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ABSTRACT

The marine bacterium Vibrio alginolyticus has a single polar flagellum, the number of which is regulated positively by FlhF and
negatively by FlhG. FlhF is intrinsically localized at the cell pole, whereas FlhG is localized there through putative interactions
with the polar landmark protein HubP. Here we focused on the role of HubP in the regulation of flagellar number in V. algino-
lyticus. Deletion of hubP increased the flagellar number and completely disrupted the polar localization of FlhG. It was thought
that the flagellar number is determined primarily by the absolute amount of FlhF localized at the cell pole. Here we found that
deletion of hubP increased the flagellar number although it did not increase the polar amount of FlhF. We also found that FlhG
overproduction did not reduce the polar localization of FlhF. These results show that the absolute amount of FlhF is not always
the determinant of flagellar number. We speculate that cytoplasmic FlhG works as a quantitative regulator, controlling the
amount of FlhF localized at the pole, and HubP-anchored polar FlhG works as a qualitative regulator, directly inhibiting the ac-
tivity of polar FlhF. This regulation by FlhF, FlhG, and HubP might contribute to achieving optimal flagellar biogenesis at the
cell pole in V. alginolyticus.

IMPORTANCE

For regulation of the flagellar number in marine Vibrio, two proteins, FlhF and FlhG, work as positive and negative regulators,
respectively. In this study, we found that the polar landmark protein HubP is involved in the regulation of flagellar biogenesis.
Deletion of hubP increased the number of flagella without increasing the amount of pole-localizing FlhF, indicating that the
number of flagella is not determined solely by the absolute amount of pole-localizing FlhF, which is inconsistent with the previ-
ous model. We propose that cytoplasmic FlhG and HubP-anchored polar FlhG negatively regulate flagellar formation through
two independent schemes.

The bacterial flagellum is a filamentous locomotory organ pro-
truding from the cell surface of bacteria. The flagellum is com-

posed of tens of thousands of protein molecules, and its biogenesis
is regulated by various genes and proteins (1, 2). Although the
mechanism of flagellar biogenesis is well conserved in all flagel-
lated bacteria, the number and position of flagella vary among
bacterial species (3, 4). For example, Escherichia coli and Bacillus
subtilis have multiple peritrichous flagella, Campylobacter jejuni
has bipolar flagella, and Vibrio cholerae and Pseudomonas aerugi-
nosa have a single polar flagellum. Vibrio alginolyticus and Vibrio
parahaemolyticus also have a single polar flagellum, whereas mul-
tiple peritrichous flagella are formed under high-viscosity condi-
tions (5). Because defects in the regulation of the number and
position of flagella inhibit bacterial cell motility, the formation of
adequate flagella is an important factor in the survival strategies of
bacteria in nature.

In the marine bacterium V. alginolyticus, which has a single
polar flagellum, the number of flagella is tightly regulated by two
cytoplasmic proteins, FlhF and FlhG (6, 7). FlhF is a GTPase pro-
tein and is similar to the signal recognition particle receptor FtsY
(8, 9). The GTPase motif of FlhF influences the intracellular loca-
tion of this protein (10, 11), and GTPase activity is stimulated
through interactions with FlhG (12–14). FlhG is an ATPase pro-
tein and is similar to MinD, a cell division regulator in prokaryotes
(15–17). It was reported that FlhG interacts with the flagellar basal
body protein FliM-FliY-FliG complex, in an ATP- and lipid-de-
pendent manner, in B. subtilis and Shewanella putrefaciens (16). In

bacteria with polar flagella, FlhF overproduction increases the
number of flagella and depletion of flhF causes a decrease in flag-
ellation (6, 18). In contrast, overproduction of FlhG causes a de-
crease in flagellation, and depletion of flhG increases the number
of flagella (6, 19, 20). Therefore, FlhF and FlhG work antagonisti-
cally, acting as positive and negative regulators, respectively, of
flagellar biogenesis. FlhF intrinsically localizes at the cell pole,
without other flagellar proteins (7), and may promote the assem-
bly of the scaffold proteins necessary for flagellar formation (FliF
and/or FlhA). Deletion of flhF occasionally causes peritrichous
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flagellation (7, 10, 21, 22), which may suggest that FlhF determines
not only the number but also the position of flagella. We have
shown that, in V. alginolyticus, FlhG also localizes at the cell pole
but at lower levels, compared with FlhF. Because FlhF intensely
localizes at the cell pole when FlhG is absent (7), it is thought that
FlhG captures FlhF in the cytoplasm and inhibits the polar local-
ization of FlhF. ATPase activity and/or ATP binding of FlhG is
involved in the polar localization of FlhG (17). In Vibrio species,
the DnaJ family protein SflA works as a putative negative regulator
of flagellar biogenesis (23, 24). Deletion of sflA does not confer any
phenotypic change affecting motility, but it causes flagellation at
random positions in the absence of both FlhF and FlhG. It was
suggested that SflA inhibits flagellation in an FlhF/FlhG-indepen-
dent manner and regulates the number and position of flagella
through a different pathway (23, 24).

