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Helicobacter pylori causes numerous alterations in gastric epithelial cells through processes that are dependent on activity of the
cag type IV secretion system (T4SS). Filamentous structures termed “pili” have been visualized at the interface between H. pylori
and gastric epithelial cells, and previous studies suggested that pilus formation is dependent on the presence of the cag pathoge-
nicity island (PAI). Thus far, there has been relatively little effort to identify specific genes that are required for pilus formation,
and the role of pili in T4SS function is unclear. In this study, we selected 7 genes in the cag PAI that are known to be required for
T4SS function and investigated whether these genes were required for pilus formation. cagT, cagX, cagV, cagM, and cag3 mu-
tants were defective in both T4SS function and pilus formation; complemented mutants regained T4SS function and the capacity
for pilus formation. cagY and cagC mutants were defective in T4SS function but retained the capacity for pilus formation. These
results define a set of cag PAI genes that are required for both pilus biogenesis and T4SS function and reveal that these processes
can be uncoupled in specific mutant strains.

Helicobacter pylori is a curved, Gram-negative bacterium that
persistently colonizes the gastric mucosa in about 50 percent

of humans (1, 2). Most persons colonized with H. pylori remain
asymptomatic, but the presence of H. pylori is associated with an
increased risk of gastric adenocarcinoma, gastric lymphoma, and
peptic ulcer disease (3). Gastric adenocarcinoma is the second
leading cause of cancer-related death worldwide (4). H. pylori
strains containing a 40-kb chromosomal region known as the cag
pathogenicity island (PAI) are associated with an increased risk of
gastric cancer or ulcer disease compared to strains that lack the cag
PAI (5–7). The cag PAI encodes the effector protein CagA and
multiple proteins that constitute a type IV secretion system (T4SS)
(8–11).

CagA is the only known effector protein translocated by the H.
pylori cag T4SS (12). Upon entry into gastric epithelial cells, CagA
undergoes phosphorylation by host cell kinases at EPIYA motifs
(13, 14). Phosphorylated and nonphosphorylated forms of CagA
can interact with multiple cellular proteins, resulting in an array of
phenotypic changes in the epithelial cells (12). These include re-
modeling of the actin cytoskeleton, alterations in cellular mor-
phology (including an elongated cell shape known as the hum-
mingbird phenotype) (14), increased cell motility (15), and a
transition of polarized epithelial monolayers to an invasive phe-
notype (16).

The cag T4SS has an important role in activation of proinflam-
matory signal transduction pathways in gastric epithelial cells. In-
teraction between cag PAI-positive H. pylori and gastric epithelial
cells results in upregulated expression of multiple cytokines, in-
cluding the proinflammatory cytokine interleukin 8 (IL-8) (17–
19). IL-8 induction is thought to be triggered by the entry of H.
pylori peptidoglycan into host cells through a cag T4SS-dependent
process (20), and CagA may also stimulate IL-8 production (21–
23).

T4SSs are present in multiple Gram-negative species, includ-
ing Agrobacterium tumefaciens, Legionella pneumophila, Bordetella

pertussis, and Brucella suis (24, 25). These T4SSs can translocate
protein, DNA, or both into eukaryotic cells. The A. tumefaciens
VirB-VirD secretion system and related conjugation systems have
been studied in the most detail, and these serve as models for
understanding other T4SSs (26–28). The A. tumefaciens T4SS con-
sists of 12 proteins encoded by the virB and virD operons. Several
genes within the H. pylori cag PAI demonstrate sequence similarity
to genes that encode components of T4SSs in other bacterial spe-
cies (7–9), but the level of sequence relatedness is very weak in
most cases.

When H. pylori is cocultured with gastric epithelial cells, fila-
mentous structures can be detected at the bacterium-host cell in-
terface (29–37). The assembly of these structures is dependent on
the presence of the cag PAI (31, 32, 34–36), and CagA has been
visualized at the tips of the structures (29, 31, 37). Based on these
observations, it has been suggested that the structures are compo-
nents of the cag T4SS utilized for translocation of CagA into host
cells, and the structures have been termed “pili,” analogous to
pilus-like structures in the A. tumefaciens T4SS (38). There is con-
siderable uncertainty about the composition of H. pylori pili. The
major pilin protein in H. pylori was suggested to be CagC, based on
weak sequence similarities between CagC and the major pilus pro-
tein (VirB2) in T4SSs of other bacterial species (39, 40). CagC has
been localized to the surface of H. pylori (39) but has not been
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localized to the pili that form at the interface between H. pylori and
gastric epithelial cells.

Thus far, there has been relatively little effort to identify spe-
cific genes that are required for pilus formation in H. pylori. Sev-
eral early reports commented that cagT, cagX, cagY, and cag� (also
known as virB11 or HP0525) are required for pilus formation, but
in each case, the data were not shown (31, 34, 36). More recently,
one study reported that cagI and cagL are required for pilus pro-
duction (35). Another recent study used a tetR-tetO system to
regulate H. pylori gene expression and reported that the cagU-cagT
operon is required for pilus production, but experiments were not
done to determine which of these two genes is essential (32).

