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localizes to the base of the flagellum, while the more abundant
one, FlaA, lies in the outer regions (22). Elimination of flaB
(FlaB⫺) yields normal-looking flagella that retain some function and propel the bacterium about 60% as well as normal
(20, 41). Elimination of flaA (FlaA⫺) yields truncated flagella
that move the bacterium only slightly. Elimination of both
flagellins (FlaA⫺ FlaB⫺) results in aflagellated bacteria that
are immobile (20). The phenotypes of these mutants in the
piglet colonization model roughly parallel their motility: mutants missing either flaB or flaA were able to transiently colonize piglets (for four days) but at levels about 104-fold lower
than those of their wild-type parent (13). FlaA⫺ FlaB⫺ double
mutants were able to infect animals to levels similar to those of
the single-flagellin mutants only until the earliest time point,
day 2. These results suggest that partial motility can support
some colonization but wild-type motility is needed for the
bacterium to reach and maintain high levels of infection in the
piglet. In support of this idea, several additional aflagellated
mutants have been constructed by elimination of the fliD, fliQ,
and flhB flagellar assembly genes (15, 21). Mutation of any of
these genes eliminates the ability of H. pylori to make flagella
and results in bacteria that no longer colonize mouse stomachs,
another animal model, supporting the importance of functional flagella for infection.
To begin to analyze whether H. pylori requires flagella or
motility during animal infection, we constructed mutants that
have immobilized flagella. This type of motility mutant was
created because previously analyzed motility mutants of H.
pylori were either aflagellated (flaA flaB; fliD; fliQ; flhB) or
partially motile (flaB; flaA). Of note, flaB mutants retain normal-looking flagella and some motility. However, because FlaB
is part of the wild-type flagellum, it is possible that these
mutant structures were not entirely normal and that this is the
reason these mutants were less able to swim. To differentiate
whether wild-type flagella or motility is needed for infection,
we created H. pylori mutants that have structurally wild-type
but paralyzed flagella. Based on phenotypes in Escherichia coli
and Vibrio cholerae, we chose to eliminate the motB gene that
encodes the MotB flagellar motor protein (5, 16). Such a mu-

Many bacterial pathogens swim, but little is known about
how these microbes use this ability when inside animal hosts.
Motility is often driven by flagella, complex extracellular structures that require large amounts of energy for operation. A
bacterium presumably benefits if it makes flagella only when
needed and regulates their activity so as not to swim at random.
Flagella are often used by bacteria inside the animals they
infect. Flagellar mutants of Helicobacter pylori (13), Campylobacter jejuni (32, 45), Campylobacter coli (37), and Vibrio
anguillarum (35) are less virulent than their wild-type counterparts in animal models, indicating that flagella are crucial to
the infection process of these pathogens. Additionally, human
immunoglobulins are often directed against flagellar proteins
in H. pylori (28), Pseudomonas aeruginosa (3, 44), C. jejuni (46),
and C. coli (27), implying that flagella are expressed by these
bacteria when inside the host.
The functions that flagella play during infection, however,
are not thoroughly understood. Flagella are best known for
conferring motility, although recently they have been shown to
play a variety of other roles. These include serving as an export
apparatus for virulence factors (47) and sensing the viscosity of
a medium (29). If flagella are required for infection, they could
be used for any or all of these processes.
H. pylori is a human pathogen that colonizes gastric tissue,
causing symptoms ranging from mild gastritis to ulcers, and
confers an increased risk of gastric cancer (10, 34, 43). Human
colonization by this bacterium is very prevalent; it is estimated
that over 50% of people worldwide are infected but only a
subset develop disease. Several bacterial factors, including flagella, and various enzymes and toxins contribute to the full
virulence of H. pylori (7, 10, 26, 39, 40).
H. pylori carries a tuft of about five sheathed flagella located
at one pole. Each flagellar filament is composed of two flagellins, FlaA and FlaB (22). The minor flagellin species, FlaB,
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Helicobacter pylori has been shown to require flagella for infection of the stomach. To analyze whether flagella
themselves or motility is needed by these pathogens, we constructed flagellated nonmotile mutants. This was
accomplished by using both an insertion mutant and an in-frame deletion of the motB gene. In vitro, these
mutants retain flagella (Flaⴙ) but are nonmotile (Motⴚ). By using FVB/N mice, we found that these mutants
had reduced ability to infect mice in comparison to that of their isogenic wild-type counterparts. When these
mutants were coinfected with wild type, we were unable to detect any motB mutant. Finally, by analyzing the
50% infectious dose, we found that motility is needed for initial colonization of the stomach mucosa. These
results support a model in which motility is used for the initial colonization of the stomach and also to attain
full infection levels.
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TABLE 1. Strains and plasmids used in this study
Strain

