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Helicobacter pylori encodes three histidine kinases and five response regulators belonging to the family of
two-component regulatory systems which are involved in transcriptional control. Here we demonstrate that
isogenic mutants of H. pylori P76 with deletions of the response regulator open reading frame (ORF) HP1365
and ORFs HP244, HP165, and HP1364 encoding histidine kinases are unable to colonize the stomachs of
BALB/c mice, suggesting an essential role of these systems in the regulation of important virulence properties
of H. pylori. Furthermore, we demonstrate that the genes under the control of the PHP1408 and PHP119 promoters
which are regulated by the two-component system HP166-HP165 are not essential for single mutant coloni-
zation of mice but are required under competitive colonization conditions.

Helicobacter pylori is the causative agent of chronic type B
gastritis and peptic ulcer disease in humans and is also consid-
ered a risk factor for the development of gastric adenocarci-
noma and mucosa-associated lymphoid tissue lymphoma (14,
21). A number of bacterial factors contributing to the patho-
genicity of H. pylori have already been identified (2, 5, 15, 22,
27). By using different animal models of infection it has been
demonstrated that some of these factors are essential for the
successful colonization of the host organism, such as urease (9,
30), the urea channel protein UreI (25), flagella and chemo-
taxis proteins (10, 12), superoxide dismutase (23), and the iron
storage protein Pfr (31). Furthermore, a comprehensive sys-
tematic screen using signature tag mutagenesis recently iden-
tified a set of 47 H. pylori genes which proved to be essential for
colonization in the H. pylori gerbil model (16). The expression
of virulence traits that enable a pathogen to colonize the host
and to cope with the hostile environment within the host has to
be tightly regulated to ensure the production of the required
virulence factor at the right time point of infection. Two-
component systems are signal transduction systems which are
able to perceive environmental stimuli and to trigger an ade-
quate cellular response. Consequently, they are frequently in-
volved in the coordinate regulation of virulence-associated
genes. Usually they are composed of a histidine kinase which
monitors environmental signals and a cognate response regu-
lator whose function is modulated by a phosphotransfer reac-
tion from its cognate histidine kinase. Analysis of the genome
sequence revealed that H. pylori contains only three histidine
kinases and five response regulators involved in transcriptional
regulation (1, 29). Interestingly, it turned out that two response
regulator genes (open reading frames [ORFs] HP166 and
HP1043) are essential for cell viability, while deletion of the

response regulator ORF HP1021 resulted in a pronounced
growth defect of the bacteria grown under in vitro culture
conditions (4, 18). The aim of the present study was to analyze
whether the H. pylori two-component genes HP244, HP165,
and HP1364, encoding histidine kinases, and the response reg-
ulator ORF HP1365 are required for colonization in a mouse
model of infection.

Construction and characterization of isogenic mutants of H.
pylori P76 with deletions in the two-component ORFs. Deriv-
atives of the mouse-adapted H. pylori strain P76 (13), carrying
deletions in the two-component ORFs HP244, HP165, HP1364,
and HP1365, were constructed by allelic exchange mutagenesis
(3) (Fig. 1). Therefore, the suicide plasmids pSL-244::km, pSL-
165::km, pSL-1364::km, and pSL-1365::km, which have been
described previously (4), were used for transformation of H.
pylori strain P76 (20), carrying streptomycin resistance for op-
timal quantitative reisolation from the infected mouse stomach
by streptomycin selection. The correct replacement of the two-
component ORFs by the kanamycin resistance cassette was
confirmed by PCR experiments performed on chromosomal
DNA of the mutants with oligonucleotide primer pairs flanking
the insertion site (data not shown). As the H. pylori strain J99
contains an additional copy of the response regulator ORF
HP1365 (JHP1283, which is located adjacent to the histidine
kinase ORF JHP1282, and JHP1443) (1), the mutant P76/
HP1365::km was checked carefully for the presence of a sec-
ond HP1365 response regulator gene by PCR analysis of its
chromosomal DNA with primer pairs derived from this ORF.
No PCR fragment of the length to be expected if the fragment
was derived from a wild-type copy of ORF HP1365 was ob-
tained, demonstrating that H. pylori P76, similar to strain 26695
(29), harbors a single response regulator, ORF HP1365. A
deletion mutant of ORF HP1021 could be obtained by trans-
formation of strain P76 with plasmid pSL-1021::km (4). How-
ever, similar to the mutant of strain G27 this strain was se-
verely hampered in its growth on blood agar plates and was
therefore not considered for the infection of mice.