In summary, numerous studies have reported that H. pylori
contact with gastric epithelial cells stimulates the formation of pili,
and there is evidence that these pili are associated with the cag
T4SS. Relatively little is known about the genetic requirements for
pilus formation and the composition of pili, and the role of pili in
cag T4SS function is unclear. The goal of this study was to analyze
a set of genes in the cag PAI that are known to be required for T4SS
function (19) and determine whether these genes are also required
for pilus formation.

MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori strains used in this
study are listed in Table 1. Marked mutant strains (containing insertions

of antibiotic cassettes into genes of interest), unmarked mutants, and
complemented mutants were all derived from wild-type (WT) strain
26695. H. pylori strains were cultured on Trypticase soy agar plates sup-
plemented with 5% sheep blood or Brucella agar plates supplemented
with 5% fetal bovine serum at 37°C in room air containing 5% CO2. H.
pylori mutant strains were selected based on resistance to chlorampheni-
col (5 �g/ml), kanamycin (10 �g/ml), metronidazole (7.5 �g/ml), or
streptomycin (50 �g/ml). Escherichia coli strain DH5�, used for plasmid
propagation, was grown on Luria-Bertani agar plates or in Luria-Bertani
liquid medium supplemented with ampicillin (50 �g/ml), chloramphen-
icol (25 �g/ml), or kanamycin (25 �g/ml), as appropriate.

Cell culture methods. AGS human gastric epithelial cells were grown
in RPMI medium containing 10% fetal bovine serum (FBS) and 10 mM
HEPES buffer.

Mutagenesis of H. pylori cag genes. Seven genes within the cag PAI
were mutated in the current study. As shown in Fig. 1, these seven genes
are distributed at multiple sites with the cag PAI and are found within
several different operons. To mutate cag genes, we utilized two contrase-
lectable mutagenesis strategies. We generated mutants in cagC, cagM, and
cagT through the use of a cat-rdxA cassette (35). In brief, we generated a
metronidazole-resistant strain (�rdxA) by deleting the rdxA gene and
then introduced a cat-rdx cassette into the relevant cag genes, as described
further below. This cassette confers resistance to chloramphenicol via the
chloramphenicol acetyltransferase (cat) gene from Campylobacter coli and
susceptibility to metronidazole mediated by an intact rdxA gene
(HP0954) from H. pylori 26695. We generated strains carrying mutations

TABLE 1 H. pylori cag mutant strains used in the current study

Description of mutant
Gene
mutated

Nucleotides
deleted

Insertion position
(nucleotide)

Complemented
gene

Antibiotic
resistance
cassettea

Antibiotic
resistanceb

Genotype of
parental strain

Marked mutants
cagC::cat-rdx cagC 219 cat-rdx Chl �rdxA
�cagM marked cagM 70–909 cat-rdx Chl �rdxA
cagT::cat-rdx cagT 542 cat-rdx Chl �rdxA
�cagV marked cagV 139–720 cat-rpsL Chl �rpsL
�cagX marked cagX 139–1,470 cat-rpsL Chl �rpsL
�cagY marked cagY 1–5,745 cat-rpsL Chl �rpsL
�cag3 marked cag3 1–1,203 cat-rpsL Chl �rpsL
�cag PAI cag PAI All cat-rdx Chl �rdxA

Unmarked mutants
�cagC unmarked cagC 78–341 Met �rdxA
�cagM unmarked cagM 70–909 Met �rdxA
�cagV unmarked cagV 139–720 Strep �rpsL
�cagX unmarked cagX 139–1,470 Strep �rpsL
�cag3 unmarked cag3 1–1,203 Strep �rpsL

Complemented mutants
�cagC unmarked
complemented

cagC cat Chl, Met �rdxA

�cagM unmarked
complemented

cagM cat Chl, Met �rdxA

cagT::cat-rdx
complemented

cagT cat Kan, Chl �rdxA

�cagV unmarked
complemented

cagV cat Chl, Strep �rpsL

�cagX unmarked
complemented

cagX cat Chl, Strep �rpsL

�cag3 unmarked
complemented

cag3 cat Chl, Strep �rpsL

a Mutants generated using the cat-rdx cassette were derived from the �rdxA parental strain. Mutants generated using the cat-rpsL cassette were derived from the �rpsL parental
strain.
b Chl, chloramphenicol; Met, metronidazole; Strep, streptomycin; Kan, kanamycin.
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in cagV, cagX, and cag3 through the use of a cat-rpsL cassette (29, 41, 42).
In brief, we generated a streptomycin-resistant strain of 26695 by intro-
ducing a mutation conferring streptomycin resistance (A-to-G substitu-
tion at nucleotide 128, resulting in Lys43Arg) into HP1197 (rps12 or rpsL).
We then introduced a cat-rpsL cassette, conferring chloramphenicol re-
sistance and containing the WT rpsL gene (which confers dominant strep-
tomycin susceptibility), into the relevant cag genes, as described further
below.