In V. cholerae, HubP was identified as a polar landmark protein
that anchors three ParA-like proteins (ParA1, ParC, and FlhG) to
the cell pole (25). HubP is conserved in all Vibrio and Photobacte-
rium species and several other gammaproteobacteria. It is a single-
pass transmembrane protein whose N and C termini show simi-
larity to FimV, a positive regulator of type IV pilus formation (26,
27). HubP has an N-terminal periplasmic peptidoglycan-binding
motif (LysM) and a large cytoplasmic domain. The LysM domain
is important for the polar localization of HubP, and the large
cytoplasmic domain interacts with ParA-like proteins (25). It was
suggested that HubP is involved in the regulation of chromosome
partitioning and chemoreceptor positioning but is not strongly
involved in the regulation of flagellar number and positioning in
V. cholerae, because deletion of hubP had few effects on the flagel-
lar number (25). In S. putrefaciens, HubP plays roles similar to
those in V. cholerae (14).

In this study, we investigated the involvement of HubP in the
formation of the flagellum in the marine bacterium V. alginolyti-
cus. We showed that HubP affects the number of flagella, and we
proposed a novel model for the regulation of flagellar formation in
bacteria.

MATERIALS AND METHODS
Bacterial strains, plasmids, growth conditions, and media. The bacterial
strains and plasmids used in this study are listed in Table 1. V. alginolyticus
was cultured at 30°C in VC medium (0.5% [wt/vol] polypeptone, 0.5%
[wt/vol] yeast extract, 0.4% [wt/vol] K2HPO4, 3% [wt/vol] NaCl, 0.2%
[wt/vol] glucose) or VPG medium (1% [wt/vol] polypeptone, 0.4% [wt/
vol] K2HPO4, 3% [wt/vol] NaCl, 0.5% [wt/vol] glycerol). If needed,
chloramphenicol and kanamycin were added at final concentrations of 2.5
�g ml�1 and 100 �g ml�1, respectively. E. coli was cultured at 37°C in LB
medium (1% [wt/vol] bactotryptone, 0.5% [wt/vol] yeast extract, 0.5%
[wt/vol] NaCl). If needed, chloramphenicol and ampicillin were added at
final concentrations of 25 �g ml�1 and 100 �g ml�1, respectively.

Construction of HubP-GFP-expressing strain and hubP deletion
mutants. The HubP-green fluorescent protein (HubP-GFP)-expressing
strain NMB308 was generated from the VIO5 (wild-type) strain by ho-
mologous recombination with the hubP*-egfp sequence (�1.7 kbp),
which was composed of 500 bp of the 3=-terminal sequence of hubP fused
to the egfp coding sequence and followed by 500 bp of the noncoding
downstream sequence of hubP, using the suicide vector pSW7848, as
described previously (28) with slight modifications. A 1,000-bp DNA
fragment around the 3= end of hubP on the chromosome was PCR ampli-
fied using an upstream sense primer (5=-CGAGCTCGTATGGATTTTGA
AACCATG-3=) and a downstream antisense primer containing a SacI site
(5=-CGAGCTCCCAGGTCGTAAAGCATGATTG-3=), cloned into pGEM-
T Easy Vector (Promega, Tokyo, Japan), and named pTSK117-1. The egfp

gene in pTY200 and the whole sequence of pTSK117-1 were PCR ampli-
fied using the following primers: for egfp, 5=-GGTGGTGGTGGTTCTATG
GTGAGCAAGGGC-3= and 5=-GCTACCCTTTTCGATTTACTTGTACAG
CTC-3=, and for pTSK117-1, 5=-GAGCTGTACAAGTAAATCGAAAAGGG
TAGC-3= and 5=-AGAACCACCACCACCTCGGCCATTAATGGC-3=.
Amplified PCR fragments were ligated to generate pTSK117, which con-
tained hubP*-egfp flanked by SacI sites at both ends. This hubP*-egfp was
subcloned into the SacI site of the suicide vector pSW7848 to generate
pTSK118, which was introduced into V. alginolyticus by conjugational
transfer from E. coli �3914, as described previously (29). Spontaneous
homologous recombination was performed on a VC medium-1.25% agar
plate containing 300 �M 2,6-diaminopimelic acid; positive selection for
loss of the plasmid, which was facilitated by ccdB-encoded toxin under the
arabinose-inducible promoter in pTSK118, was performed on a VC me-
dium-1.25% agar plate containing 0.2% (wt/vol) arabinose. The insertion
of egfp at the 3= end of hubP on the chromosome was confirmed by DNA
sequencing. The resulting HubP-enhanced GFP (HubP-eGFP) fusion
protein contained a 5-residue linker (Gly-Gly-Gly-Gly-Ser) between the
C-terminal end of HubP and the N-terminal initiation Met of eGFP.

