S. oneidensis MR-1.
However, the originally published sequence of motY harbors a
frameshift that would result in a drastically truncated protein
lacking a functionally relevant putative peptidoglycan-binding
domain at its C terminus (16, 18). This situation seemed in-
consistent with a role for MotY in S. oneidensis MR-1.

Here we describe a functional analysis of the MotX and
MotY orthologs in S. oneidensis MR-1. We found that motY
does not, in fact, contain a frameshift mutation, so that MotY
is translated in its full-length form. Both MotX and MotY were
essential for Na�-dependent and proton-dependent motility.
Therefore, these proteins have a role in S. oneidensis MR-1
that differs from their function in Vibrio species. We also used
fusions to the fluorescent protein mCherry for functional lo-
calization studies of MotX and MotY.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and media. The bacterial strains used in
this study are listed in Table 1. Escherichia coli strains were grown in LB medium
at 37°C. For strain WM3064, 2,6-diaminopimelic acid (DAP) was added to a final
concentration of 300 �M. S. oneidensis strains were cultivated in LB or LM (32)
medium as indicated. When necessary, media were solidified using 1.5% (wt/vol)
agar and/or supplemented with 10 �g � ml�1 chloramphenicol, 10 �g � ml�1

gentamicin, and/or 25 �g � ml�1 kanamycin. Protein localization depending on
sodium concentration was carried out in LM medium with the indicated amount
of sodium chloride added. To obtain a similar ionic strength in the medium, KCl
was added to yield an overall concentration of 100 mM.

Strain constructions. DNA manipulations were carried out according to stan-
dard techniques (37). Kits for isolation of chromosomal DNA, isolation of
plasmids, and purification of PCR products were purchased from Qiagen
(Hilden, Germany), Sigma Aldrich GmbH (Taufkirchen, Germany), and/or
HISS Diagnostics GmbH (Freiburg, Germany). Enzymes were obtained from
New England Biolabs (Frankfurt, Germany) and Fermentas (St. Leon-Rot, Ger-
many). Sequencing was conducted using the BigDye Terminator v3.1 cycle se-
quencing kit (Applied Biosystems, Darmstadt, Germany), and the reactions were
then analyzed on a 3130 genetic analyzer (Applied Biosystems, Darmstadt,
Germany).

For resequencing of motY, the gene region was amplified from chromosomal
DNA and, after treatment with BamHI and XhoI, cloned into the vector pBC
SK�. Five independent clones were sequenced.

In-frame deletion mutations of motX and motY in S. oneidensis MR-1 strains
were constructed as described previously (43, 44). DNA fragments that encom-
passed only short terminal 5� and 3� sections of the target genes were amplified
by PCR using corresponding primer pairs (see Table S1 in the supplemental
material). After purification and treatment with appropriate restriction enzymes,
the fragments were ligated to yield an in-frame fusion product encoding a
drastically truncated gene product. Subsequently, the fusion product was ampli-
fied using the outer primers, digested with appropriate enzymes, and ligated into
suicide vector pGP704-Sac28Km. The resulting plasmid was introduced into the
corresponding S. oneidensis MR-1 strain by conjugative mating using E. coli
WM3064 as a donor on LB medium containing DAP. Single-crossover integra-
tion mutants were selected on LB plates containing kanamycin but lacking DAP.
Single colonies were grown overnight in liquid LB without antibiotics and plated
on LB containing 10% (wt/vol) sucrose to screen for plasmid excision by double-
crossover events. Kanamycin-sensitive colonies were then checked for the tar-
geted deletion by colony PCR using primers bracketing the location of the
deletion.

To complement the deletion mutations in motX and motY, the gene regions
were amplified from chromosomal DNA, digested with BamHI and EcoRI,
cloned into pBBR1-MCS5, and introduced into S. oneidensis MR-1 by electro-
poration (27).