To generate strains carrying deletion mutations in cagM, cagV, cagX,
and cag3, we synthesized plasmids containing approximately 500 bp of
sequence upstream and downstream from genes targeted for mutagenesis
(GenScript USA Inc., Piscataway, NJ). Introduction of EcoRI and PstI
sites flanking the cag gene sequences facilitated insertion into the pUC57
vector. In each case, we deleted a majority of the coding sequence from the
target gene of interest and replaced it with a multiple cloning site contain-
ing SacI, BamHI, and XmaI sites. For each gene, the deleted nucleotides
are listed in Table 1. To generate marked mutants, we cloned either the
cat-rdx cassette or the cat-rpsL cassette into the multiple cloning site con-
tained within each targeted gene, and the resulting plasmids (which fail to
replicate in H. pylori) were used to transform either the H. pylori �rdxA
strain or the rpsL mutant, respectively, followed by selection on chloram-
phenicol. To generate unmarked mutants, we transformed the marked
mutants (containing cat-rdx or cat-rpsL cassettes in appropriate sites
within the cag PAI) with the plasmids described above (lacking the cat-rdx
or cat-rpsL cassette), and selected metronidazole- or streptomycin-resis-

tant transformants (exhibiting a loss of chloramphenicol resistance). A
cagY mutant strain was generated as described previously (29).

To construct a cagC marked mutant, we PCR amplified cagC along
with approximately 0.5 kb of flanking DNA from H. pylori 26695 genomic
DNA using AmpliTaq Gold (ABI) and cloned the PCR product into
pGEM-T Easy (Promega), resulting in the plasmid pSFTC1. We inserted
the cat-rdx cassette into an endogenous EcoRV site at nucleotide 219,
generating plasmid pSFTC1–2. Transformation of the H. pylori �rdxA
strain (35) and selection on chloramphenicol resulted in isolation of a
cagC marked mutant. To generate the unmarked mutant, pSFTC1–2 was
digested with XcmI and NheI restriction sites located near the 5= and 3=
termini of the cagC gene, respectively. The ends were blunted with Klenow
and ligated, resulting in excision of the cat-rdx cassette and cagC nucleo-
tides 78 to 340. The resulting plasmid, pSFTC1–3, was used to transform
the cagC-marked mutant, and metronidazole selection yielded a mutant
in which cagC was deleted (cagC unmarked mutant).

To construct a cagT mutant strain, we PCR amplified cagT along with
approximately 0.5 kb of flanking DNA from H. pylori 26695 genomic
DNA using AmpliTaq Gold (ABI) and cloned the PCR product into
pGEM-T Easy (Promega), resulting in plasmid pSFTC2. The cat-rdx cas-
sette was cloned into the BclI site at nucleotide 542 to yield pSFTC2–1.
The H. pylori �rdxA strain (35) was transformed with this plasmid. Selec-
tion on chloramphenicol resulted in isolation of a cagT marked mutant.

To complement the mutant strains, we introduced the relevant intact
genes into the ureA chromosomal locus, which is located about 470 kb

FIG 1 Relative locations of mutated genes within the cag PAI. Individual cag genes and their orientations are shown. Gene designations (e.g., HP0520)
indicate gene numbers in H. pylori strain 26695. Genes mutated in this study are shown in white. Gene length and spacing between operons are drawn to scale.
Several genes (cag�, cagY, cagE, and cagA) are only partially displayed due to their large size. The operon structure is based on the work of Sharma et al. and Ta
et al. (53, 54).

FIG 2 Peptides or recombinant proteins used for generating polyclonal antisera. Antisera against six Cag proteins were generated as described in Materials and
Methods. Anti-CagC serum was generated by immunizing rabbits with three peptides corresponding to the regions illustrated by horizontal black lines. Antisera
to the other five proteins were generated by immunizing rabbits with recombinant proteins corresponding to the regions indicated (horizontal black lines).
Shaded regions indicate predicted signal sequences. Numbers indicate amino acid positions within the indicated proteins.
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from the cag PAI in H. pylori strain 26695. Complementation was accom-
plished by using plasmids derived from pAD1 (35, 43). To complement
the cagT marked mutant, we modified the pAD1 plasmid to contain a
kanamycin resistance cassette, restriction sites to allow cloning of a gene of

interest into a site downstream from the ureA promoter and a ribosomal
binding site, and flanking sequences derived from the ureA and ureB loci;
this plasmid is designated pADK. We also used an additional plasmid
derived from pAD1 (35, 43), pADC. pADC is similar to pADK but con-

FIG 3 Characterization of parental strains. (A) AGS cells were infected with the indicated strains of H. pylori for 4 h, and levels of secreted IL-8 were quantified by ELISA
of cell culture supernatants. Levels of IL-8 secreted in response to rdxA or rpsL mutant strains were compared to the levels of IL-8 secreted in response to WT strain 26695.
The rdxA and rpsL mutants induced levels of IL-8 production similar to that of the wild-type 26695 strain from which they were derived, and the �cag PAI mutant
induced significantly lower levels of IL-8 production. �, P � 0.01 in comparison to results for wild-type strain 26695 (Student’s t test). (B to G) H. pylori strains were
cocultured with AGS cells, and pilus formation at the bacterium-host cell interface was analyzed by SEM. Wild-type H. pylori 26695 (B), the rpsL mutant (C), the �rdxA
mutant (D), or the �cag PAI mutant (E, F, and G) is shown. (H) Number of pili visualized per bacterium. Bars, 1 �m. Arrows point to pili.
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tains a chloramphenicol resistance cassette. Plasmids derived from pADC
were constructed to allow expression of cagC, cagM, cagV, cagX, and cag3.
Site-directed mutagenesis was used to introduce an A279T nucleotide
mutation into cagM and an A444T mutation into cagX; these silent mu-
tations eliminated intergenic XbaI sites to facilitate cloning.