The hubP deletion mutants were generated from the VIO5 (wild-
type), LPN1 (�flhF), and KK148 (flhG) strains by homologous recombi-
nation with the �hubP sequence (1,000 bp), which was composed of 500
bp upstream and 500 bp downstream of hubP, by using methods similar to
those described above. The �hubP DNA fragment was PCR amplified
using an upstream sense primer (5=-CGAATTCCGTGTGCCTGTATTC
TATGG-3=) and a downstream antisense primer containing a SacI site
(5=-GGAATTCCCAGGTCGTAAAGCATGATTG-3=). pSW7848 and the
�hubP fragment were ligated using the SacI site to generate pSJ2. By using
pSJ2, �hubP strains were obtained. The deletion was confirmed by colony
PCR, using a 500-bp upstream sense primer and a 500-bp downstream
antisense primer.

Construction of HubP, HubP-His, and FlhG expression plasmids.
The chromosomal hubP gene of V. alginolyticus was PCR amplified using
an upstream sense primer (5=-GGGGTACCAAATTGTATTTAGCACAA
AAC-3=) and a downstream antisense primer containing a KpnI site
(5=-GGGGTACCTTATCGGCCATTAATGGCATC-3=). PCR-amplified
DNA fragments and pBAD33, a plasmid vector, were digested with KpnI,
and the purified fragments, prepared as described above, were ligated in
order to generate pTSJ3. For construction of pTSJ4, we introduced a His6

sequence into the 3= end of the hubP gene on pTSJ3 through site-directed
mutagenesis, using the QuikChange method as described by Stratagene.
The flhG gene on pNT16 was subcloned from pAK520. pAK520 and
pMMB206, which are plasmid vectors, were digested with BamHI and
HindIII, and the purified fragments, prepared as described above, were
ligated to generate pNT16. All plasmids were checked by DNA sequenc-
ing. Transformation of V. alginolyticus with plasmids for which the vec-
tors were pBAD33 or pTY60 was carried out using the electroporation
method, as described previously (30). Transformation of V. alginolyticus
with the pNT16 plasmid was carried out using the conjugation method, as
described previously (31).

Electron microscopy. Freshly formed single colonies of V. alginolyti-
cus on VC medium-1.25% agar plates were picked and negatively stained
with 2% (wt/vol) potassium phosphotungstate (pH 7). Subsequently,
they were placed on a carbon-coated copper grid and observed using a
transmission electron microscope (JEM1011; JEOL, Tokyo, Japan).

Dark-field microscopy. Overnight cultures of V. alginolyticus in VC
medium were diluted 1:100 in VPG medium containing 0.02% (wt/vol)
arabinose and were cultured for 4 h at 30°C. The cells with flagella were
observed using a high-intensity dark-field microscope (BX50; Olympus,
Tokyo, Japan) equipped with a 100-W high-pressure mercury lamp
(BH2-RFL-T3; Olympus). The videos were recorded using a charge-cou-
pled device (CCD) camera (SSC-M420; Sony, Tokyo, Japan) and imaging
software (IC Capture 2.3; The Imaging Source Europe GmbH, Bremen,
Germany). The number of flagella per cell was determined, and the phe-
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notypes were categorized into three types, i.e., no flagellum, single flagel-
lum, or multiple flagella.

Motility assay in soft agar plates. Two microliters of an overnight
culture were spotted on VPG soft agar plates (VPG medium containing
0.25% [wt/vol] Bacto agar [Difco]) with 0.02 or 0.2% (wt/vol) arabinose
and were incubated at 30°C for the appropriate time, as indicated in the
figure legends.