For C-terminal tagging of proteins to mCherry, the mCherry gene was ampli-
fied and cloned into the suicide vector pJP5603 after digestion with BamHI and

SalI to yield plasmid pJP5603-mCherry. A derivative of mCherry that was
adapted to the codon usage of S. oneidensis MR-1 was used. DNA fragments
encoding the C termini of MotX and MotY were amplified and ligated into the
EcoRI/BamHI site of pJP5603-mCherry to yield a functional in-frame fusion in
which the corresponding target protein is linked to mCherry by a Gly-Ser-Gly-
Gly-Gly linker peptide. The resulting constructs were conjugated into S. onei-
densis MR-1 from E. coli WM3064, and kanamycin-resistant colonies were
checked for the correct insertion by PCR.

Motility assays. Rapid motility screening was carried out by spotting 3 �l of a
liquid culture of the corresponding strain on plates that contained LB medium
with an agar concentration of 0.25% (wt/vol). Although these plates are com-
monly referred to as “swarming plates,” the bacterial movement that was actually
scored was flagellum-mediated swimming motility. Strains to be directly com-
pared were always spotted onto the same individual plate. Motility was scored
after overnight incubation at 30°C.

To monitor swimming motility in liquid media, cell material was directly
transferred from fresh overnight LB plates to LB or LM medium to yield an
optical density at 600 nm of 0.2 to 0.4 and incubated for 30 min at room
temperature. Swimming motility was then determined by light microscopy.

Fluorescence microscopy. Prior to microscopy, cells were immobilized on pads
composed of LM medium solidified with 1% agarose. Microscopy was performed
with an upright Zeiss Image MI (Oberkochen, Germany) equipped with Cascade
1K camera (Visitron Systems, Puchheim, Germany) and a Zeiss Plan Apochro-
mat 100�/1.4 differential interference contrast (DIC) objective. Image process-
ing was carried out using Metamorph 7.1.2, Adobe Photoshop CS2, and Adobe
Illustrator CS2. When polar localization was determined, at least 250 cells per
data point were observed.

Flagellum staining. The flagellation state was visualized by the silver impreg-
nation method, which was carried out essentially as described earlier (6). For
colocalization of mCherry-tagged stator subunits with the flagellum, the flagellar
filaments were visualized by fluorescence labeling using Alexa Fluor 488 carbox-
ylic acid succinimidyl ester (Invitrogen) as previously reported (32). Fluores-
cence microscopy was carried out as described above. Visualization of the flagel-
lar filament was enhanced by using the “sharpen” function of the Metamorph
software.

Immunoblot analysis. To obtain protein lysates for determining the stability of
the MotX-mCherry and MotY-mCherry fusions, cells corresponding to an opti-
cal density at 600 nm of 0.25 from exponentially growing LB cultures were
harvested by centrifugation. The sediments were resuspended in 25 �l sample
buffer (20), heated at 99°C for 5 min, and stored at �20°C. Ten microliters of the
sample was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis on 12% polyacrylamide gels. Subsequently, proteins were transferred to
polyvinylidene difluoride membranes by semidry transfer. For detection of the
proteins, polyclonal antibodies raised against dsRed (Clontech) were used at a
dilution of 1:500. Secondary anti-rabbit immunoglobulin G–horseradish peroxi-
dase antibody was used at a dilution of 1:20,000, and signals were detected using
the Western Lightning chemiluminescence reagent (Perkin-Elmer LAS, Inc.)
followed by exposure to autoradiography film.

RESULTS

S. oneidensis MR-1 possesses motX and motY orthologs. The
S. oneidensis MR-1 genome sequence (16) contains two open
reading frames that were annotated as motX (SO_3936) and
motY (SO_2754) based on homologies to the corresponding
genes in Vibrio species. The deduced amino acid sequence of
motX exhibits 40% identity and 59% similarity to that of MotX
of V. alginolyticus. As in Vibrio, the convergently transcribed
gene upstream of motX encodes a protein suggested to be
involved in purine ribonucleotide synthesis. MotX is predicted
to have a molecular mass of 23.2 kDa and to harbor three Sel1
domains, which are thought to mediate protein-protein inter-
actions (15, 26). Sequence analysis using SignalP (12) strongly
indicates that MotX has a signal peptide that should be cleaved
between amino acids 19 and 20.