Genotype or description

Antibiotic resistance

Wild type
Wild type
SS1 motB::cat1
SS1 motB::aphA3-sacB1
SS1 ⌬motB2
SS1 motB::cat1
G27 motB::aphA3-sacB1
G27 ⌬motB2

Plasmid
pBluescript KS (pBS)
pT7blue
pBS-cat
pKSFII
pKO114
pKO114i
pACL14
pKO124
pKO124d

Cloning plasmid
Cloning plasmid
pBS with C. coli cat gene
pBS with aphA3 and sacB gene
pBS with 1.2-kb motB gene from G27
pKO114 with aphA3-sacB insert
pKO114 with cat insert
pT7blue with 2.9-kb region of SS1 genome encompassing motB
pKO124 with in-frame deletion of motB

tant is predicted to retain nonfunctional but structurally wildtype flagella.
MATERIALS AND METHODS
Bacterial strains and plasmids. For all experiments, we used H. pylori strains
G27 and SS1. Both strains are human isolates and motile. G27 is easily transformed but does not infect mice. SS1 readily infects mice. For all cloning, we
used E. coli strain DH10B. H. pylori strains and plasmids used in this study are
listed in Table 1.
Growth media and chemicals. For solid-medium culture, H. pylori was grown
on Columbia blood agar (Difco) plates with 5% defibrinated horse blood (Hemostat Labs, Davis, Calif.)–5 g of trimethoprim/ml–8 g of amphotericin
B/ml–10 g of vancomycin/ml–50 g of cycloheximide/ml–5 g of cefsulodin/
ml–2.5 g of polymyxin B/ml–0.2% (wt/vol) ␤-cyclodextrin (Sigma) (CHBA) at
37°C under conditions of 7 to 10% O2, 10% CO2 and 80 to 83% N2. All
antibiotics were from Sigma or ISC Bioexpress. For liquid culture, H. pylori
strains were grown in brucella broth (Difco) with 10% heat-inactivated fetal
bovine serum (FBS) (Gibco) (BB10) in anaerobic jars with Campy Paks (Oxoid).
For selection of mutants, kanamycin was used at 15 g/ml (H. pylori) or 30 g/ml
(E. coli), chloramphenicol was used at 5 to 10 g/ml (H. pylori) or 20 g/ml (E.
coli), and sucrose was used at 10% (wt/vol).
For long-term storage, a thick 3- to 5-day growth of H. pylori from a Columbia
blood agar plate was scraped into brucella broth with 10% FBS (BB10)–1%
(wt/vol) ␤-cyclodextrin–25% glycerol–5% dimethyl sulfoxide. The cells were dispersed using pipetting and vortexing and frozen at ⫺70°C.
Plasmid preparation was done using kits from Qiagen. For preparation of
genomic DNA, DNeasy kits (Qiagen) or Wizard Genomic kits (Promega) were
used. All restriction and DNA modification enzymes were from New England
Biolabs or Gibco. Amplification of DNA was carried out using Pfu or Pfu-Turbo
polymerases (Stratagene) or Taq polymerase (generous gift of D. Kellogg). All
DNA sequencing was performed by the U. C. Berkeley sequencing facility.
Cloning of the motB gene. The motB gene was amplified from G27 chromosomal DNA using Pfu polymerase and oligonucleotides motB1 (5⬘gaagggatc
cgggcataagctcaaagc 3⬘) and motB3 (5⬘ gaagaagctagaacgcccttgattgatg 3⬘). These
primers were designed based on the 26695 sequence (42) to amplify approximately 170 bp upstream of the start of motB (gene no. 0816) and 300 bp
downstream of the stop codon for motB and yield a 1,200 bp product. The
product was gel purified, a 5⬘ T overhang was added using Taq polymerase, and
the resultant product was ligated with the pCR2.1-topo vector (Invitrogen) to
create pKO104. Restriction enzyme analysis and DNA sequencing confirmed
that the resultant plasmid contained motB. By digesting at EcoRI sites that flank
the inserted motB piece in pKO104, the 1.2-kb motB piece was subcloned into
EcoRI-digested pBluescript KS to create pKO114.
A larger genomic clone was amplified from SS1 chromosomal DNA by using
Pfu-Turbo polymerase and oligonucleotides motB4 (5⬘ tttgatcaatgacgcttgcgtg 3⬘)
and motB5 (5⬘ cgatagcggccttaatgacctc 3⬘). Amplification using these oligonucleotides yielded a 2.9-kb fragment. This fragment was ligated with EcoRV-digested