Both urease activity and motility are prerequisites for colo-
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nization. Therefore, mutants P76/HP244::km, P76/HP165::km,
P76/HP1364::km, and P76/HP1365::km were analyzed for
these phenotypes by measuring ammonia production of bacte-
rial lysates from urea hydrolysis with the Berthelot reaction (6)
and by stabbing bacteria into semisolid agar and scoring for the
presence of motility rings (17). All mutant strains showed ure-

ase activities similar to that of the wild-type P76 (Table 1),
indicating that the two-component systems are not involved in
the basal expression of urease under in vitro culture condi-
tions. This is in agreement with the results of a recent analysis
of the PureA promoter, demonstrating that deletion of se-
quences located upstream of the �35 region does not affect

FIG. 1. Construction of H. pylori P76 mutants used in this study. (A) For the construction of the mutants P76/HP244::km, P76/HP165::km,
P76/HP1365::km, and P76/HP1364::km the parts of the two-component ORFs indicated by brackets were replaced with a kanamycin resistance
cassette via allelic exchange mutagenesis. Histidine kinase and response regulator ORFs are indicated by shading in dark and light gray,
respectively. (B) The target genes of the HP166-HP165 two-component system, which are under the control of the PHP1408 and PHP119 promoters,
respectively, are located at two different loci in the genome of H. pylori 26695. These loci show a high degree of variability between the two
sequenced H. pylori strains 26695 and J99 (1, 29), and their precise structure in H. pylori P76 is not known. In P76/�1408 the regions between the
23S ribosomal DNA and ORFs HP1413 and HP422, encoding target genes under the control of the PHP1408 promoter, were replaced by kanamycin
and chloramphenicol resistance cassettes. Similarly, in P76/�119 the regions between ORFs HP1189 and HP1186 and ORFs HP121 and HP117,
encoding target genes under the control of the PHP119 promoter, were replaced by kanamycin and chloramphenicol cassettes. See reference 8 for
details.
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transcription from the PureA promoter under these conditions
(7). While strains P76/HP165::km, P76/HP1364::km, and P76/
HP1365::km were fully motile, mutant P76/HP244::km showed
no swarming on semisolid agar (data not shown). This obser-
vation is due to a nonflagellated phenotype of this deletion
mutant, because HP244 is the cognate histidine kinase phos-
phorylating the NtrC-like response regulator HP703, which
activates the transcription of several �54-dependent flagellar
basal body and hook genes (4, 26).

Isogenic two-component mutants of H. pylori P76 are unable
to infect mice. To investigate whether deletion of the two-
component genes affects the ability of H. pylori P76 to col-
onize the mouse stomach, mice were infected with the P76
wild-type strain and its mutant derivatives P76/HP244::km,
P76/HP165::km, P76/HP1364::km, and P76/HP1365::km. Fe-
male 6- to 8-week-old BALB/c mice (RCC, Itingen, Switzer-
land) were inoculated three times intragastrically with doses of
1.0 � 109 CFU of H. pylori P76 or its mutant derivatives at
2-day intervals. This experiment was performed two times in-
dependently with five mice per group. For the infection strain
P76 and the mutants were grown on GC agar plates (Difco)
supplemented with horse serum (8%), vancomycin (10 mg/
liter), trimethoprim (5 mg/liter), nystatin (1 mg/liter), and 250
mg of streptomycin/liter (serum plates with streptomycin) for 2
days. The bacteria were harvested and suspended in brucella
broth, and the final concentration was adjusted to 5 � 109

cells/ml. Aliquots of 200 �l (109 bacteria) were given orogas-
trically to mice. Four weeks after the third challenge with H.
pylori mice were sacrificed by CO2 asphyxiation, and the stom-
achs were excised, weighed, and opened along the great cur-
vature. For assessment of H. pylori colonization by culture
stomachs were cut and homogenized in 2 ml of brucella broth
by a hand homogenizer (Fisher Scientific, Schwerte, Germany)
and 1/200 serial dilutions were spread over the surface of
serum plates with streptomycin. Plating of bacteria was per-
formed in duplicate. The plates were incubated for 5 to 7 days
under standard conditions, and colonies were counted.