Generation of rabbit polyclonal antiserum. Rabbit anti-CagT antise-
rum has been described previously (32). To generate CagC antiserum,
three peptides representing residues 31 to 46, 60 to 80, and 106 to 115 of
CagC were synthesized (39, 40) (Covance, Princeton, NJ) (Fig. 2). These
peptides are predicted to be surface exposed using various topology pre-
diction programs. Rabbits were immunized with a mixture of the three
peptides. Cag3, CagX, and CagM derived from H. pylori 26695 were ex-
pressed individually from the pET151/D-TOPO vector (Life Technolo-
gies, formerly Invitrogen) as His-tagged fusion proteins lacking the N-ter-
minal signal sequence. Cag proteins were purified using nickel
chromatography. Full-length CagV and the C-terminal 502 amino acids
of CagY were expressed as glutathione S-transferase (GST) fusion proteins
from the pGEX-6P-1 vector (GE Healthcare, formerly Amersham). GST
fusion proteins were purified using glutathione beads (44). Rabbits were
then immunized with purified His-tagged Cag proteins or GST-tagged
Cag proteins, as approved by the Institutional Animal Care and Use Com-
mittee of Vanderbilt University School of Medicine.

Immunoblot analysis. To detect production of Cag proteins, individ-
ual samples were separated by SDS-PAGE (4 to 20% gradient), transferred
to a nitrocellulose membrane, and subsequently immunoblotted using
rabbit polyclonal antiserum raised against the indicated recombinant Cag
protein. To confirm similar loading of samples, immunoblotting using a
rabbit polyclonal antiserum to H. pylori HspB, a GroEL homolog, was
utilized (45). Horseradish peroxidase-conjugated anti-rabbit IgG was
used as the second antibody. Signals were generated by an enhanced
chemiluminescence reaction and detection by exposure to X-ray film.

IL-8 secretion by gastric cells in contact with H. pylori. H. pylori
strains were cocultured with AGS cells at a multiplicity of infection of
100:1, and IL-8 secretion was analyzed using an anti-human IL-8 sand-
wich enzyme-linked immunosorbent assay (ELISA) (R&D). The levels of
IL-8 secreted by AGS cells in response to isogenic cag mutant strains were
compared to levels secreted by AGS cells in response to the respective
parental rdxA mutant or rpsL mutant strains from which the cag mutant
strains were derived. Results are shown below as means � standard devi-
ations (SD), based on data from 3 to 5 experiments.

Scanning electron microscopy of H. pylori in contact with gastric
epithelial cells. Samples were prepared as described previously (35). H.
pylori and AGS human gastric epithelial cells were cocultured at a multi-
plicity of infection (MOI) of 100:1 on tissue culture-treated coverslips
(BD Biosciences) for 4 h at 37°C in the presence of 5% CO2. Cells were
fixed with 2.0% paraformaldehyde–2.5% glutaraldehyde in 0.05 M so-
dium cacodylate buffer for 1 h at 37°C. Coverslips were washed with
sodium cacodylate buffer, and secondary fixation was performed with 1%
osmium tetroxide at room temperature for 15 min. Coverslips were
washed with sodium cacodylate buffer and dehydrated with sequential
washes of increasing concentrations of ethanol. Samples were then dried
at the critical point, mounted onto sample stubs, grounded with a thin
strip of silver paint at the sample edge, and sputter coated with gold/
palladium before viewing with an FEI Quanta 250 field emission gun
scanning electron microscope. Image analysis was performed using the
Image J software program. For quantitative analysis of the number of
visible pili per bacterial cell, images of at least 20 adherent bacterial cells,
derived from three separate experiments, were analyzed. When selecting
images for quantitation, we chose images that allowed a clear view of a
relatively large region of the bacterium-host interface, thereby allowing
the maximum number of structures to be visualized. To evaluate mutants
with no visible pili, at least 100 adherent bacteria were visualized. For
quantitative analysis of the proportion of bacteria with visible pili, images
of at least 10 fields, derived from three separate experiments, were ana-
lyzed.