The original sequence of motY in S. oneidensis MR-1 in-
cluded a frameshift that would create a truncated protein likely
to be nonfunctional (16). In order to verify the correctness of
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that sequence, chromosomal DNA was prepared from an S.
oneidensis MR-1 culture exhibiting good swimming motility as
determined by light microscopy prior to cell harvest. The gene
region of motY was amplified and cloned. The sequences ob-
tained from five independent clones revealed that the origi-
nally published sequence contains an insertion of an additional
adenosine at position 420, leading to two consecutive stop
codons and early termination of translation. However, the
open reading frame of motY amplified from motile S. oneiden-

sis MR-1 cells encompasses 871 bp, encoding a protein of 289
amino acids with a calculated molecular mass of 33.0 kDa. All
further characterizations carried out in this study will refer to
that full-length MotY. Similar to the case for MotX, MotY was
predicted to harbor a signal peptide with a cleavage site be-
tween amino acids 19 and 20. The protein exhibits 44% identity
and 66% similarity to MotY of V. alginolyticus and is predicted
to have a putative peptidoglycan-binding domain at the C
terminus. As in Vibrio species, the divergently transcribed open

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype and/or phenotypea Source or reference

Escherichia coli strains
DH5�-�pir �80dlacZ	M15 	(lacZYA-argF)U196 recA1 hsdR17 deoR thi-1 supE44 gyrA96

relA1/�pir
25

WM3064 thrB1004 pro thi rpsL hsdS lacZ	M15 RP4-1360 	(araBAD)567
	dapA1341::
erm pir(wt)�

W. Metcalf, University of Illinois,
Urbana-Champaign

Shewanella oneidensis
strains

MR-1 Wild type 46
S208 MR-1 	fliF This work
S182 MR-1 	motX This work
S257 MR-1 	motY This work
S256 MR-1 	motX 	motY This work
S258 MR-1 	motX 	pomAB This work
S255 MR-1 	motY 	pomAB This work
S1099 MR-1 	motX 	motAB This work
S1100 MR-1 	motY 	motAB This work
S305 MR-1 	motX pBBR-motX, complementation of 	motX, Gmr This work
S323 MR-1 	motY pBBR-motY, complementation of 	motY, Gmr This work
S292 MR-1 motX-mCherry, C-terminal fusion of motX to mCherry, Kmr This work
S293 MR-1 motY-mCherry, C-terminal fusion of motY to mCherry, Kmr This work
S296 MR-1 	fliF motX-mCherry, Kmr This work
S297 MR-1 	fliF motY-mCherry, Kmr This work
S295 MR-1 	motX motY-mCherry, Kmr This work
S294 MR-1 	motY motX-mCherry, Kmr This work
S166 MR-1 pomB-mCherry, C-terminal fusion of pomB to mCherry, Kmr 32
S265 MR-1 	motX pomB-mCherry, Kmr This work
S267 MR-1 	motY pomB-mCherry, Kmr This work
S266 MR-1 	motXY pomB-mCherry, Kmr This work
S1150 MR-1 	motAB 	motXY pomB-mCherry, Kmr This work
S165 MR-1 motB-mCherry, C-terminal fusion of motB to mCherry, Kmr 32
S268 MR-1 	pomAB 	motX motB-mCherry, Kmr This work
S269 MR-1 	pomAB 	motY motB-mCherry, Kmr This work
S291 MR-1 	motX 	motY motB-mCherry, Kmr This work
S1151 MR-1 	motY motB-mCherry, Kmr This work
S1152 MR-1 	motX motB-mCherry, Kmr This work
S1091 MR-1 	pomAB 	motAB motX-mCherry, Kmr This work
S1093 MR-1 	pomAB 	motAB motY-mCherry, Kmr This work