The wild-type P76 strain was recovered from all animals, and
in two independent experiments the medians for the bacterial
load were 1.48 � 107 and 1.58 � 107 CFU per g of stomach
tissue. None of the P76 mutants with deletions of the two-
component genes could be cultured from the stomachs of mice,
suggesting that these regulatory genes are necessary for the
successful colonization of the host by controlling the expres-

sion of bacterial factors required at some stage of the infection
process. We cannot completely rule out polar effects of the
insertion of the kanamycin cassette on the genes located down-
stream of ORFs HP1365-HP1364 and HP166-HP165 (Fig. 1).
However, since these downstream genes include orthologs of
dnaB (HP1362) and hemB (HP163), whose gene products are
involved in DNA replication and heme biosynthesis, respec-
tively, we would have expected an effect of a strongly polar
mutation on the in vitro growth of the mutants, which is not
observed.

It has been demonstrated that the two-component systems
are not involved in the expression of some of the well-known
factors which have proved to be essential for host colonization,
i.e., urease, the iron storage protein Pfr (S. Bereswill and D.
Beier, unpublished observation), and—with the exception of
the HP244-HP703 system—motility and chemotaxis. In the
case of the mutant P76/HP244::km the colonization defect was
expected and, as mentioned above, is probably due to the
aflagellated phenotype of this strain. From the observation that
histidine kinase HP1364 and response regulator HP1365 are
encoded by adjacent genes and that these genes are cotrans-
cribed from a promoter located upstream of ORF HP1365 (P.
Dietz and D. Beier, unpublished observations), it seems likely
that these proteins are cognate phosphorylation partners; how-
ever, this has not been proven experimentally. So far, the target
genes of the HP1365-HP1364 two-component system are com-
pletely unknown. As both the sensor protein HP1364 and the
cognate response regulator HP1365 are necessary for the in-
fection of mice, it can be concluded that transcription of target
genes involved in the colonization process requires phosphor-
ylation of the response regulator HP1365. Response regulator
HP166 is essential for cell viability, while the cognate histidine
kinase HP165 is easily dispensable for the growth of H. pylori
under in vitro culture conditions (4, 18). Therefore, it was
suggested that the nonphosphorylated regulator protein
HP166 is required for the transcription of target genes which
are essential for cell viability, while additional nonessential
target genes are regulated by the phosphorylated response
regulator in the presence of appropriate environmental stim-
uli, leading to the activation of the cognate histidine kinase
HP165 (8). The expression and proper regulation of some of
these nonessential target genes seem to be necessary for col-
onization, as suggested by the observation that histidine kinase
HP165 is required for establishing stable infection of mice.

Role of a subset of the target genes of the two-component
system HP166-HP165 for colonization. Recently, the identifi-
cation of nonessential target genes of the two-component sys-
tem HP166-HP165, whose transcription is activated by the
phosphorylated response regulator HP166, was reported (8).
Genes under the control of the PHP119 promoter constitute a
gene family encoding H. pylori specific proteins of unknown
function. In strain 26695 this gene family comprises five mem-
bers (HP1188, HP1187, HP118, HP119, and HP120), which are
clustered at two different loci in the genome (29). The target
genes under the control of the PHP1408 promoter are also H.
pylori specific and form an operon which is present in two
identical copies in the genome of H. pylori 26695 (HP1408-
HP1412 and HP427-HP423) (29). To investigate whether the
PHP119- and PHP1408-dependent target genes contribute to host
colonization, mutants P76/�119 and P76/�1408 were used to

TABLE 1. Urease activities of the P76 wild type and isogenic two-
component mutants grown on blood agar platesa

Strain Urease activity
(�mol/mg/min)