RESULTS
Pilus formation by parental H. pylori strains. In the current
study, we mutated multiple genes in the cag PAI by using proce-
dures that were dependent on the generation of either metronida-
zole-resistant or streptomycin-resistant H. pylori strains as an ini-
tial step (29, 35, 41, 42). To ensure that introduction of mutations
encoding metronidazole or streptomycin resistance did not alter
the activity of the cag T4SS or pilus formation, we cocultured the
metronidazole- or streptomycin-resistant strains with AGS cells
and then analyzed IL-8 production (a T4SS-dependent pheno-
type) as well as pilus formation; the WT strain 26695 and a �cag
PAI mutant strain (35) were tested in parallel as controls. As ex-
pected, the WT strain, metronidazole-resistant strain (�rdxA),
and streptomycin-resistant strain (rpsL mutant) each stimulated
IL-8 secretion, whereas the �cag PAI mutant strain did not (Fig.
3). To evaluate pilus formation, we cocultured the bacteria with
AGS cells and then analyzed the adherent bacteria by scanning
electron microscopy (SEM) as described in Materials and Meth-
ods. As expected, the WT strain produced pili, whereas the �cag
PAI mutant strain did not (Fig. 3 and Table 2). The rdxA and rpsL
mutant strains each retained the capacity to assemble pili at the
bacterium-host cell interface. Consistent with previous results
(29, 35), the pili were approximately 13 nm in width and 75 nm in
length, with an average of about 3 or 4 pili visualized per adherent
bacterial cell (ranging from no visible pili to �10 visible pili per
bacterium) (Table 2 and Fig. 3H). The number of pili visualized
per bacterium is likely to be substantially less than the total num-
ber of pili that are actually present.

TABLE 2 Quantitative analysis of H. pylori pilia

Strain name or description

Mean (� SE)
no. of pili per
bacterial cellb

% (� SE) of
bacteria with
visible pilic

26695 4.1 � 0.6 81.9 � 5.9
�cag PAI Not detected� Not detected�

�rdxA 3.1 � 0.4 82.3 � 3.2
�rpsL 3.8 � 0.8 72.5 � 8.6
cag3 marked mutant 0.02 � 0.02� 0.0 � 0.0�

cag3 unmarked mutant Not detected� Not detected�

cag3 complemented mutant 5.0 � 1.1 75.0 � 5.8
cagC marked mutant 3.8 � 1.2 79.0 � 6.1
cagC unmarked mutant 2.4 � 0.7 70.8 � 7.5
cagM marked mutant 0.1 � 0.1� 0.0 � 0.0�

cagM unmarked mutant Not detected� Not detected�

cagM complemented mutant 3.7 � 0.9 85.8 � 4.6
cagT marked mutant Not detected� Not detected�

cagT complemented mutant 5.7 � 0.8� 74.4 � 5.4
cagV marked mutant Not detected� Not detected�

cagV unmarked mutant Not detected� Not detected�

cagV complemented mutant 4.8 � 1.2 79.2 � 8.6
cagX marked mutant Not detected� Not detected�

cagX unmarked mutant Not detected� Not detected�

cagX complemented mutant 4.4 � 1.1 77.3 � 8.4
cagY marked mutant 5.4 � 1.1 81.7 � 6.2
a SE, standard error of the mean. �, P � 0.005 compared to results for the parental
strain, based on two-tailed t test analysis.
b Images of at least 20 adherent bacterial cells, derived from three separate experiments,
were analyzed. Among the strains capable of pilus production, nonpiliated bacteria
were included in the analysis.
c Percent piliated bacteria were quantified based on images of at least 10 fields, derived
from three separate experiments.
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Analysis of CagC. Previously it was noted that H. pylori CagC
exhibits weak sequence relatedness to the A. tumefaciens major
pilus protein VirB2, including the presence of two predicted trans-
membrane regions, a long predicted N-terminal signal sequence,
and a C-terminal motif that exhibits weak sequence relatedness to
the cyclization motif of other T4SS pilin proteins, and it was pro-
posed that CagC corresponds to the major pilin in H. pylori (39,

40). Therefore, we hypothesized that a cagC mutant strain should
be defective in pilus formation. To test this hypothesis, we gener-
ated marked and unmarked cagC mutant strains, as well as a com-
plemented mutant strain. Immunoblotting confirmed that CagC
was produced by the parental strain and complemented mutant
strain but not by cagC mutant strains (Fig. 4). In contrast to the
parental rdxA mutant strain, neither the marked nor the un-

FIG 4 Analysis of cagC mutants. A marked cagC mutant strain (containing an antibiotic cassette inserted in cagC), unmarked cagC mutant, and complemented
mutant were generated as described in Materials and Methods. (A) Production of CagC and a control protein (HspB) was assessed by immunoblot analysis. (B)
AGS cells were infected with the indicated strains of H. pylori, and IL-8 secretion was quantified by ELISA of cell culture supernatants. �, P � 0.01 in comparison
to findings for the parental strain (Student’s t test). (C to H) H. pylori strains were cocultured with AGS cells, and pilus formation was then analyzed by SEM.
Panels C to E show the cagC marked mutant. Panels F to H show the cagC unmarked mutant. (I) Number of pili visualized per bacterium. Bars, 1 �m. Arrows
point to pili.
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marked cagC mutants induced IL-8 production by AGS cells.
Complementation of cagC restored the WT phenotype. Thus,
consistent with previous results (19, 39), these data indicate that
CagC is required for T4SS function (Fig. 4). We then analyzed the
capacity of these strains to form pili when cultured with AGS cells
(Fig. 4 and Table 2). The marked and unmarked cagC mutants
produced pili that appeared similar to those produced by WT
26695 and the parental rdxA mutant strain. The dimensions of
wild-type pili were 77.6 � 3.3 nm (mean length � standard error
of the mean [SE]) and 13.6 � 0.6 nm (mean width � SE), and the
dimensions of pili produced by the cagC mutant strain were 72.2
nm � 3.2 nm and 15.0 � 0.6 nm (P 	 0.048 compared to the
width of the wild-type pili). The biological significance of this
small difference in width is uncertain. These findings indicate that
CagC is not required for pilus formation.