Cm
Km
Cm
Km

Ap
Ap
Ap, Cm
Km
Ap
Ap, Km
Ap, Cm
Ap
Ap

6-Nina Salama
23-Janie O’Rourke
This study
This study
This study
This study
This study
This study
Stratagene
Novagen
Nina Salama
9
This study
This study
This study
This study
This study

pT7blue to create pKO124. The identity of the cloned insert was verified by using
DNA sequencing.
Creation of motB insertion and deletion plasmids. For insertional mutagenesis, either the cat gene or aphA3-sacB cassette was inserted into a unique BclI site
in motB in pKO114. This insertion point corresponds to amino acid 113 (there
are 257 amino acids in full-length motB). For simple insertional mutagenesis, a
0.8-kb HincII fragment containing the cat gene from pBS-cat was gel purified and
subsequently ligated with BclI-digested pKO114 that had been blunt ended. This
product was called pACL14. For insertion-deletion mutagenesis, a 3.2-kb SmaIXhoI gene fragment containing the aphA3-sacB genes was excised from pKSFII,
blunt ended using T4 polymerase, and ligated with pKO114 prepared as described above to create pKO114i.
To create a plasmid from which the motB coding sequence had been removed,
we used inverse PCR with oligonucleotides motBd1 (5⬘ cttagccatttttagccctc 3⬘)
and motBd2 (5⬘ caccaagaatgaatcgcatg 3⬘) and pKO124 DNA. This results in the
in-frame removal of most of the motB coding sequence, except for the portion
encoding the first three and last three amino acids. The resultant PCR product
was ligated to itself to create pKO124d.
Creation of H. pylori motB mutants. To create H. pylori with either chromosomal motB::cat or motB::aphA3-sacB, we transformed SS1 and G27 with
pACL14 and pKO114i, respectively, using natural transformation as previously
described (39). In order to obtain transformants with pKO114i, we had to first
treat this plasmid with a cell extract, presumably so that it was methylated in the
pattern of the SS1 strain (11). This treatment was carried out as previously
described (11). For transformation, low-passaged H. pylori was struck onto
CHBA, allowed to grow for 20 to 24 h, and then restruck in a small patch on the
same medium. After allowing this to incubate for 6 h, 0.5 to 5 g of plasmid DNA
was stirred into the patch. This was incubated for 16 to 20 h, and the entire patch
was then struck onto CHBA with chloramphenicol or kanamycin. Single kanamycin- or chloramphenicol-resistant colonies arose after 3 to 6 days; these were
colony purified twice. After the second set of single colonies had arisen, several
were picked and amplified for preparation of chromosomal DNA and for frozen
storage.
Chromosomal DNA from each kanamycin- or chloramphenicol-resistant colony was prepared and analyzed using PCR and Southern blotting. For PCR
analysis, approximately 2 ng of chromosomal DNA was amplified with primers
that flank the motB gene (motB1 and motB3 described above) or with one primer
that flanks the motB gene (motB1 or motB3) and a primer that hybridizes to the
aphA3 gene (5⬘ ctcccaatcaggcttgatcc) or cat gene (colicat1; 5⬘ gtatagtctgctgtaaa
ctcagtcc) by using Taq polymerase and standard protocols (4) (Fig. 1). For
Southern blotting, approximately 15 to 50 ng of chromosomal DNA was digested
with HindIII overnight and probed with the aphA3 gene or the cat gene by using
either the Phototope kit (New England Biolabs) or Alk-Phos Direct kit (Amersham) and manufacturer’s protocols.
To produce H. pylori with in-frame deletions in motB, SS1 or G27
motB::aphA3-sacB was transformed as described above with pKO124d and se-
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H. pylori
G27
SS1
SS1 motB::cat
SS1 motB::km-sac
SS1 ⌬motB
G27 motB::cat
G27 motB::km-sac
G27 ⌬motB