Fluorescence microscopy. Overnight cultures of V. alginolyticus cells
in VC medium were diluted 1:100 in VPG medium (for NMB308) or VPG
medium containing 0.02% (wt/vol) arabinose (for all other plasmid-
borne GFP fusions) and were cultured for 4 h at 30°C. The cultures were
harvested by centrifugation, suspended in TMN500 (50 mM Tris-HCl
[pH 7.5], 5 mM MgCl2, 5 mM glucose, 500 mM NaCl), loaded onto
poly-L-lysine-coated tunnel slides, washed with TMN500, and observed
using a fluorescence microscope (BX50; Olympus) equipped with a
100-W high-pressure mercury lamp (BH2-RFL-T3; Olympus). Images
exposed for 1 s were recorded using a CCD camera (ORCA-Flash4.0;
Hamamatsu Photonics) and imaging software (High-speed Recording
Software, version 1.7.1.0; Hamamatsu Photonics). The fluorescence in-
tensities at the pole and in the cytoplasm were measured with analytical

software (ImageJ 1.48u4; National Institutes of Health). The pole/cyto-
plasm (P/C) ratio was calculated as described previously (7).

For the staining of polar flagella, the cells in the tunnel slide were
treated as described previously (31). In brief, cells were fixed on the poly-
L-lysine-coated tunnel slide as described above, and then TMN500 con-
taining antibody against the polar flagellum was applied to the tunnel
slide. After 5 min of incubation, the tunnel slide was washed with
TMN500, and then TMN500 containing rhodamine-conjugated anti-
rabbit IgG antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
was applied. After 5 min of incubation, the tunnel slide was washed with
TMN500 and then observed under a microscope, as described above.
Because the polar flagellum is covered with a lipid sheath connected to the
outer membrane, the cell body is also stained.

Detection of proteins by immunoblotting. Overnight cultures grown
in VC medium were inoculated, at a 100-fold dilution, into VPG medium
containing 0.02% or 0.2% (wt/vol) arabinose and were cultured at 30°C for 4
h. Cells were harvested by centrifugation, suspended to an optical density at
660 nm of 10 in sodium dodecyl sulfate (SDS) loading buffer containing 5%
(vol/vol) �-mercaptoethanol, and boiled at 95°C for 5 min. Samples were
separated by SDS-PAGE and transferred to polyvinylidene difluoride

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Descriptiona Source or reference

E. coli strains
DH5� F� �� recA1 hsdR17 endA1 supE44 thi-1 relA1 gyrA96 �(argF-lacZYA)U169 	80dlacZ�M15 (recipient in

cloning experiments)
32

S17-1 recA hsdR thi pro ara RP-4 2-Tc::Mu-Km::Tn7 (Tpr Smr) (recipient in conjugational transfer of pMMB206) 33
�3914 �2163 gyrA462 zei-298::Tn10 (Kmr Emr Tcr) (recipient in conjugational transfer of pSW7848) 34
BL21(DE3) Host for overexpression Stratagene

V. alginolyticus strains
VIO5 Rifr Pof
 Laf� 35
LPN1 VIO5 �flhF 7
KK148 VIO5 flhG 6
LPN2 VIO5 �flhFG 7
NMB303 VIO5 �hubP This study
NMB304 LPN1 �hubP This study
NMB305 KK148 �hubP This study
NMB308 VIO5 hubP-egfp This study

Plasmids
pGEM-T Easy Cloning vector, Ampr Promega
pTSK117-1 pGEM-T Easy-hubP* This study
pTSK117 pGEM-T Easy-hubP*-egfp This study
pSW7848 Suicide vector (oriVR6K� oriTRP4 araC-PBAD-ccdB), Cmr 36
pTSK118 pSW7848-hubP*-egfp This study
pSJ2 pSW7848-�hubP This study
pBAD33 Cmr PBAD 31
pTY200 pBAD33-egfp 37
pTSJ3 pBAD33-hubP This study
pTSJ4 pBAD33-hubP-His6 This study
pAK520 pBAD33-flhG 6
pAK325 pBAD33-flhF-egfp 7
pAK541 pBAD33-flhG-egfp 7
pTY60 Kmr PBAD 38
pTY60-flhF-gfp pAK325, Cms, Kmr Akiko Kusumoto
pMMB206 Cmr Ptac Plac UV5 39
pNT16 pMMB206-flhG This study
pTrcHisB Ampr Ptrc Invitrogen
pTrc-flhG pTrcHisB-His6-tev-flhG 17

a Tpr, trimethoprim resistant; Smr, streptomycin resistant; Kmr, kanamycin resistant; Emr, erythromycin resistant; Tcr, tetracycline resistant; Rifr, rifampin resistant; Ampr,
ampicillin resistant; Cmr, chloramphenicol resistant; Cms, chloramphenicol sensitive; Pof
, normal polar flagellar formation; Laf�, defective in lateral flagellar formation; Ptac, tac
promoter; Plac, lac promoter; PBAD, arabinose promoter; Ptrc, trc promoter; hubP*-egfp, �1.7-kb DNA fragment containing the hubP 3= coding region and its downstream sequence,
with an in-frame insertion of the egfp sequence at the 3= end of hubP.

