




fliG gene did not produce any flagella as analyzed by EM (Fig.
1B).

Complementation of V. cholerae and E. coli DfliG strains
with plasmids carrying fliG. The V. cholerae predicted FliG
protein has 39.5% amino acid sequence identity with the E. coli
FliG protein (Fig. 2A). To address whether the V. cholerae and
E. coli FliG proteins can functionally complement each other,
we introduced plasmids with different fliG genes under an
arabinose-inducible promoter into V. cholerae and E. coli fliG
deletion strains. No restoration of the motility phenotypes as

assayed in soft agar plates was observed with either the V. chol-
erae DfliG strain harboring the E. coli fliG gene on a plasmid or
the E. coli DfliG strain carrying the V. cholerae fliG gene on a
plasmid (Fig. 2C). However, the fliG genes did complement
their parental mutations (Fig. 2C). A fusion protein consisting
of the N-terminal portion of V. cholerae FliG fused to the
C-terminal domain of E. coli FliG (FP-1 [Fig. 2B]) was capable
of complementing the V. cholerae, but not the E. coli, fliG
deletion strain (Fig. 2C). Similarly, the inverse E. coli-V.
cholerae fusion protein (FP-2 [Fig. 2B]) complemented the
E. coli but not V. cholerae DfliG strain (Fig. 2C). EM studies
of the V. cholerae DfliG strain carrying different plasmids
showed that none or only very few bacteria produced flagella
when the E. coli wild-type FliG or FP-2 was expressed. In
contrast, normal flagella were observed when the V. cholerae

FIG. 2. Complementation of fliG mutants by plasmids carrying various fliG
genes. (A) Amino acid sequence alignment of the E. coli and V. cholerae FliG
proteins. The arrow indicates the position of the junction between the two
domains in the fusion proteins. (B) Diagram of the chimeric FliG proteins.
Hatched boxes indicate V. cholerae sequence, and open boxes indicate E. coli
sequence. Numbers correspond to amino acid residues. (C) Swarming abilities in
the presence or absence of arabinose (ara) of the E. coli (EcDG) or V. cholerae
(VcDG) fliG deletion strains complemented by plasmids carrying the E. coli
(pBAD-EcG), V. cholerae (pBAD-VcG), or chimeric (pBAD-FP1, pBAD-FP2)
fliG genes. pBAD-24 is the parent vector and contains no flagellar genes. Plates
were incubated for 8 h at 37°C.
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wild-type or chimeric FP-1 protein was expressed (data not
shown).

Complementation of the V. cholerae pomAB, motX, and motY
genes by the E. coli motAB genes. The N-terminal domain of
the E. coli FliG protein is believed to interact with the flagellar
basal body, whereas the C-terminal domain interacts with the
MotA-MotB complex (20). Thus, for functional complemen-
tation of the ion-translocating subunits of the flagella, we an-
ticipated the need for a chimeric FliG protein. A fusion protein
consisting of the N-terminal portion of V. cholerae FliG fused
to the C-terminal domain of E. coli FliG was constructed (Fig.
2B). The V. cholerae strain carrying chromosomal deletions in
the pomAB, motX, motY, and fliG genes (VcDABXYG) was
transformed with the plasmids encoding either the wild-type
V. cholerae or E. coli fliG gene or the V. cholerae-E. coli fliG
chimeric construct (FP-1) from an arabinose-inducible pro-
moter. A second plasmid containing the E. coli motAB genes
was then introduced. Some, although very small, swarm circles
were observed in soft agar plates only in the strain carrying the
V. cholerae wild-type or chimeric fliG (FP-1) gene only in the
presence of arabinose (Fig. 3A). This motility was dependent
on the presence of the E. coli motAB genes, as the control
strain harboring pACYC184 produced no appreciable motility
(Fig. 3A). Interestingly, spontaneous hypermotile mutants that
when isolated produced larger motility circles in soft agar
plates than the parental strain were readily observed (Fig. 3B).
Moreover, these hypermotile strains also produced further hy-
permotile variants, and several such hypermotile strains when
isolated demonstrated increasingly larger motility circles (Fig.
3B). Similar increasingly motile variants were also isolated
from the strain with the chimeric fliG gene (data not shown).
Normal flagellum production by the motile strains was dem-
onstrated by EM (data not shown).