Reference or source
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lected on 10% sucrose CHBA. Single sucrose-resistant kanamycin-sensitive colonies were colony purified and analyzed as described above.
Phenotypic analysis of motility and flagellation. Motility was assessed using
wet mounts of H. pylori cultures that had been incubated for 7 to 10 h on CHBA.
A small amount of the bacteria were taken up, placed into BB10, and examined
under phase-contrast microscopy. For wild-type H. pylori, we found that most of
the cells were swimming rapidly and changing direction frequently at this time point.
When assessed after 40 h of culture on CHBA, motility was substantially decreased.
Motility was further evaluated using soft agar plates composed of brucella
broth, 5% FBS, 0.35% agar, and H. pylori-selective antibiotics. A small portion of
the strain to be tested was stabbed about three-fourths of the way into the
thickness of the agar, and the diameter of the bacterial halo was measured each
day for 7 to 10 days. Formation of the halo in this assay depends on both motility
and chemotaxis, although the chemotactic component of this medium is not known.
Flagellation was determined as described previously (21) by using 16-h-old
CHBA-grown cultures stained with phosphotungstate and transmission electron
microscopy.
Mouse infection. For all infections, 6- to 8-week-old FVB/N mice (Charles
River) were used and housed in an Association for the Assessment and Accreditation of Laboratory Animal Care-accredited facility in microisolator cages with
free access to standard food and water. All animal procedures were approved by
the Institutional Animal Care and Use Committee. For infection, bacteria were
inoculated from frozen stocks onto CHBA and minimally passaged before starting a 5-ml BB10 culture with a large swab of solid-medium culture. This was
grown microaerobically with shaking for 16 h. After this time period, the cultures
were assessed for spiral morphology and motility and the optical density at 600
nm (OD600) was determined to calculate the number of H. pylori bacteria per
milliliter by using the following conversion: 1 OD600 ⫽ 3 ⫻ 108 bacteria/ml. Mice
were usually infected with 1 ⫻ 107 to 10 ⫻ 107 H. pylori bacteria in 1 ml of BB10
by using a gavage needle. For competition experiments, the two strains were
mixed together such that there were equal numbers (1 ⫻ 107 to 5 ⫻ 107 of each
strain in 1 ml) based on the OD600. All infection amounts were verified by plating
the inoculum. For all mouse experiments, an SS1 wild type that was passaged the
same number of times as the mutant was used. In all cases, this number totaled fewer
than 20 lab passages performed since obtaining this strain from J. O’Rourke.
After the selected period of time, the mice were euthanatized by inhalation of
CO2. The glandular stomach was removed and separated from the forestomach
and cut along the lesser curvature. The food in the stomach was removed with
forceps, and the stomach was bisected by cutting along the greater curvature.
One half of the stomach was transferred to an Eppendorf tube containing 0.5 ml
of BB10. This was weighed and homogenized with a tissue homogenizer pestle
(VWR), and serial dilutions were plated onto CHBA with 10 g of nalidixic
acid/ml and 200 g of bacitracin/ml. For competitions, samples of each stomach
homogenate were plated onto CHBA and onto CHBA plus selective antibiotics

(e.g., chloramphenicol). The number of wild-type bacteria was determined using
the following equation: (CFU on CHBA) ⫺ (CFU on CHBA-cat). No bacterial
growth occurred when the stomach contents of mice infected with wild-type SS1
were plated on CHBA-cat, confirming the specificity of this approach. In addition, stomach contents of mice that were either uninfected or mock infected with
BB10 alone gave no colonies on CHBA.
We estimated the limit of detection in this assay to be 250 CFU per gram of
stomach. This estimate was arrived at as follows. Using the protocol described
above, we routinely plate 1/10 of a half stomach. A typical half stomach weighs
0.08 g. Thus, 250 CFU/gram is 20 CFU/half stomach, or 2 CFU in 1/10 of a half
stomach.
To determine the 50% infective dose (ID50), mice were infected with a serial
dilution of bacteria grown and prepared as described above. All determinations
of CFU in the stomach were carried out as described above.
Statistical analyses. Statistical analysis of mouse colonization was done by
using the Wilcoxon signed rank test in the program Systat 8.0.

RESULTS
Generation of mutants that retain flagella but lack motility.
In order to differentiate whether flagella or the process of
motility is required for infection, we eliminated the motB gene,
which is predicted to encode a flagellar motor protein, MotB.
Because this protein is required for flagellar operation but not
formation, these mutants are expected to be flagellated (Fla⫹)
and nonmotile (Mot⫺). The motB gene was identified during
annotation of the H. pylori genome. In the 26695 genome it is
number 0816; in the J99 genome it is number 0752 (2, 42). The
predicted proteins encoded by the two H. pylori motB genes are
97% identical to each other and to many other proteins in
the database. In 1996, Nguyen and Saier defined a consensus
MotB sequence based on analysis of MotB proteins from E.
coli, Bacillus subtilis, and Rhodobacter sphaeroides as follows:
W X [L/I/V/M/A/F] [T/P/A] [F/Y] [A/T] D [L/I/V/M/A/F] X
[L/I/V/M/A/F] F [L/I/V/M/A/F], where X is any amino acid and
any one of the amino acids in brackets is found (33). The H.
pylori MotB proteins match the first nine amino acids of this
consensus but differ with respect to the last three (the H. pylori
sequence is W/A/V/P/Y/A/D/F/L/S/L/L).