Roles of Polar Landmark Protein HubP
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(PVDF) membranes, and immunoblotting was performed using anti-FlhF
(FlhF B0239) (7), anti-FlhG (FlhG B0728) (17), and anti-His antibodies
(Medical & Biological Laboratories Co., Ltd., Nagoya, Japan).

Immunoprecipitation. FlhG protein was purified from E. coli cells
expressing the protein from plasmid pTrc-flhG as described previously
(17), with slight modifications. E. coli BL21(DE3) cells harboring pTrc-
flhG were inoculated into LB medium containing 1.75% (wt/vol) D-lac-
tose monohydrate and were cultured at 30°C for 16 h. Cells were harvested
by centrifugation, suspended in TN buffer (20 mM Tris-HCl [pH 8.0],
150 mM NaCl) containing 5 to 10 mg of lysozyme and 0.5 mM protease
inhibitor phenylmethylsulfonyl fluoride (PMSF), and disrupted by soni-
cation. The supernatant from ultracentrifugation at 160,000 � g for 30
min was loaded on a HiTrap Talon column connected to an AKTAprime
system (GE Healthcare, Chicago, IL, USA). After washing with TN buffer,
His-tagged FlhG was eluted using an imidazole gradient (from 5 mM to
300 mM), and the purity was checked by SDS-PAGE Coomassie brilliant
blue staining.

HubP-His protein was purified from V. alginolyticus cells. NMB303
cells harboring plasmid pTSJ4 were inoculated into VPG medium con-
taining 0.2% (wt/vol) arabinose and were cultured for 4 h at 30°C. Cells
were harvested by centrifugation, suspended in TMN500 buffer, and
disrupted by sonication. The precipitate from ultracentrifugation at
100,000 � g for 30 min was suspended in TMN500 buffer containing 1%
(wt/vol) n-dodecyl-�-D-maltoside (DDM) and was incubated at 4°C for 1
h. The supernatant from ultracentrifugation at 100,000 � g for 30 min was
mixed with Ni-nitrilotriacetic acid (NTA)-agarose (Qiagen, Hilden, Ger-
many). After washing with TMN500 buffer containing 0.1% DDM and 5
mM imidazole, HubP-His was eluted with buffer containing 500 mM
imidazole. Purified His-FlhG (wild type), His-FlhG(D171A), HubP-His,
and/or ATP (final concentration of 0.5 mM, with 5 mM MgCl2) was
added to protein A–Sepharose CL-4B beads (GE Healthcare) that had
been equilibrated with TMN500 containing 0.1% (wt/vol) DDM and an-
ti-FlhG antibody, and the mixture was incubated for 60 min at room
temperature. The beads were washed with TMN500 containing 0.1% (wt/
vol) DDM, and bound proteins were eluted from the beads by boiling at
95°C in SDS loading buffer for 10 min. Samples were separated using
SDS-PAGE and transferred to PVDF membranes, and immunoblotting
was performed using an anti-His antibody.

RESULTS
Increased flagellar number in V. alginolyticus with deletion of
hubP. In V. alginolyticus, HubP is composed of 1,444 amino acids,
its molecular size is estimated to be 159 kDa, and it contains an
N-terminal signal peptide (26 amino acids) (see Fig. S1 in the
supplemental material). As in its orthologs, a repeat sequence was
found seven times in the cytoplasmic region (10 times in V. chol-
erae and nine times in S. putrefaciens) (see Fig. S1). At first, we

observed the subcellular localization of HubP. We fused the egfp
gene to the 3= end of hubP on the chromosome of the V. algino-
lyticus VIO5 strain, which has a wild-type polar flagellum, and
observed the cells by fluorescence microscopy. HubP-GFP mainly
localized at the flagellated cell pole; however, some of the cells had
a fluorescence dot at the pole without flagella, and the fluores-
cence intensities seemed to be weaker than those of flagellated
poles (Fig. 1A). This result is consistent with the previous results
for V. cholerae and S. putrefaciens (14, 25). We confirmed that GFP
fusion to the C terminus of HubP did not affect flagellation and
motility (Fig. 1). In order to test the contribution of HubP to the
regulation of the flagellar number in V. alginolyticus, hubP was
deleted in the V. alginolyticus VIO5 strain. The �hubP strain was
observed using transmission electron microscopy (TEM), and it
was shown that multiple flagella existed at the cell pole (Fig. 2A).
These cells were also observed using a high-intensity dark-field
microscope. The number of flagella per cell was determined, and
the phenotypes were categorized into three classes (i.e., no flagel-
lum, single flagellum, or multiple flagella) (Fig. 2B). More than
80% of the wild-type cells had a single flagellum, and more than
80% of the flhG mutant cells had multiple flagella. In �hubP mu-
tants, about 50% of the cells formed multiple flagella, and about
20% of the cells formed a single flagellum. When the HubP ex-
pression plasmid was introduced into the �hubP strain, the cells
formed a single flagellum at the cell pole, similar to VIO5 (wild-
type) cells. More than 80% of flhG �hubP mutant cells had mul-