Analysis of CagY. A recent study reported that CagY (a VirB10
homolog) in H. pylori strain J166 was required for T4SS function
but was not required for pilus formation (29). To further investi-
gate the role of CagY in pilus formation, we generated a cagY
mutant derived from strain 26695. As expected, the cagY mutant
was defective in the ability to stimulate IL-8 production by AGS
cells (Fig. 5). Similar to results observed in the J166 strain back-
ground (29), the cagY mutant derived from strain 26695 retained
the capacity to form pili (Fig. 5 and Table 2). These pili appeared
similar to those produced by WT strain 26695. The dimensions of
wild-type pili were 77.6 � 3.3 nm (mean length � SE) and 13.6 �

0.6 nm (mean width � SE), and the dimensions of pili produced
by the cagY mutant strain were 73.0 nm � 2.6 nm and 12.1 � 0.5
nm (P 	 0.02 compared to width of wild-type pili). The biological
significance of this small difference in width is uncertain. These
findings indicate that CagY is not required for pilus formation.

Analysis of CagX and CagT. Based on the findings that CagC
and CagY were each required for T4SS function but not pilus
formation, we undertook further experiments to investigate the
relationship between genes required for T4SS function and genes
required for pilus formation. We first investigated the roles of
CagX and CagT. These are considered to be homologs of the T4SS
core complex proteins VirB9 and VirB7, respectively, but the level
of sequence relatedness between CagT and VirB7 is very low (9,
11). We generated marked cagX and cagT mutant strains, as de-
scribed in Materials and Methods. Unlike cagT, which is the ter-
minal gene in the cagU-cagT operon, cagX is located in the middle
of an operon (9, 11). Therefore, to minimize the possibility of
polar effects that might be associated with the presence of an an-
tibiotic cassette, we also generated an unmarked cagX mutant.
Immunoblotting indicated that CagX and CagT were present in
the rdxA and rpsL mutant parental strains but absent in the rele-
vant cagX and cagT mutant strains; production of CagX and CagT
was restored in the complemented mutant strains (Fig. 6). Con-
sistent with previous reports (19), cagX and cagT mutants did not
induce IL-8 production by AGS cells, and complemented mutants

FIG 5 Analysis of a cagY mutant. A marked cagY mutant strain (containing an antibiotic resistance cassette inserted into the cagY locus) was generated as
described in Materials and Methods. (A) Production of CagY and a control protein (HspB) was assessed by immunoblot analysis. (B) AGS cells were infected with
the indicated strains of H. pylori for 4 h, and IL-8 secretion was quantified by ELISA. �, P � 0.01 in comparison to results for the parental strain (Student’s t test).
(C and D) The marked cagY mutant was cocultured with AGS cells, and pilus formation was then analyzed by SEM. (E) Number of pili visualized per bacterium.
Bars, 1 �m. Arrows point to pili.
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stimulated IL-8 induction in a manner similar to that observed in
the parental strain.

In contrast to the parental strains, the cagT and cagX mutants
did not produce pili (Fig. 7 and Table 2). Complementation of
cagT and cagX mutants restored the ability of the strains to pro-
duce pili when in the presence of gastric epithelial cells. These data
indicate that CagX and CagT are required for both T4SS function
and pilus formation.

Analysis of CagV, CagM, and Cag3. We next investigated the
roles of three additional Cag proteins (CagV, CagM, and Cag3)
that are reported to be required for T4SS function (19). CagV
exhibits weak sequence relatedness to VirB8 (46), whereas CagM
and Cag3 do not exhibit relatedness to components of T4SSs in
other bacterial species. Immunoblotting indicated that cagV,
cagM, and cag3 mutant strains did not express the corresponding
Cag proteins and did not induce IL-8 production, whereas Cag
protein production and IL-8 induction were restored in the com-
plemented mutant strains (Fig. 8). Upon coculture with AGS cells,
the cagV, cagM, and cag3 mutants did not produce pili (Fig. 9 to 12

and Table 2). In contrast, the complemented mutant strains re-
gained the capacity for pilus production (Fig. 9 to 12 and Table 2).
These data indicate that CagV, CagM, and Cag3 are required for
both T4SS function and pilus formation.