Plasmids
pBC SK� pUC origin, Ptac lacZ�, Cmr Stratagene
pBBR1-MCS5 ori pBBR oriT. broad-host-range vector, Plac, Gmr 19
pGP704Sac28Km mobRP4� ori-R6K sacB, suicide plasmid for in frame deletions, Kmr 44
pJP5603 mobRP4� ori-R6K, suicide plasmid for mutation by plasmid integration, Kmr 33
pBBR-motX motX in pBBR1-MCS5 This work
pBBR-motY motY in pBBR1-MCS5 This work
pGP704Sac28Km-fliF fliF in-frame deletion fragment in pGP704Sac28-Km, Kmr This work
pGP704Sac28Km-motX motX in-frame deletion fragment in pGP704Sac28-Km, Kmr This work
pGP704Sac28Km-motY motY in-frame deletion fragment in pGP704Sac28-Km, Kmr This work
pJP5603-mCherry Promoterless mCherry in pJP5603, Kmr This work
pJP5603-motX::mCherry C-terminal fusion of motX to mCherry in pJP5603, Kmr This work
pJP5603-motY::mCherry C-terminal fusion of motY to mCherry in pJP5603, Kmr This work
pJP5603-motB::mCherry C-terminal fusion of motB to mCherry in pJP5603, Kmr 32
pJP5603-pomB::mCherry C-terminal fusion of pomB to mCherry in pJP5603, Kmr 32

a Cmr, chloramphenicol resistance; Gmr, gentamicin resistance; Kmr, kanamycin resistance.
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reading frame upstream of motY encodes a gene product likely
to be involved in RNA processing.

Both motX and motY are highly conserved in all Shewanella
species that have been sequenced. Recently, �28-dependent
promoters have been predicted to be located upstream of
motX and motY (38), suggesting that both are part of the
flagellar regulatory network in Shewanella.

Both MotX and MotY are essential for swimming motility of
S. oneidensis MR-1. To investigate a possible role for MotX
and MotY in the motility of S. oneidensis MR-1, in-frame
deletion mutations were created in motX (	motX), motY
(	motY), and both (	motXY). To confirm that no further cop-
ies of these genes remained in the genome, the deletion was
confirmed by Southern analysis (see Fig. S1 in the supplemen-
tal material). The mutations did not affect the growth rate
(data not shown). Independent of the Na� concentration, none
of the mutants displayed swimming motility as determined by
light microscopy and by swimming assays in semisolid agar
(Fig. 1). The motility defects conferred by the single mutations
were rescued by ectopic expression of plasmid-borne motX and
motY in the corresponding mutant (see Fig. S1 in the supple-
mental material).

To rule out that the loss of swimming motility due to dele-
tions in motX and motY was caused by a defect in flagellum
assembly, flagellar filament staining was performed on mutant
and wild-type cells (Fig. 1C). All mutants possessed a flagellar
filament similar to that of wild type cells. Thus, the nonmotile
phenotype is the consequence of an inability of the mutants to
rotate the filament.

S. oneidensis MR-1 harbors two stator systems, MotAB and
PomAB. Under our experimental conditions, flagellar rotation
depends mainly on the Na�-driven PomAB stator (32). Thus,
the observed phenotype could be due to loss of PomAB func-
tion or of both PomAB and MotAB function. To specifically
determine whether MotX and MotY are required for PomAB-
or MotAB-mediated flagellar function, deletions of motX and
motY were introduced into an S. oneidensis MR-1 strain lacking
pomAB (	pomAB 	motX and 	pomAB 	motY) and motAB
(	motAB 	motX and 	motAB 	motY), respectively. All of
these strains were nonmotile as determined by microscopic
observation and motility in semisolid agar. Based on these
results, we conclude that both MotX and MotY are required to
support flagellar rotation driven by PomAB and MotAB sta-
tors.