Downloaded from http://iai.asm.org/ on September 18, 2020 by guest

FIG. 1. PCR analysis of motB mutants.(A) Schematic representations of wild-type motB (i), motB::cat (ii), and ⌬motB (iii). Arrows represent
primers used for PCR. Primer 1 is motB1, primer 2 is motB3, and primer 3 is colicat1 (sequences are in the text). Numbers at the top of panel
i indicate nucleotide numbers for the motB open reading frame, while numbers at the bottom represent the genomic sequence numbers from the
TIGR sequence (42). The location of the BclI site used for inserting the cat/aphA3-sacB is marked. (B) Agarose gel analysis of PCR amplification
products from genomic DNA of SS1, SS1 ⌬motB and SS1 motB::cat, and G27 and G27 motB::cat. The source of genomic DNA is shown at the
top of the figure; the primer set (as in panel A) is shown at the bottom. The arrows indicate full-length motB, and the diamonds indicate altered
motB (either motB::cat or ⌬motB). Kilobase markers are shown on the left side. Although in some lanes multiple bands can be seen, in all cases
the dominant band is the band of interest. Similar results were obtained with G27⌬motB.
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TABLE 2. In vitro characteristics of H. pylori motB mutantsa
Strain

Motile by
microscopy

Flagellated

Swarm rate
(mm/day)

SS1
SS1 motB::cat
SS1 ⌬motB

Yes
No
No

Yes
Yes
Yes

5.6 ⫾ 0.1
0.36 ⫾ 0.38
0.48 ⫾ 0.08

G27
G27 motB::cat
G27 ⌬motB

Yes
No
No

Yes
n.d.
Yes

7.4 ⫾ 0.9
1.24 ⫾ 0.22
1.26 ⫾ 0.16

a
Flagellation was determined by electron microscopy. Swarm rate was determined in brucella broth with 5% FBS soft agar. n.d., not determined.

FIG. 2. H. pylori strains lacking motB do not spread in soft agar.
Photograph of a brucella broth–5% FBS soft agar plate after 4 days of
incubation. The strains were stabbed into the middle of each growth
area on day 0. The numerals 1, 2, and 3 indicate wild-type SS1, SS1
⌬motB, and SS1 motB::cat, respectively. Similar results were obtained
with G27.

infected with the wild type, there was considerable variation in
the level of colonization: some mice had no detectable SS1
⌬motB, some had about 1,000-fold fewer, and one mouse had
only slightly lower levels. One possible explanation for this
variability is that motility is used both for initial colonization
and for maintenance of high levels of bacteria. In this scenario,
nonmotile H. pylori strains are both less likely to establish an
infection, and thus fewer mice are infected, and less able to
maintain a robust infection, and thus infected mice do not
carry as many H. pylori bacteria.
In order to evaluate whether motility aids initial infection,
we determined the ID50 for both wild-type and ⌬motB H. pylori. This was done by infecting the mice with various amounts
of H. pylori and evaluating the number remaining in the stomach after only a short infection period. A short infection period
was chosen so as to minimize the effect of an inability to persist
on the bacterial numbers in the stomach. As seen in Table 3,
the ID50 for wild-type H. pylori in FVB/N mice is fewer than 100
bacteria. In order to infect FVB/N mice with Fla⫹ Mot ⫺
H. pylori, a much larger dose must be used. Although an exact
figure cannot be calculated from the data, we estimate the ID50
to be at least 5 ⫻ 106, which is at least 4 logs greater than that
of the wild type. Taken together, these data support the hypothesis that motility aids initial infection.