FIG 1 Polar localization of HubP in V. alginolyticus. (A) Fluorescence images
of cells expressing HubP-GFP (NMB308). Left, cells treated with anti-polar
flagellum antibody followed by anti-rabbit IgG conjugated to rhodamine;
middle, GFP fluorescence image; right, merged GFP and rhodamine images.
Insets are enlarged images of representative cells. (B) Motility of VIO5 (wild-
type) and NMB308 cells in soft agar plates. The incubation time was 3.5 h.

FIG 2 Increased flagellar number in V. alginolyticus with deletion of hubP. (A)
Electron micrographs of a wild-type cell and a �hubP cell. Representative
examples are shown. Scale bar, 1 �m. (B) Flagellar number per cell observed
for wild-type cells, flhG mutant cells, �hubP mutant cells, �hubP mutant cells
complemented with the plasmid-expressed hubP gene, and flhG �hubP mu-
tant cells. The cells were observed using dark-field microscopy, and the flagel-
lar number per cell was determined. (C) Soft agar plate cell motility. Overnight
cultures (2 �l) were spotted onto VPG medium– 0.25% agar plates containing
0.02% (wt/vol) arabinose and incubated at 30°C for 4 h.
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tiple flagella, similar to flhG mutant cells. We also observed the
flagellar number by electron microscopy and confirmed a ten-
dency similar to the result shown in Fig. 2B, that is, the flhG mu-
tant had more flagella per cell than the �hubP mutant and the
hubP deletion from the flhG mutant did not increase the flagellar
number (see Fig. S2 in the supplemental material).

The motility of mutant strains was monitored in soft agar
plates (Fig. 2C). It was demonstrated previously that flhG-de-
pleted mutant cells showed reduced motility in soft agar plates (6).
Here, the deletion of hubP led to decreased motility in soft agar
plates, similar to the flhG mutant, and the hubP-expressing plas-
mid complemented this motility defect (Fig. 2C). The deletion of
hubP did not strongly affect chromosomal expression of FlhF and
FlhG (see Fig. S3A in the supplemental material).

Subcellular localization of FlhF and FlhG in �hubP mutant
cells. Because deletion of hubP led to an increase in the flagellar
number, it was speculated that the localization of FlhF or FlhG
would be affected by hubP deletion in V. alginolyticus. We fused
GFP to FlhF and FlhG and observed the intracellular localization
of these proteins in cells with or without hubP. We confirmed that
the expression of FlhG-GFP and FlhF-GFP was not affected by the
deletion of hubP (see Fig. S3B and C in the supplemental mate-
rial). In cells with hubP expression, FlhG-GFP localized in a dot
pattern at the cell poles in about 60% of the cells (Fig. 3), as de-
scribed previously (7, 17). In cells without hubP expression, how-
ever, polar dots of FlhG-GFP were almost not visible, indicating
that HubP is essential for polar localization of FlhG (Fig. 3), which
is consistent with the results obtained previously in V. cholerae and
S. putrefaciens (14, 25). FlhG(D171A), an ATPase-active FlhG
mutant that localizes strongly at the cell pole (17), also lost its
polar localization in the absence of HubP (Fig. 3). FlhF-GFP is
known to localize at the cell poles in wild-type cells, and here we
found that the FlhF-GFP position was not affected by the deletion
of hubP (Fig. 4B), which is also consistent with the results obtained
in V. cholerae and S. putrefaciens (14, 25). We analyzed the inten-
sity of FlhF-GFP polar dots in the investigated cells (Fig. 4). Fluo-
rescent signal intensities were measured at the cell poles and in the
cytoplasm (Fig. 4A), and the P/C ratios were calculated and plot-

ted in a histogram (Fig. 4B). In wild-type cells, the polar dot in-
tensity (P/C ratio) for FlhF-GFP was 3.6  1.6 (mean  SD [n �
326]). In the �flhG mutant, the P/C ratio for FlhF-GFP was 18.2 
19.4 (mean  SD [n � 264]), which was higher than that for the
wild-type cells, consistent with previously reported results (7). In
the �hubP mutant, the P/C ratio for FlhF-GFP was 3.4  1.7
(mean  SD [n � 232]), which was similar to that for the wild-
type cells. These results indicate that the deletion of hubP did not
affect the efficiency of the polar localization of FlhF, unlike in the
flhG-depleted mutant cells.