Localization of MotX and MotY. For further functional
analysis, the localization of MotX or MotY was determined.
Signal peptides were predicted for both proteins, and in V.
alginolyticus it has been demonstrated that both are trans-
ported into the periplasm via a Sec-dependent mechanism
during which the N-terminal signal sequence is cleaved (30).
Therefore, mCherry, which is also functional when folding in
the periplasm (7), was fused to the C termini of MotX and
MotY. Subsequently, the gene fusions were individually inte-
grated into the native loci by single-crossover events. Stability
of the fusion proteins was determined by immunoblot analysis
using an antibody specific to mCherry (Fig. 2B). In agreement
with the estimated molecular masses of the two fusion pro-
teins, single distinct bands at positions corresponding to 
45
kDa and 
55 kDa were observed for MotX-mCherry and
MotY-mCherry, respectively. Minor degradation was found to

occur, except for MotX-mCherry in the absence of MotY (Fig.
2B). To determine whether the fusion proteins were still active,
strains harboring MotX-mCherry or MotY-mCherry were
tested for motility in semisolid agar. Both fusion proteins sup-
ported swimming motility at a higher level than the wild-type
proteins, suggesting a stabilizing effect (Fig. 2A). From that we
concluded that both fusions of MotX and MotY to mCherry
are active and stable enough to be used for localization studies
of S. oneidensis MR-1.

Cells expressing either motX-mCherry or motY-mCherry were

FIG. 1. (A) Swimming phenotype of 	motX and 	motY mutants on
a 0.25% semisolid agar plate. The indicated mutants were spotted on
soft agar and incubated overnight at 30°C. (B) Flagellation of motX
and motY mutants. Displayed are micrographs of the corresponding
strains after flagellar staining.
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grown to exponential growth phase and examined by fluores-
cence microscopy (Fig. 3). MotX-mCherry was observed to
localize to the flagellated cell pole (Fig. 3), which was identi-
fied by simultaneous staining of the flagellar filament by stain-
ing with Alexa Fluor 488 succinimidyl ester (Fig. 3). Some
fluorescence appeared to be associated with the cell envelope
away from the pole. In addition, a diffuse fluorescent signal was
detected in the cytoplasm, indicating either that a MotX-
mCherry moiety is partly degraded or that not all protein
synthesized is transported through the cytoplasmic membrane.
MotY-mCherry formed a distinct fluorescent locus at the flag-
ellated cell pole. A significant amount of MotY-mCherry also
localized to the cell envelope away from the cell pole.

Since the localization of the MotAB stator in S. oneidensis
MR-1 depends on the sodium ion concentration in the me-
dium, we then determined whether a similar dependence exists
for MotX and MotY. However, both of the fusion proteins
localized equally well at all Na� concentrations, including in
the absence of any added sodium ion (data not shown).

Studies of MotX and MotY of V. alginolyticus have sug-
gested that the two proteins form a complex and associate with
the flagellar LP ring (42). Therefore, we investigated whether
localization of both proteins is mutually dependent in S. onei-
densis MR-1. An mCherry fusion to MotX was introduced into
the chromosome of a 	motY strain (	motY motX-mCherry),
and, correspondingly, an mCherry fusion to MotY was intro-
duced into the chromosome of a 	motX strain (	motX motY-
mCherry). To determine whether localization depends on the
presence of the flagellar complex, both fusions were individu-
ally introduced into a 	fliF mutant that lacks the flagellar basal
body. The corresponding strains were then grown to exponen-
tial growth phase, and the cells were visualized by fluorescence
microscopy (Fig. 3).

In the absence of MotY, no localization of MotX-mCherry
was observed, and a diffuse fluorescence signal was distributed
throughout the cell. In contrast, when MotX was absent, lo-
calization of MotY-mCherry still occurred at the flagellated
cell pole. Localization of both proteins was dependent on the
presence of the flagellar basal body. In the 	fliF mutant,
MotX-mCherry was distributed as in the 	motY strain. In
contrast, MotY-mCherry still formed distinct foci in the cell

envelope, but these occurred at random positions in the cell
rather than exclusively at the flagellated pole. Thus, both
MotX and MotY require the flagellar basal body for normal
localization. In addition, MotX also requires the correct local-
ization of MotY to be sequestered at the flagellated cell pole.