DISCUSSION

When cocultured in vitro with gastric epithelial cells, H. pylori
forms structures termed “pili” at the bacterium-host cell interface
(29–37). Previous studies reported that a cag PAI mutant strain
does not produce pili (29, 31–36), but thus far, there has been very
little effort to identify specific genes that are required for pilus
production. In the current study, we analyzed 7 genes in the cag
PAI that are known to be required for T4SS function (19) and
tested the hypothesis that each of these genes would also be re-
quired for pilus production. Several of the gene products selected
for analysis exhibit sequence relatedness to components of T4SSs
in non-H. pylori bacterial species, whereas others (such as Cag3
and CagM) are unrelated to T4SS components in non-H. pylori
species (9, 11). We report that five of the mutant strains analyzed
(containing deletions in cagM, cagT, cagV, cagX, and cag3) failed
to produce pili, and pilus production was restored by complemen-
tation of the 5 mutant strains. Because the complementation as-
says were performed by inserting an intact copy of the wild-type
allele into an exogenous locus on the chromosome (ureA), these
experiments indicate that the mutated genes are required for T4SS
function and pilus formation and that the observed effects were
not attributable to polar effects of the mutations. A previous study
reported that two additional genes in the cag PAI (cagL and cagI)
are also required for pilus production (35). The genes required for
pilus production are scattered throughout the cag PAI and are
located in multiple different operons (Fig. 1). Collectively, these
data reveal a set of genes within the cag PAI that are required for
pilus production.

The current results, when taken together with evidence from
previous studies, provide a body of evidence supporting the view
that the pili are part of the cag T4SS encoded by the cag PAI. First,
mutant strains that fail to produce pili are consistently defective in
a cag T4SS-dependent phenotype (IL-8 induction in gastric epi-
thelial cells). Second, several previous studies have shown that
CagA is localized at or near the tips of the pili (29, 31, 37). Third,
changes in environmental conditions (such as a reduced iron con-
centration) lead to an increase in pilus production, and this is
associated with an increase in cag T4SS activity (33). Finally, the
width of the structures visualized in the current study (about 13 to
14 nm in diameter) is similar to the reported width of pilus struc-
tures associated with type IV secretion systems in Agrobacterium
tumefaciens and other bacteria (8 to 12 nm) (38).

The pilus structures visualized in the current study are slightly
variable in size. This may be due to uneven metal coating, differ-
ences in the depth of field, or true biologic diversity. One of the
important findings in the current study is that we do not visualize
any structures at the bacterium-host interface when imaging a
cagX, cagT, cagM, cagV, or cag3 mutant strain. If multiple different
types of structures were produced by H. pylori under the condi-
tions of these experiments, we would expect to see some structures
still produced by these mutant strains. Thus, we do not have evi-
dence pointing to the production of multiple different types of
structures at the H. pylori-host cell interface under these condi-
tions. If multiple structures are produced, we are visualizing the

FIG 6 Immunoblot analysis of cagT and cagX mutants and requirement of
these proteins for T4SS-dependent induction of IL-8 secretion. Marked cagT
and cagX mutant strains (containing antibiotic cassettes inserted into cagT or
cagX), an unmarked cagX mutant, and complemented mutant strains were
generated as described in Materials and Methods. (A) Production of CagT and
CagX and a control protein (HspB) was assessed by immunoblot analysis. (B)
AGS cells were infected with the indicated strains of H. pylori for 4 h. Levels of
secreted IL-8 were quantified by ELISA of cell culture supernatants. �, P � 0.01
in comparison to results for the parental strain (Student’s t test).
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most common type of structure, and multiple genes in the cag PAI
are required for production of these structures.

The H. pylori pili visualized in the current study appear similar
to those that have been visualized in previous studies, and multi-

ple different groups have reported that CagA is localized at or near
the tips of the pili (29, 31, 37). However, there are several issues
that deserve comment. First, there are differences when compar-
ing the imaging methodology used in various studies. The images

FIG 7 Requirement of CagT and CagX for pilus formation. H. pylori strains were cocultured with AGS cells, and pilus formation was analyzed by SEM. (A and
B) cagT marked mutant; (C and D) cagT complemented mutant; (E and F) cagX marked mutant; (G) cagX unmarked mutant; (H and I) cagX complemented
mutant. Only the cagT and cagX complemented mutant strains produced pili. Arrows point to pili. Bars, 1 �m. (J) Number of pili visualized per bacterium.
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in the current study and several other studies were generated by
coating with a thin layer of gold and palladium (29, 32, 33, 35),
whereas the images in several other papers were generated by coat-
ing with carbon (31, 34). This difference may account at least in
part for the increased width of structures that were described in a
previous study compared to the width of structures visualized

when using gold and palladium coating (29, 30, 32, 35). The cur-
rent study shows exclusively images of structures that are pro-
duced when H. pylori is in contact with gastric epithelial cells. In
contrast, some previous publications have also shown images of
structures produced by H. pylori grown in pure culture (34, 36).
Thus far, we have not visualized pili when H. pylori is grown in

FIG 8 Immunoblot analysis of cagM, cagV, and cag3 mutants and requirement of these proteins for T4SS-dependent induction of IL-8 secretion. Marked cagM,
cagV, and cag3 mutant strains (containing antibiotic cassettes inserted into these genes), unmarked mutants, and complemented mutants were generated as
described in Materials and Methods. (A) Production of CagM, CagV, Cag3, and a control protein (HspB) was assessed by immunoblot analysis. Arrow designates
CagV. (B) AGS cells were infected with the indicated strains, and IL-8 secretion was quantified by ELISA of cell culture supernatants. �, P � 0.01 in comparison
to results for the parental strain (Student’s t test).