FIG. 3. H. pylori SS1 lacking motB is flagellated. Electron micrographs of SS1, stained with phosphotungstate. (A) Wild-type SS1; (B)
SS1 ⌬motB; (C) SS1 motB::cat. Flagella are visible in all samples; one
filament in each panel is marked with an arrowhead.
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To create a flagellated nonmotile H. pylori, motB was eliminated in two ways. In the first method, a chloramphenicol
resistance gene was inserted into the middle of the motB open
reading frame to create motB::cat. In the second, an in-frame
region of motB was deleted (encompassing amino acids 4 to
254), by using the two-step insertion-deletion methodology
described by Copass and colleagues (9), to create ⌬motB. This
deletion removes the coding sequence for all of the MotB
protein except for the first three and last three amino acids.
The correct nature of these mutants was verified using PCR,
Southern blotting, and DNA sequence analysis of a PCR product from the chromosomal locus for the deletions (Fig. 1 and
data not shown). Both G27 and SS1 forms of these mutants
show growth rates that are somewhat higher than that of the
wild-type parent in BB10 (data not shown).
We next evaluated H. pylori G27 and SS1 motB::cat and
⌬motB for motility and flagellation to ascertain if elimination
of motB yielded the expected phenotype. When these strains
were observed using phase-contrast microscopy of wet mounts,
both wild-type parents were highly motile, while strains that
lacked motB were nonmotile (Table 2). Furthermore, H. pylori
bacteria lacking motB were unable to migrate through soft
agar, supporting the hypothesis that these strains are nonmotile (Fig. 2 and Table 2). Using transmission electron microscopy, we found that all strains retained flagella (Table 2 and
Fig. 3). From these experiments we concluded that H. pylori
lacking motB are flagellated but nonmotile.
H. pylori strains that lack motility do not colonize mouse
stomachs as well as their wild-type parent. To determine
whether motility is required for mouse stomach infection, we
infected 4- to 6-week-old FVB/N mice with 1.9 ⫻ 108 H. pylori
SS1 ⌬motB bacteria. In this same experiment, another set of
mice were infected with 9 ⫻ 107 wild-type SS1 bacteria. After
2 weeks, we sacrificed the mice and determined the number of
H. pylori bacteria in their stomachs by plating the contents on
CHBA with nalidixic acid and bacitracin (H. pylori-selective
antibiotics). Infection with the wild-type bacterium resulted in
all mice becoming infected and each of these mice carrying
about 3 ⫻ 106 ⫾ 1.3 ⫻ 106 bacteria/gram of stomach (Fig. 4).
In contrast, mice infected with SS1 ⌬motB had fewer H. pylori
bacteria per gram of stomach and three of six mice had no
detectable H. pylori at the 2-week time point. Using the Wilcoxon signed rank test, the colonization abilities of the MotB⫺
bacteria are significantly different than those of wild-type bacteria (P ⬍ 0.05). This suggests that flagellar motility aids the
infection process.
Motility aids initial colonization. While all mice infected
with H. pylori lacking motB did carry fewer bacteria than those

1988

OTTEMANN AND LOWENTHAL

Motility is absolutely required in a competitive setting. We
probed the role of motility in a competitive setting by coinfecting mice with equal numbers of wild-type SS1 and SS1 motB::
cat bacteria. For this experiment, we used 1 ⫻ 107 motB::cat
and 3 ⫻ 107 SS1 bacteria for inoculation. Mice were sacrificed
after 2 days of colonization. In all mice there was no detectable
motB mutant, and there were normal levels of wild-type SS1.
For each mouse, we calculated a ratio of mutant to wild type
using 250 bacteria/g (the detection limit) as the level of the
motB mutants. This resulted in an average output ratio (mutant to wild type) of ⬍1.7 ⫻ 10⫺4 ⫾ 1.3 ⫻ 10⫺4 (the individual
mice gave ratios of ⬍5.5 ⫻ 10⫺5, ⬍1.3 ⫻ 10⫺4, ⬍1.2 ⫻ 10⫺4,
and ⬍3.6 ⫻ 10⫺4). Because the input ratio was 0.33, these data
show that there is a substantial change in the ratio of mutant to
wild type over the 2-day course of the infection. In contrast,
when these same two strains were grown together in vitro, the
ratio of the two in two separate experiments did not change
significantly over 48 h (mutant/wild-type ratio after inoculation
at 0 h, 1.65; at 24 h, 1.47; at 48 h, 2.18). This suggests that
motility is absolutely necessary for competition with the wildtype parent strain in vivo.
DISCUSSION
This work describes the elimination of the motB gene of
H. pylori in the creation of flagellated nonmotile mutants that
were used to test how motility aids infection by H. pylori. The
motB gene was identified on the basis of homology (42); based
on our in vitro phenotypic analysis, this assignment is correct.
By using these Fla⫹ Mot⫺ mutants, we were able to ascertain
that motility is required for full infection. Our findings support