To test whether the mutations are linked to the E. coli
motAB or V. cholerae fliG gene, plasmid DNA isolated
from some hypermotile strains was transformed into strain
VcDABXYG, selecting for both plasmid markers. The major-
ity of the resulting strains did not display greater motility than
the original strain (data not shown). However, we were able to
isolate some pMotAB plasmids that, when transformed with
the original pBAD-FliG construct, resulted in increased swarm-
ing circles (Fig. 4). Three such plasmids that were indepen-
dently isolated had a mutation in Tyr-61 of MotB.

Analysis of the coupling ion used for motility of V. cholerae
strain VcDABXYG, carrying the V. cholerae fliG and E. coli
motAB genes on plasmids. The E. coli flagellar motor is known

to use the translocation of protons as the energy source for
rotation, whereas the polar flagella of V. cholerae were found
to be sodium driven. By replacing the V. cholerae pomAB,
motX, and motY genes by the E. coli motAB genes, we gener-
ated a functional hybrid flagellar motor and wished to investi-
gate which coupling ion, H1 or Na1, was used for the observed
motility. We investigated the energy requirement of several
isolated hypermotile variants, both chromosomal (HM-1 and
HM-2) and motAB dependent (HM-3) (data not shown), as the
original hybrid motor strain produced these mutants so readily
that a pure population of cells could not be analyzed in this
strain. The protonophore CCCP, a compound known to col-
lapse proton motive force (PMF), inhibited motility of the
E. coli control strain and the V. cholerae hybrid motor strains
under neutral as well as alkaline conditions (Table 2). In con-
trast, the V. cholerae control strain was inhibited at neutral pH
but was insensitive to CCCP at an alkaline pH (Table 2).
Interestingly, the addition of even very small amounts of CCCP
(2 to 5 mM) at either pH completely inhibited motility of the V.
cholerae hybrid motor strain, whereas much larger concentra-
tions of CCCP (25 to 50 mM) were required to block motility
of the E. coli strain (data not shown).

The sodium channel blocker phenamil, an amiloride analog
known to specifically block the sodium-translocating portion of
flagella (4), inhibited motility of the V. cholerae parental strain
but not of the V. cholerae hybrid motor strains or the E. coli

FIG. 3. Complementation of V. cholerae VcDXYABG by plasmids carrying
the E. coli motAB and different fliG genes. (A) Swarm circles of the quintuple
deletion strain carrying the pMotAB or pACYC184 control plasmid as well as
either pBAD-24, pBAD-EcG, pBAD-VcG, or pBAD-FP1. (B) Swarming behav-
ior of the parental strain (P) and of spontaneous hypermotile derivatives (HM-1,
HM-2, and HM-3) of strain VcDXYABG carrying pMotAB and pBAD-VcG.
Both soft agar plates contain arabinose. Plates were incubated overnight at 37°C.

FIG. 4. Linking of the hypermotile phenotype to the pMotAB plasmid.
Swarm circles in an arabinose-containing soft agar plate of V. cholerae strain
VcDXYABG carrying plasmids pMotAB and pBAD-VcG from different origins.
Shown are the parental strain (P) and one of the spontaneous hypermotile
derivatives (HM). Both plasmids, pMotAB and pBAD-VcG, isolated from the
HM strain were transformed back into the host strain either together or with the
original nonmutated plasmids. An asterisk indicates that the plasmid was derived
from the hypermotile strain. Plates were incubated overnight at 37°C.