FIG 3 Effects of hubP deletion on polar localization of FlhG. The intracellular
localization of FlhG-GFP was observed using a fluorescence microscope (A),
and the rate of polar dot formation was determined by calculating the ratio of
the number of cells with a fluorescent dot at the cell pole to the number of cells
seen in the image (B). FlhG-GFP with or without a D171A mutation was
expressed from a plasmid in a flhG-depleted mutant (wild type) and a flhG
�hubP mutant (�hubP).

FIG 4 Effects of hubP deletion or FlhG overproduction on the polar local-
ization of FlhF. (A) Schematic of the quantitative analysis of the polar
localization of FlhF-GFP. The fluorescence intensities at the pole (P) and in
the cytoplasm (C) were determined by subtracting the background inten-
sity. (B) Intracellular localization of FlhF-GFP and intensity of fluorescent
dots. FlhF-GFP was expressed in �flhF cells (wild type), �flhF �flhG cells
(�flhG), �flhF �hubP cells (�hubP), and �flhF �flhG cells overproducing
FlhG from the plasmid pAK520 (p-flhG). Left, fluorescence images; right,
P/C ratio histograms.
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Effects of FlhG overproduction on localization of FlhF. In P.
aeruginosa, overproduction of FleN, a FlhG homologue, produces
a nonflagellated phenotype, with a few cells having a single flagel-
lum (19). Similar results were reported for V. alginolyticus (17). In
addition, the introduction of a plasmid (pNT16) expressing FlhG
from the uncontrolled leaky promoter into the flhG-depleted
strain completely inhibits flagellation and the motility of cells in
soft agar plates (see Fig. S4 in the supplemental material). We
observed the localization of FlhF-GFP under these FlhG-overpro-
ducing conditions. We introduced two different plasmids, one
expressing FlhF-GFP from the arabinose-inducible promoter
(pAK325) and pNT16. Unexpectedly, FlhF-GFP localized at the
cell pole at similar levels, compared with the wild-type cells (Fig.
4), indicating that FlhF-GFP can localize at the cell pole indepen-
dent of FlhG overproduction.

DISCUSSION

Flagella are the largest organelles in bacteria, and their numbers
are tightly controlled in some bacterial species. The marine bacte-
rium V. alginolyticus has a single flagellum at the cell pole, and two
proteins, FlhF and FlhG, regulate the flagellar number. FlhF is
localized at the cell pole and is thought to promote flagellation.
FlhG was thought to inhibit the polar localization of FlhF by cap-
turing the protein in the cytoplasm. In this study, we analyzed the
contribution of HubP, a large, pole-localizing, single-pass, trans-
membrane protein involved in the polar localization of FlhG, to
the regulation of flagellar number in V. alginolyticus. In the ab-
sence of HubP, cells increase the number of their flagella, indicat-
ing that HubP is involved in the inhibition of flagellar formation.
These results are inconsistent with the results obtained in V. chol-
erae, which showed that deletion of hubP did not strongly affect
flagellar number (25). This might suggest that V. cholerae has
more robust mechanisms to control flagellar formation, indepen-
dent of HubP and distinct from those in V. alginolyticus. Plasmid-
based complementation of hubP restored the flagellar number of
the �hubP mutant to the wild-type level. Because the level of ex-
pression of HubP from a plasmid under the control of the araBAD
promoter, induced with 0.02% (wt/vol) arabinose, should be
higher than chromosomal expression, the overproduction of
HubP did not produce a nonflagellated phenotype, in contrast to
the overproduction of FlhG. There may be a threshold level of
HubP that can localize at the cell pole, because of the largeness of
HubP as a membrane protein. The deletion of hubP decreased the
motility of cells in soft agar plates, which may be attributed to the
inhibition of motility through an undue increase in flagellar num-
ber, similar to that in the flhG-depleted mutant, and to a defect in
the chemotactic response that may be caused by mislocalization of
the chemoreceptor cluster as a consequence of hubP deletion, as
previously described for other species (14, 25).