Stator localization independence on MotX and MotY. We
next determined whether MotX and MotY are crucial for
stator recruitment in S. oneidensis MR-1 and whether they are
involved in the process by which the appropriate stator system
is selected at low and high sodium ion concentrations. To this
end, genes encoding PomB-mCherry and MotB-mCherry were
individually integrated at the corresponding native loci in
	motX, 	motY, and 	motXY strains. We have previously dem-
onstrated that these fusions are stable and functional (32).

The resulting strains were grown in LM medium supple-
mented with no or 100 mM sodium chloride, and localization
of the stators was determined by fluorescence microscopy (Fig.
4). Only minor effects of the deletions on stator localization
were observed. PomB-mCherry localized to the flagellated
pole in 
70% of the cell population of the wild type and all of
the mutants, regardless of the presence or absence of added
NaCl. At 100 mM NaCl, localization of MotB-mCherry in-
creased from 12% in the wild type to 22% in cells lacking
MotX and/or MotY. In the absence of added NaCl, MotB-
mCherry localized to the flagellated pole in more than 50% of
the cells in each strain. In a 	pom 	motXY mutant, MotB-
mCherry localized in the same pattern as in a 	pom strain, and
the same was observed for PomB-mCherry in a 	mot 	motXY
mutant compared to a mutant lacking only motAB (data not
shown). These results indicate that in S. oneidensis MR-1,
MotX and MotY are not mandatory for stator recruitment or
stator selection but might have a stabilizing function.

Protein interaction studies revealed that in V. alginolyticus,
MotX interacts with MotY and PomB (29); however, in S.
oneidensis MR-1, MotX and MotY are not crucial for stator
acquisition. Thus, polar localization of MotX and MotY might
depend on the presence of stator subunits. To test this hypoth-
esis, motX-mCherry and motY-mCherry were integrated at the
corresponding native loci in a strain that lacks both stator
systems (	pom 	mot motX-mCherry and 	pom 	mot motY-
mCherry). Subsequently, the localization of MotX-mCherry

FIG. 2. Properties of MotX and MotY tagged with mCherry. (A) Swimming phenotype of strains harboring motX-mCherry and motY-mCherry.
The strains were spotted on a 0.25% semisolid plate. (B) Detection of MotX-mCherry and MotY-mCherry by immunoblotting using antibodies
raised against mCherry. Lane 1, wild type (negative control); lane 2, mCherry (positive control); lane 3, S292 (motX::mCherry); lane 4, S293
(motY::mCherry); lane 5, S294 (	motY motX::mCherry); lane 6, S295 (	motX motY::mCherry). Arrows indicate the positions of signals correspond-
ing to MotX-mCherry (54.1 kDa), MotY-mCherry (62.4 kDa), and mCherry (29.3 kDa).
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and MotY-mCherry was determined (Fig. 3). Both proteins
localized to the flagellated cell pole just as in wild-type cells.
Thus, localization of MotX and MotY to the flagellar motor
does not depend on the presence of stator complexes.

DISCUSSION

The typical flagellar rotary motor consists of the switch com-
plex components FliM, FliN, and FliG (3, 39). FliG is directly
involved in rotation and physically interacts with the stator
elements, PomAB for Na�-driven motors and MotAB for pro-
ton-driven motors. In some bacteria, auxiliary proteins have
been implicated in stator function. In Sinorhizobium meliloti,
MotC and MotE are required for flagellar rotation. MotE is

thought to serve as a chaperone for MotC, which in turn binds
to the stator subunit MotB. It has been speculated that MotC
exerts its function by stabilizing the periplasmic domain of
MotB (11, 34). The most comprehensive studies of auxiliary
components of the bacterial flagellar motors have been con-
ducted on MotX and MotY of Vibrio species. A protein ho-
mologous to MotY has also been found associated with the
high-speed, proton-driven polar flagellum of Pseudomonas
aeruginosa PAO1 (10) and the lateral, proton-driven flagella of
Vibrio parahaemolyticus (41). For both systems, a correspond-
ing MotX partner has not been identified. Thus, ancillary sta-
tor components in flagellar rotation are not limited to sodium-
dependent or polar flagellar systems. We show here that either
sodium-driven or proton-driven flagellar rotation in S. onei-