TABLE 2. Effects of inhibitors on motilitya

Strain

Motility

CCCP Phenamil,
pH 6.5pH 6.5 pH 8.5

0 30 mM 0 30 mM 0 100 mM

EcDG, pBAD-EcG 111 2 111 2 111 111
VcDG, pBAD-VcG 1111 2 1111 111 1111 2
HM-1 111 2 111 2 111 111
HM-2 111 2 111 2 111 111

a Motilities of the V. cholerae (VcDG, pBAD-VcG) and E. coli (EcDG, pBAD-
EcG) control strains as well as two hypermotile derivatives of the V. cholerae
hybrid motor strains (HM-1 and HM-2) were assayed under the microscope.
Motility was scored as described in Materials and Methods.
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control strain (Table 2). The addition of increasing concen-
trations of NaCl to LB increased the swimming speed of the
V. cholerae parental strain but not of the E. coli or V. cholerae
hybrid motor strain (data not shown). Similarly, increased pH
resulted in increased swarm circles by the V. cholerae parental
strain but not by the E. coli or V. cholerae hybrid motor strain
(Fig. 5). Together, these results strongly suggest that this hy-
brid flagellar motor, like the E. coli but unlike the V. cholerae
flagellar motor, uses protons as the coupling ion for rotation.

DISCUSSION

It was recently reported that the single polar flagellum of
V. cholerae is energized by the translocation of sodium ions (14,
19). The structures and functions of many proteins in the
proton-driven flagella of E. coli and S. enterica serovar Typhi-
murium have been extensively studied (9, 24), whereas less is
known about the architecture of sodium-driven flagella. The
now completed sequence of the V. cholerae genome presents
the first opportunity for extensive sequence comparisons of
various proteins constituting the two types of flagellar motors.
The single polar flagella of V. alginolyticus and V. parahaemo-
lyticus, like those of V. cholerae, utilize an electrochemical
gradient of sodium ions (sodium motive force [SMF]) as en-
ergy stock for flagellar rotation (3, 17). In these two species,
four proteins, PomA, PomB, MotX, and MotY, are believed to
form the sodium ion-conducting channel and the stator of the
motor (2, 26, 27, 29). PomA and PomB have some sequence
homology to the E. coli MotA and MotB proteins, which form
the proton-conducting complex and stator of the E. coli fla-
gella. In this study, we identified the V. cholerae gene homologs
for pomA, pomB, motX, and motY from the genomic database
and created V. cholerae strains with specific deletions in these
genes as well as a strain deleted in all four genes. These strains
showed nonmotile phenotypes but produced apparently nor-
mal flagella, indicating that these proteins, like the E. coli and
V. parahaemolyticus stator proteins, are required for flagellar
function but not assembly.

In E. coli, only three proteins, MotA, MotB, and FliG, par-
ticipate closely in torque generation. Torque generation is be-
lieved to occur at the interface between cytoplasmic domains

of the MotA-MotB complexes and the C-terminal domain of
FliG (20, 32). Recently, the structure of the C-terminal domain
of the Thermatoga maritima FliG protein was determined (22).
A fliG deletion strain of V. cholerae did not produce flagella,
suggesting that like in E. coli and V. parahaemolyticus, the
V. cholerae FliG protein is required for flagellum assembly.
Whereas the E. coli and V. cholerae fliG mutant strains were
readily complemented by their homologous genes, expression
of the heterologous fliG genes did not restore motility. Motility
required chimeric FliG proteins where the N termini deter-
mined species specificity, showing that the C-terminal regions
of the two FliG proteins are functionally interchangeable. Al-
though the C-terminal domains of the two FliG proteins have
high amino acid sequence homology, it is still remarkable that
the E. coli FliG C-terminal domain can functionally interact
with the sodium-translocating components (presumably PomA)
of the Vibrio flagella and vice versa. This suggests very similar
mechanisms of torque generation in the two types of motors.
In contrast, the N-terminal domains of the FliG proteins ap-
parently cannot interact properly with other flagellar proteins
of the heterologous species. Similarly, the E. coli and V. para-
haemolyticus FliG proteins did not functionally complement
each other (7). Furthermore, a chimeric E. coli-T. maritima
FliG protein, but not the full-length T. maritima FliG, restored
flagellum production and motility of an E. coli fliG mutant
strain (22).