the hypothesis that motility is specifically used for establishing
and also achieving robust levels of infection.
The ID50 of SS1 ⌬motB is substantially greater than that of
wild-type SS1. This supports the hypothesis that motility is
needed by H. pylori to establish infection. Possibly motility
allows the bacterium to locate its preferred region of the stomach, for example, the antrum or the mucous layer, in a timely
manner, or to avoid a lethal immune response. Because H.
pylori does not grow at low pH (8), it is thought that it must
move fairly quickly to the more neutral pH of the mucus
overlying the epithelium. It is not known whether random
motility is sufficient for this localization. Chemotaxis mutants
of H. pylori are also less able to infect mice, although it is not
known if they have increased ID50s, as the motB mutants do
(K. M. Ottemann, unpublished observations, and reference 14).
MotB mutants also were deficient in attaining full robust
infections in comparison to those of the wild type. With infection using a high dose of Fla⫹ Mot⫺ H. pylori, some mice
became infected and remained so for at least 14 days. These
mice did not carry the same amount of H. pylori bacteria as
mice carrying the wild type: motB mutants were found at 10- to
100-fold lower levels. In contrast, other groups who infected
mice with Fla⫺ Mot⫺ H. pylori were unable to detect H. pylori
after infection for periods of time ranging from 1.5 to 8 weeks
(15, 21). These groups used different mouse strains than that
used for these studies, and this may contribute to the different
results (see below). Alternatively, these results may point to
the possibility that there is an advantage to the flagellar structure itself. Following this line of thought, our mutants’ retention of wild-type flagella may have enabled them to persist for
14 days.
Mutants that retain one of the two flagellins, and thus partially functional flagella, were found to colonize piglets better
than nonflagellated flaA flaB double mutants (13). Of particular interest, mutants that lack flaB (FlaA⫹ FlaB⫺) have normal-looking flagella and diminished motility but were able to
colonize piglets only for short lengths of time and could only
achieve 1/10,000 of the bacterial level that wild type could
attain. For comparison, the wild-type parent colonizes for up
to 90 days (12), while the totally nonflagellated variant infected
for only 2 days (13). These results suggest that either partial
motility or the flagellar structure gave the FlaA⫹ FlaB⫺ muTABLE 3. Infectious doses of SS1 ⌬motB and SS1 in FVB/N micea
Strain

SS1

SS1 ⌬motB

Infecting
dose

No. of mice infected/
no. inoculated

CFU (106)