The deletion of hubP disrupted the localization of FlhG at the
cell pole almost completely and FlhG was diffused in the cyto-
plasm, which agrees with the results obtained previously in other
species (14, 25). This indicates that HubP, which is a pole-localiz-
ing protein, anchors FlhG to the cell pole. A direct interaction
between HubP and FlhG in V. cholerae was suggested by a bacterial
two-hybrid assay (25). We performed a pulldown assay to detect
the direct interaction; however, HubP was not copurified with
FlhG (see Fig. S5 in the supplemental material). We also tried to
detect the interaction with a bacterial two-hybrid assay using a
similar fragment of V. cholerae; however, we could not achieve any

positive results. Those findings may suggest that the interaction
between HubP and FlhG is not as strong as that in V. cholerae or
that other proteins are required to support the interaction in V.
alginolyticus.

In contrast, deletion of hubP did not affect the localization of
FlhF. In other words, both hubP deletion and flhG depletion in-
creased flagellar number, whereas the polar localization of FlhF
was increased only with flhG depletion. In the past, it was thought
that the absolute amount of FlhF molecules at the cell pole deter-
mined the number of flagella and cytoplasmic FlhG molecules
influenced the downregulation of the polar assembly of FlhF (7).
However, here we found that deletion of hubP increased the num-
ber of flagella without increasing the polar assembly of FlhF. This
suggests that the flagellar number is determined not only by the
amount of polar FlhF but also by another factor combined with
HubP. Furthermore, we analyzed the localization of FlhF in FlhG-
overproducing cells and found that the polar localization of FlhF
was not strongly affected by the excess FlhG, although the cells
were not able to form flagella. This may indicate that FlhF strongly
localizes at the cell pole, and overproduced FlhG cannot com-
pletely take FlhF away from the cell pole. Moreover, because the
deletion of hubP in the flhG-depleted mutant cells did not cause an
additional increase in flagellar number, compared with the flhG-
depleted mutant (Fig. 2B), HubP should inhibit flagellation
through a FlhG-mediated mechanism, probably by giving FlhG a
binding platform at the cell pole. This is consistent with our pre-
vious findings showing that the ATP-dependent polar localization

FIG 5 Model of the regulation of flagellar number by FlhF, FlhG, and HubP in
V. alginolyticus cells. In wild-type cells, FlhF intrinsically localizes at the cell
pole and promotes the assembly of the flagellar basal body protein (FliF). FlhG
inhibits flagellation in two ways, i.e., (i) cytoplasmic FlhG captures FlhF in the
cytoplasm and prevents the polar localization of FlhF and (ii) polar FlhG,
which is anchored by HubP, directly inhibits the activity of the polar FlhF.
Polar localization of FlhG depends on ATP as well. In the flhG-depleted mu-
tant, both FlhG inhibition pathways were impaired and strong activation of
multiflagellar formation by polar FlhF was induced. In the hubP deletion mu-
tant, the amount of polar FlhF was controlled by cytoplasmic FlhG but direct
inhibition by polar FlhG was impaired and multiflagellar formation was in-
duced, even though the flagellar number was reduced, compared with the flhG
mutant.
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of FlhG is crucial for its ability to downregulate the number of
polar flagella (17).

Based on these results, we suggest a new model for the regulation
of flagellar number in V. alginolyticus by FlhF and FlhG (Fig. 5). In
wild-type cells, FlhG may inhibit the flagellation in two ways, i.e.,
(i) through cytoplasmic FlhG, which captures FlhF in the cyto-
plasm and prevents the polar localization of FlhF, and (ii) through
inhibition by ATP-dependent, pole-localizing FlhG anchored by
HubP, which directly prevents flagellation without causing mislo-
calization of FlhF. In the flhG-depleted mutant cells, both inhibi-
tion pathways regulated by FlhG are lost and multiflagellar forma-
tion is strongly induced by a large amount of pole-localizing FlhF.
In the hubP deletion mutant, FlhF is captured by cytoplasmic FlhG
and the amount of FlhF localized at the pole is controlled. How-
ever, FlhG cannot localize at the pole through interactions with
HubP, and the inhibition of flagellation by polar FlhG is impaired.
It is still unclear how polar FlhG downregulates FlhF at the pole.
Since the ATPase-active mutant of FlhG, which localizes strongly
at the pole, severely inhibits flagellation (17), it is possible that the
activities of FlhG (ATP hydrolysis and FlhF inhibition) are corre-
lated and are activated at the pole. HubP may be involved in the
regulation of the amount of activated FlhG at the pole. We con-
clude that not only the ratio of protein expression levels but also
the ratio of pole-localizing FlhF and FlhG levels regulate the fla-
gellar number in V. alginolyticus. HubP may have a role in the
formation of a specific “field” necessary for polar assembly of the
appropriate amount of FlhG, in order for it to be able to regulate
flagellar biogenesis.
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