To investigate whether the sodium-translocating compo-
nents of the V. cholerae flagella can functionally be comple-
mented by the E. coli proton-translocating proteins, a V. chol-
erae strain deleted in the pomAB, motX, and motY genes was
transformed with the E. coli motAB genes. Some, although very
small, swarm circles in soft agar plates were observed in this
strain, with spontaneous hypermotile variants appearing read-
ily (data not shown). As the C-terminal domain of the FliG
protein is involved in torque generation by interacting with the
ion channel components, we expected that the V. cholerae-
E. coli chimeric FliG fusion protein may better interact with
the MotAB proteins. A V. cholerae strain deleted in the four
putative stator genes and the fliG gene carrying the E. coli
motAB genes and expressing either the full-length V. cholerae
or chimeric FliG proteins displayed equally small motility
zones. This indicates that the C terminus of the V. cholerae
FliG protein can interact efficiently with the E. coli MotAB
proteins. Both strains produced spontaneous hypermotile vari-
ants, and in most strains the hypermotile phenotype was not
linked to the plasmids, i.e., the motAB or fliG gene. It is hard
to speculate where these non-plasmid-linked mutations might
map. It is possible that these mutations result in better recog-
nition and installation of the foreign MotAB protein by chap-
erone-like proteins. Alternatively, the mutations might be in
systems involved in the generation of electrochemical gradi-
ents of protons or sodium ions across the membrane, thus
increasing the available energy source for flagellar rotation.
However, the increased swarm circles might be a result of
improved chemotaxis behavior. As the FliG protein is part of
the switch complex that regulates direction of flagellar rotation
in response to interaction with CheY (24), perhaps the hybrid
motor cannot properly interact with the chemotaxis machinery.
Further experiments are required to understand the basis for
the increased swarming phenotype in these mutant strains. In
summary, we have created a V. cholerae strain that is motile by
using a hybrid flagellar motor composed of the V. cholerae
flagellar machinery interacting with the E. coli MotAB pro-
teins. This hybrid motor strain may provide a useful tool to
help us better understand the processes involved in flagellar

FIG. 5. Effects of different medium pHs on swarm circles. Motility of the
V. cholerae (VcDG, pBAD-VcG) and E. coli (EcDG, pBAD-EcG) control strains
as well as several spontaneous hypermotile derivatives of the V. cholerae hybrid
motor strain (HM-1, HM-2, and HM-3) were assayed in arabinose-containing
soft agar plates with a pH of 6.5 or 8.5.
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assembly and protein interactions required for flagellar func-
tion.

To investigate which coupling ion, H1 or Na1, was used for
flagellar rotation by the hybrid motor, we used inhibitors such
as CCCP and phenamil, an amiloride homolog known to spe-
cifically block the sodium-translocating portion of the flagella
(4). Together with data from assays using different H1 or Na1

concentrations, we concluded that the hybrid motor strain, like
E. coli but unlike V. cholerae, uses PMF as the driving energy
source. Thus, the mechanisms of converting electrochemical
energy into rotational energy in proton- or sodium-driven fla-
gella seem to be similar and are functionally interchangeable.
Furthermore, this suggests that the FliG protein does not di-
rectly interact with the ion flux across the membrane or that
the sites of interaction can interact with either Na1 or H1. It
would be interesting to create a similar but reverse hybrid
flagellar motor by introducing the V. cholerae PomAB and
MotXY proteins into a motAB deletion E. coli strain to assess
their ability to function perhaps after induction of an artificial
SMF. It was recently reported that the V. parahaemolyticus
motAB genes alone did not restore motility of an E. coli motAB
mutant strain (7).

Little is known about the residues involved in the ion selec-
tivity of the sodium-translocating flagellar channel molecules.
Recently, the Rhodobacter spheroides MotA protein was found
to functionally complement a pomA mutant of V. alginolyticus,
thus creating a hybrid motor (1). However, this motor was still
using the coupling of sodium ion flux, indicating that the MotA
and PomA proteins alone do not dictate the ion specificity. The
ion specificity of our hybrid motor has been switched from
sodium ions to protons. Apparently, the E. coli MotAB pro-
teins are specialized to translocate protons but not sodium ions
even in a V. cholerae host environment that supposedly pro-
vides a strong SMF. Even a V. cholerae strain deleted for only
the pomAB genes complemented by the E. coli MotAB pro-
teins seemed to use protons rather than sodium ions for fla-
gellum rotation (data not shown), indicating that the presence
of the MotXY proteins does not influence the coupling ion
used by the MotAB proteins. By introducing the E. coli motA
or motB gene alone into our various stator deletion V. cholerae
strains, we should be able to address which proteins are in-
volved in ion selectivity.