P76 12.0 (3.1)
P76/HP1365::km 10.9 (3.2)
P76/HP1364::km 11.9 (3.6)
P76/HP165::km 18.8 (9.8)
P76/HP244::km 14.8 (5.2)
P76/�1408 13.0 (2.0)
P76/�119 13.4 (2.9)

a The results shown are the averages of four independent experiments. Stan-
dard deviations are given in brackets. As determined by Student’s t test differ-
ences in urease activity between H. pylori P76 and the mutants are not statistically
significant.
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infect mice. P76/�119 and P76/�1408 are derivatives of H.
pylori P76 in which the two chromosomal loci comprising the
target genes under the control of the PHP119 and PHP1408 pro-
moters, respectively, were replaced by kanamycin and chlor-
amphenicol resistance cassettes and have been described ear-
lier (Fig. 1) (8). Again, in two independent experiments five
mice per mutant were inoculated with three consecutive doses
of 1.0 � 109 CFU of H. pylori. Both mutants were competent
for the colonization of the mouse stomach, yielding similar
bacterial loads (P76/�1408, 7.0 � 104 and 3.6 � 104 CFU/g of
stomach tissue; P76/�119, 6.1 � 105 and 7.4 � 104 CFU/g of
stomach tissue; Fig. 2). Although, compared to the P76 wild
type, both mutants showed a significantly reduced ability to
infect mice, these data demonstrate that ORF HP119 and its
paralogs, as well as ORFs HP1408-HP1412, are dispensable for
host colonization and, therefore, that additional target genes
regulated by the phosphorylated response regulator HP166
must be responsible for the colonization defect of the histidine
kinase mutant P76/HP165::km. A recent transcriptome analy-
sis of a deletion mutant of the histidine kinase ORF HP165
identified several such target genes, representing mainly H.
pylori specific genes of unknown function (11). When mice (10
animals per group) were inoculated with a 10:90 mixture of
wild-type P76 and the mutant P76/�119 or P76/�1408, respec-

tively, only wild-type bacteria could be recovered from the
animals 4 weeks after the last challenge with the mixed inoc-
ulum (Fig. 2), as investigated by plating of stomach homoge-
nates in parallel on serum plates containing streptomycin (250
mg/liter) or both streptomycin and chloramphenicol (4 mg/
liter). Therefore, although not essential for colonization per se,
the genes under the control of the PHP119 and PHP1408 pro-
moters provide the bacteria with a clear advantage for survival
under competitive conditions within the host organism.

Taken together our data suggest that besides regulating the
expression of genes essential for bacterial viability the two-
component systems of H. pylori are also involved in host ad-
aptation and survival in vivo. Similarly, a deletion analysis of
the 13 histidine kinase and 14 response regulator genes pre-
dicted by the genome sequence of Streptococcus pneumoniae
revealed that inactivation of seven two-component systems and
one orphan response regulator caused attenuation in a mouse
respiratory tract infection model, while in vitro growth of the
mutants under nutrient-rich conditions was not affected (28). It
is becoming increasingly evident that successful infection of a
host organism requires not only the presence of specific viru-
lence factors interacting in a sophisticated way with host tissues
and cells but also a tight regulation of metabolic processes
adapted to the particular niche that a pathogen is encounter-

FIG. 2. Colonization of BALB/c mice with wild-type H. pylori P76 and isogenic deletion mutants of target genes of the two-component system
HP166-HP165 (P76/�1408 and P76/�119, respectively). The colonization abilities of wild-type and mutant P76 are shown as CFU per gram of
stomach tissue for single mice. The experiments lasted for 4 weeks each. In two independent experiments (A and B) a significantly reduced
colonization ability of P76/�1408 and P76/�119 mutants compared to that of P76 was observed (n � 5). In a third experiment (C) a 10/90 mixed
infection with P76 (streptomycin resistant) and P76/�1408 or P76/�119 (both of which are streptomycin and chloramphenicol resistant) was
performed (n � 10 for mixed infection and n � 5 for P76 single infection). Neither P76/�1408 nor P76/�119 could be recovered from mixed
infections with P76 as indicated by the lack of growth on serum plates supplemented with chloramphenicol. Groups presented in panels B and C
were evaluated in the same experiment, and the wild-type control experiments were therefore performed with the same animals. *, P � 0.05.
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ing. This is also reflected by the vast array of metabolic and
general stress response genes identified in screens for viru-
lence-attenuated pathogens by using signature-tagged mu-
tagenesis (19, 24). Therefore, the H. pylori two-component
systems HP1365-HP1364 and HP166-HP165 might be involved
either in the regulation of H. pylori-specific virulence traits or
in maintaining bacterial fitness by allowing the adaptation of
metabolic processes in response to frequently changing envi-
ronmental conditions within the human stomach. The compre-
hensive identification of the target genes of these two-compo-
nent systems by transcriptome analysis will be needed to clarify
this question.
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