FIG 9 Requirement of CagM for pilus formation. H. pylori strains were cocultured with AGS cells, and pilus formation was analyzed by SEM. (A and B) Marked
cagM mutants; (C and D) unmarked cagM mutants; (E and F) complemented mutants. Bars, 1 �m. Arrows point to pili.
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pure culture. It seems possible that the structures produced by
bacteria grown in pure culture may differ from structures pro-
duced by bacteria cocultured with gastric epithelial cells.

The exact composition of H. pylori pili remains very poorly

understood. Prior to the current study, it was suggested that CagC
might be the major pilin subunit (39), but this seems unlikely
since cagC mutant strains still produce pili. A major challenge in
defining the composition of pili is the limitation in available meth-

FIG 10 Requirement of CagV for pilus formation. H. pylori strains were cocultured with AGS cells, and pilus formation was analyzed by SEM. (A and B) Marked
cagV mutants; (C and D) unmarked cagV mutants; (E and F) complemented mutants. Bars, 1 �m. Arrows point to pili.

FIG 11 Requirement of Cag3 for pilus formation. H. pylori strains were cocultured with AGS cells, and pilus formation was analyzed by SEM. (A and B) Marked
cag3 mutants; (C and D) unmarked cag3 mutants; (E and F) complemented mutants. Bars, 1 �m. Arrows point to pili.
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ods for investigating this topic. Thus far, the main approach has
involved labeling the pili with antibodies directed against specific
Cag proteins that are involved in T4SS-dependent phenotypes.
This approach is only feasible if specific antisera suitable for use in
immunogold labeling studies are available, and this approach
would not be successful in identifying pilus components if they
were encoded by genes outside the cag PAI. In previous studies,
four proteins (CagL, CagT, CagX, and CagY) were reported to be
localized to pili, based on immunologic detection using either
electron microscopic or confocal microscopic imaging methods
(31, 34, 36). In several cases, these proteins were localized to sur-
face structures of H. pylori that were cultured in the absence of
gastric epithelial cells (34, 36), and there is uncertainty about
whether or not such structures are identical to the more numerous
pili that form when H. pylori is in contact with gastric epithelial
cells (30).

As an alternate to immunogold labeling, it is possible that pilus
components might be identified if overexpression of a component
led to changes in the number of pili per bacterium or changes in
pilus dimensions. Several of the complemented mutant strains
generated in the current study appeared to produce increased lev-
els of individual Cag proteins, based on Western blot analysis.
However, these complemented mutants did not exhibit any sub-
stantial alterations in pilus number or pilus dimensions compared
to the wild-type or parental strains. We detected a statistically
significant increase in the number of pili produced by a cagT com-
plemented mutant (and a small decrease in pilus length) in com-
parison to the WT strain (Table 2), but the small magnitude of
these changes is unlikely to be biologically significant. One current
hypothesis is that the pili may be comprised of CagL and CagI (35,
47). In support of this hypothesis, one previous study reported
detection of CagL as a minor component of pili (31), CagL inter-
acts with CagI (35, 48), and both of these proteins are capable of
binding to integrins on host cells (31, 35, 37).

Surprisingly, we found that cagY and cagC are required for
T4SS function but dispensable for pilus formation. Similarly, a
previous study reported that cagH was required for T4SS function
but not pilus formation (35). These data indicate that T4SS func-
tion and pilus production can be uncoupled in specific mutant
strains. Mutant strains in which T4SS function and pilus produc-
tion are uncoupled are potentially valuable tools for dissecting the
assembly and function of the T4SS. The C-terminal region of
CagY exhibits sequence relatedness to VirB10 (5, 9), which is a
major component of the core complex in other T4SSs (49). In the
A. tumefaciens VirB/D T4SS, VirB10 acts both as a structural com-
ponent and as a gating element controlling substrate transfer (50),
and specific mutations in VirB10 block pilus formation (50–52).
The current results, as well as findings of recent studies of cagY in
a different H. pylori strain background (29), indicate that cagY is
required for T4SS function but is not required for pilus produc-
tion. This suggests that there may be important differences in the
mechanisms of T4SS pilus synthesis in H. pylori from those of
synthesis of pili in T4SSs involved in conjugation. Moreover, H.
pylori CagY is substantially larger in size than VirB10 proteins in
other bacterial species, which suggests that CagY may have spe-
cialized functions different from those of VirB10 in other species.
CagC exhibits weak sequence relatedness to VirB2, the major
component of pili in the A. tumefaciens VirB/D T4SS (9, 39, 40).
The current data confirm that CagC has an important function
required for T4SS activity but suggest that CagC is not the major
component of the H. pylori pili visualized in this study. It will be
important in future studies to analyze the cagY and cagC mutants
further in an effort to identify the defects that lead to a loss of T4SS
function.

In summary, the current data provide new insights into the
genetic requirements for pilus formation in H. pylori and provide
additional evidence that these pili are components of the cag T4SS.
These data also highlight numerous differences between the H.
pylori cag T4SS and T4SSs in other bacterial species. In future
work, it will be important to more clearly define the composition
of cag T4SS-associated pili and to better define the role of these
structures in T4SS function.
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