The hybrid motor strain might allow us to understand the
underlying mechanism for the significantly increased speed of
sodium-driven flagella compared to proton-driven flagella. The
E. coli flagellum is known to rotate at about 15,000 rpm (23),
whereas Vibrio flagella have been reported to achieve as high
as 100,000 rpm (25). Perhaps the function of the MotXY pro-
teins is to further stabilize the motor in the membrane to allow
faster rotation. Alternatively, these two proteins might form an
ion channel independent of PomAB, adding to the available
energy conversion. However, a V. cholerae pomAB deletion
strain complemented with the E. coli motAB genes showed no
significant increase in swarm circles or swimming speed com-
pared to the similar strain that has all four stator genes deleted
(data not shown). This indicates that the MotXY proteins
either do not functionally interact with the E. coli MotAB
proteins or are not involved in swimming speed. Further stud-
ies on these strains might reveal the underlying mechanism for
the difference in speed between the different types of motors.

In E. coli, a strong PMF is generated by respiration under
neutral conditions, whereas an alkaline environment results in
an opposite DpH and a PMF is harder to maintain. Some
bacteria, including several Vibrio species, can switch to a so-
dium cycle of energy, thus enabling the cells to maintain a
neutral cytoplasmic pH under alkaline conditions. At neutral

pH, an H1/Na1 antiporter converts the PMF generated by
respiration into SMF, whereas at alkaline pH an enzyme com-
plex, called NQR (NADH-quinone oxidoreductase), can gen-
erate an SMF directly linked to respiration (for reviews, see
references 10 and 33). Therefore, motility of V. cholerae is
sensitive to the ionophore CCCP, an agent widely used to
collapse PMF, at neutral but not alkaline pH. Interestingly, we
noticed that the sensitivity of the motility to CCCP was mark-
edly different between the Vibrio hybrid motor strain and the
E. coli control strain. Much less CCCP was required to com-
pletely prevent motility of the V. cholerae hybrid motor strain
compared to the E. coli control under neutral as well as alka-
line conditions. One possible explanation for this is that V.
cholerae cells may be inherently more sensitive to CCCP, per-
haps due to their membrane composition or lack of efflux
systems. Alternatively, this difference in CCCP sensitivity
might reflect differences in the strength of PMF production
between these organisms. Perhaps at neutral pH V. cholerae,
but not E. coli, converts a substantial portion of the PMF into
SMF. At alkaline pH, E. coli might have a specific mechanism,
such as induction of an electrogenic antiporter, for maintaining
a PMF that is lacking in V. cholerae, as Vibrio cells usually
switch to the sodium cycle of energy under these conditions.
Creating hybrid motor strains might provide useful tools to
investigate the differences in membrane bioenergetics between
organisms.

Motility is an important virulence factor in a variety of
pathogenic bacteria and, in some cases, is inversely regulated
with other virulence factors (30). Motility in V. cholerae is
known to be negatively regulated by the ToxR regulon; con-
versely, some motility mutants, including a pomB insertion
mutant, showed altered expression levels of the main virulence
factors (12). Inhibition of the V. cholerae SMF-generating
NQR enzyme complex, either by mutation or addition of a
specific inhibitor, resulted in increased virulence gene expres-
sion by affecting expression of the regulatory protein ToxT
(14). It was proposed that the effect of loss of NQR activity on
toxT transcription may be indirectly mediated by affecting mo-
tility. The sodium influx through the flagellum may somehow
be transduced into altered transcription of toxT, possibly by
affecting the regulatory proteins TcpP and TcpH (14). The
hybrid motor strain presented in this study will help elucidate
how changes in membrane sodium energetics and motility
affect virulence gene expression in V. cholerae. We can now
investigate whether the sodium influx through the flagella is
sensed by an as yet uncharacterized mechanism or if the mo-
tion of the bacteria or perhaps flagellar rotation speed are
signals resulting in changes of gene expression.
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