1.3 ⫻ 106
1.3 ⫻ 105
1.3 ⫻ 104
1.3 ⫻ 103
1.3 ⫻ 102

4/4
4/4
2/2
4/4
4/4

2.7 ⫾ 1.0
1.9 ⫾ 0.28
3.1 ⫾ 1.5
1.6 ⫾ 0.67
0.58 ⫾ 0.15

5 ⫻ 107
5 ⫻ 106
5 ⫻ 105
5 ⫻ 104

2/5
3/5
0/4
0/4

0.14 ⫾ 0.07
0.036 ⫾ 0.018
0
0

a
Mice were infected with various doses of H. pylori SS1 or SS1 ⌬motB as noted
above. After three days the mice were sacrificed and their stomach contents were
plated to determine the number of CFU per gram of stomach.
b
Values are means ⫾ standard deviations of CFU ⫻ 106 per gram of stomach
of infected mice.
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FIG. 4. motB mutants do not colonize mouse stomachs as well as
the wild-type strain. Symbols representing numbers of CFU per gram
of stomach in mice infected for 2 weeks with wild-type SS1 (filled
circles) or SS1 ⌬motB (filled triangles) are shown. Mice infected by
wild-type SS1 were dosed with 9 ⫻ 107 CFU, while mice receiving SS1
⌬motB received 1.9 ⫻ 108 CFU. Each point represents one mouse.
Three of the ⌬motB mice had no detectable H. pylori; because the limit
of detection is estimated to be 250 CFU/gram of stomach, we placed
these mice at this level. This detection limit is marked by a dotted line.
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(1). In contrast, other pathogens are rendered less virulent by
mutations that eliminate flagella or motility. These include
H. pylori, C. coli, C. jejuni, Vibrio anguillarum, and likely Vibrio
cholerae. V. anguillarum uses motility to gain access to its animal host, the rainbow trout, but it doesn’t need this process
once inside the host (31, 35). This was shown by analyzing
nonmotile mutants introduced either outside or inside the fish;
a defect was only detected when these mutants were introduced outside. With V. cholerae, some researchers have found
that motility aids infection, while others have found that it is
dispensable (16, 17, 38). Recent evidence supports the hypothesis that motility is used during infection, because Fla⫹ Mot⫺
bacteria were 10-fold out-competed by their wild-type parents
(16, 25). In this pathogen, there is a relationship between the
expression of virulence factors and motility. For example, some
nonmotile mutants exhibit altered expression of two key virulence factors, cholera toxin and the toxin-coregulate pilus (16,
38), and Camilli and coworkers found that proper virulence
factor expression in the mouse requires correct motility and
chemotaxis (25). These findings highlight the difficulty of separating motility from other functions of flagella. Although we
have constructed mutants that retain normal-appearing flagella and supposed that these only lack motility, this may not
be the case. motB mutants of V. cholerae are flagellated and not
motile, but they also have altered expression of virulence factors such as cholera toxin and the toxin-coregulated pilus (16).
These findings suggest that it may not be possible, at least in
V. cholerae, to make bacteria that have normal-appearing nonrotating flagella, because loss of rotation itself may trigger
changes in physiology and/or gene expression, as is seen in
Vibrio parahaemolyticus (29, 30). Interestingly, although motility mutants of V. cholerae display altered expression of virulence factors in vitro, recent work has found that the major
flagellin, fliG, is not needed for this pattern of gene expression,
and so the mechanism by which motility and virulence factor
regulation are linked in V. cholerae remains elusive (19).
Both H. pylori and the Campylobacter spp. use motility inside
their hosts. In an infection, both H. pylori and Campylobacter
spp. reside mainly in the mucous layer. With Campylobacter,
Lee and coworkers observed the microbes swimming in the
mucous layer and hypothesized that these bacteria used motility to keep themselves localized in the intestine, as an alternative to attachment (24). This is intriguing, given that increased
cell attachment of H. pylori leads to an increased immune
response (18). Too much attachment may thus be detrimental
to the bacterium. This finding suggests a role for motility in the
proper balance of bacterial levels during infection. We find
that nonmotile mutants never attain the bacterial numbers that
wild-type H. pylori bacteria do. In addition to this hypothesized
role of motility for balancing bacterial populations, we find that
motility plays a role in establishing infection. Thus, motility
may fulfill two roles in the infection cycle of H. pylori.
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tants an advantage over the mutant that expressed neither.
Intriguingly, in this model, bacterial strains that retained only
FlaA or only FlaB had similar colonization abilities but very
dissimilar motility abilities in vitro. The reason for this discrepancy is not known.
Others have found that nonmotile H. pylori mutants do colonize long enough to result in an immune response. One group
reported an anti-H. pylori immune response developed to nonflagellated bacteria even though they were not able to detect
any H. pylori, suggesting that either bacterial colonization was
below the detection limit or short-term colonization had occurred before they attempted to culture the H. pylori bacteria
(15). Similarly, pigs infected with aflagellated mutants yielded
culturable H. pylori for the first 2 days of infection (13). After
that time, there were no detectable aflagellated mutants, although the pigs did mount an anti-H. pylori immune response.
Taken together, these results suggest that nonmotile H. pylori
can colonize stomachs of many animals for at least short time
periods. Thus, similar to what we found, motility may not be
absolutely required for infection.
Although we find that motB-mutant H. pylori can persist for
at least 2 weeks, this ability is completely abrogated if this
mutant is coinfected with wild-type bacteria. In this situation,
we were unable to detect any motB mutant even at very early
time points of 2 days. This out-competition might be due to
loss of access to a limiting niche or nutrient or to a preferential
clearing of the nonmotile mutants by the immune system. Several studies have found that much of the bacterial inoculum is
killed in the first 24 h of infection and thus that the H. pylori
must multiply significantly to achieve 106 bacteria/gram of
stomach by day 2 (7, 39). This period of multiplication likely
requires high levels of nutrients, and thus one possibility is that
motility mutants are less able to access these required, and
possibly limiting, nutrients during this regrowth phase.
The mouse strain used in these studies, FVB/N, is very
sensitive to infection by H. pylori strain SS1. We obtained an
ID50 of fewer than 100 bacteria, which is about 10- to 1,000fold lower than that reported for the C57BL/6 mouse (i.e., 103
to 105 bacteria) (reference 39 and F. J. Radcliff, A. Labigne,
and R. L. Ferrero, abstract from the 10th International Congress of Mucosal Immunology, Immunol. Lett. 69:48, 1999). It
is not known what differences exist between these two mouse
strains that account for this. The permissive nature of this
mouse strain appears to allow some mutant H. pylori bacteria
to colonize that did not colonize other mouse strains. For
example, we find that mutants lacking cheY can infect a portion
of the challenged FVB/N mice to levels that are about 100
times lower than those achieved by the wild type (K. M. Ottemann, unpublished observations). In contrast, Foynes and coworkers found that similar doses of cheY mutants were unable
to colonize HSD/ICR mice (14). One explanation for this discrepancy is that a property of the mouse makes it easier for
H. pylori to survive. As suggested above, this difference may
account for our finding that Fla⫹ Mot⫺ mutants are able to
colonize while others find that Fla⫺ mutants are not.
How animal pathogens use motility during infection has
remained somewhat elusive (36). Some pathogens, such as
Bordetella bronchiseptica, likely use motility outside of the animals they infect. In these microbes, ectopic expression of
flagella inside the host results in decreased levels of infection
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