FIG. 3. Localization of MotX-mCherry and MotY-mCherry in S. oneidensis MR-1. Displayed are DIC and fluorescence micrographs of cells
harboring motX-mCherry (upper panel) and motY-mCherry (middle panel) in the wild type, 	motY or 	motX, 	fliF, and 	pomAB 	motAB mutant
backgrounds (from left to right). To facilitate the visualization, the position of fluorescence signals relative to that of the cells is displayed. The
lower panel shows colocalization of the flagellar filament with MotX-mCherry (left) and MotY-mCherry (right). DIC and fluorescence micrographs
are displayed. Scale bars, 1 �m.
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densis MR-1 also depends on orthologs of the Vibrio proteins
MotX and MotY. Both proteins are highly conserved within
the genomes of all Shewanella isolates sequenced to date. Since
all Shewanella species also harbor orthologs to the PomAB
stator system, it is predicted that, as in Vibrio, MotX and MotY
would be required to power their single polar flagellum. How-
ever, our results provide direct evidence that the alternative

proton-conducting MotAB stator elements of S. oneidensis
MR-1 also require MotX and MotY for normal function.

Localization studies of MotX and MotY in Vibrio species
were initially carried out with E. coli, where they appear to be
associated with the outer membrane (22, 23, 29, 30). However,
a more recent model suggests that MotX and MotY form a
complex that diffuses in the periplasm before interacting with
the flagellar basal body (18). We used fluorescent mCherry
fusion proteins to monitor the localization of MotX and MotY
in S. oneidensis. As suggested by the presence of a putative
N-terminal signal sequence, and in accordance with the Vibrio
model, MotY was observed in the cell envelope. However, the
fluorescence signal does not distinguish specifically whether
the protein is freely diffusing in the periplasmic space or
whether it is associated with the inner or outer membrane or
the cell wall. As expected, distinct localization of MotY-
mCherry occurred at the flagellated cell pole. The signal of
MotX-mCherry was more diffuse, and some fluorescence was
also detected in the cytoplasmic space. MotX-mCherry local-
ized to the flagellated cell pole, but only when MotY was also
present.

In the absence of a flagellar basal body, MotY-mCherry still
occurred as distinct fluorescent foci in the cell envelope, indi-
cating unspecific clustering. If MotX and MotY form a pre-
complex in the periplasm, MotX should also be detected in
these clusters, but this was never observed. Instead, in strains
lacking the flagellar basal body or MotY, a diffuse fluorescence
signal of MotX-mCherry occurred throughout the cell. We
conclude that in S. oneidensis MR-1, MotX and MotY do not
form a precomplex in the periplasm. We propose instead that
MotY is exported into the periplasm, forms a pool in the cell
envelope, and interacts with the flagellar basal body before
MotX is recruited. If MotY is not localized properly, MotX is
degraded. This finding is consistent with the observation that,
in Vibrio, MotX is unstable in the absence of MotY (29, 47).
However, it remains unknown whether MotY already stabilizes
MotX in the cytoplasm. Since stator elements seem to consti-
tute a dynamic complex (21), the abundance of MotX and
particularly MotY in the cell envelope away from the flagel-
lated cell pole could indicate that the MotXY complex also
undergoes rapid turnover at the basal body.

The exact functions of MotX and MotY remain unclear. For
Vibrio species, direct interaction between MotX and PomB has
been demonstrated (29), and in V. alginolyticus, the PomAB
stator complex does not localize correctly to the flagellated cell
pole in the absence of MotX or MotY (42). Therefore, in V.
alginolyticus, a major role of MotXY is to recruit the stators to
the flagellar motor. Since this organism also expresses a second
lateral flagellar system depending on a different proton-depen-
dent stator, this may help to incorporate the correct stator into
the corresponding flagellar motors. In S. oneidensis MR-1, two
different stator systems are present to drive a single polar
flagellum. We have recently demonstrated that selection of the
stator system occurs at the level of protein localization in
response to the sodium ion concentration (32). At high Na�

concentrations, both stator systems are present but the flagel-
lar motor is occupied almost exclusively by PomAB. MotAB
localizes more efficiently under conditions of low Na� concen-
tration or when a mutation eliminates the PomAB system.
Regarding their role in Vibrio, we hypothesized that in

FIG. 4. Localization of PomB-mCherry and MotB-mCherry in the
	motX 	motY mutant. (A) Micrographs (DIC and fluorescence) of
cells expressing pomB-mCherry (upper image) and motB-mCherry
(lower image) in wild-type and 	motX 	motY cells. Cells were grown
in LM medium with 100 mM NaCl for pomB-mCherry and without
added NaCl for motB-mCherry. Scale bars, 1 �m. (B) Percentages of
polarly localized PomB-mCherry and MotB-mCherry in wild-type and
	motX 	motY cells. Each data point represents 250 cells.
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Shewanella MotX and MotY may be involved in the stator selec-
tion process, e.g., by acquisition and incorporation of the stator
complexes in response to changing Na� levels. Under condi-
tions of high Na� concentrations, a slight increase of MotAB
localization to the flagellated cell pole was observed in the
absence of MotX and MotY. This might indicate that PomAB
association with the motor is not as effective in that strain.
However, in S. oneidensis MR-1, neither MotX nor MotY is
absolutely required for localization of PomAB or MotAB to
the motor. Hence, in this strain, MotXY must be needed for
something involved in generating flagellar rotation after the
stator complexes have been recruited.

The well-characterized proton-driven flagella of E. coli do
not require any stator components beyond the MotAB com-
plex (3). However, when the E. coli MotAB complex was ec-
topically produced in mutants of V. cholerae and V. alginolyti-
cus lacking PomAB and MotXY, cells became motile using a
proton-driven motor (2, 14). When PomA was expressed in V.
alginolyticus in concert with a chimeric protein containing the
cytoplasmic and transmembrane portions of PomB fused to the
periplasmic segment of E. coli MotB, these two proteins
formed an active, Na�-dependent stator complex that worked
independently from MotXY. This same pair of proteins also
powered Na�-dependent rotation of flagella in E. coli (2, 40).
The overall conclusion is that the requirement for MotXY
arises from the periplasmic domain of PomB. An analysis of
MotB mutants revealed that its periplasmic region contains a
segment that has been proposed to act as a plug to prevent
premature proton flow until the MotAB complex encounters a
flagellar motor. A conformational change triggered by contact
with the basal body might both open the proton-conducting
channel and enable tight binding of the periplasmic domain to
peptidoglycan in the cell wall (17, 45). Electron microscopy
performed on basal complexes isolated from V. alginolyticus
revealed an additional structure, termed the “T ring,” attached
below the P and L rings, which function as the bushing for the
rotating flagellar rod (9, 42). This structure, which presumably
contains MotX and MotY, might be required for conforma-
tional changes in the PomAB and MotAB stator complexes of
S. oneidensis MR-1 that open the ion-conducting channels and
enable binding to peptidoglycan.

Prior studies of MotX and MotY have focused almost ex-
clusively on the flagellar motor of Vibrio species. Characteriza-
tion of these two components in S. oneidensis MR-1 comple-
ments the Vibrio studies and suggests possible activities carried
out by ancillary motor proteins. Future experiments will be
directed toward elucidating those functions.
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