





VoL. 71, 2003

H. PYLORI ACID ADAPTATION 5933

FIG. 3. Cluster analysis of gene expression patterns at different medium pHs with and without urea. (A) Hierarchical clustering was applied
to expression data from a set of 278 genes measured across eight experimental pH conditions. The 278 genes were those (of 1,534 total) with
transcript levels that varied by at least twofold relative to the control condition (pH 7.4) under conditions of pH 4.5 without urea. Data from 28
hybridizations were used: 3 for pH 7.4, 4 for pH 6.2, 3 for pH 5.5, and 4 for pH 4.5 without urea, as well as 3 for pH 7.4, 3 for pH 6.2, 4 for pH
5.5, and 4 for pH 4.5 with 5 mM urea. The color scale used to represent the expression ratios is shown on the bottom. The colored bars with labels
(a to @) refer to the identified clusters of genes. A profile bar graph for each cluster in which the mean log ratio of that cluster in each experimental
condition is plotted is shown on the right. (B) Enlargements of regions of the cluster diagram in panel A. The genes in up-regulated cluster a (top)
and down-regulated cluster f (bottom), beginning at pH 6.2 and independent of the presence of urea, are shown. The genes up-regulated at pH
6.2 where the presence of urea results in up-regulation only when the medium pH is 4.5 are shown in cluster b (middle image). Gene names are

shown corresponding to their positions in the cluster diagram.

cessory proteins UreE (0070) and Urel (HP0071), carbonic
anhydrase (HP1186), and a number of gene products involved
in energy metabolism and motility and chemotaxis and ORFs
rocF (HP1399), hypA (HP0869), cag! (HP0520), cag8 (HP0528),
cagl2 (HP0532), cagl6 (HP0537), and cagl9 to -22 (HP0540-
HPO0543), as well as the ompR-like response regulator (HP0166),
are found in this cluster.

Temperature stress. The effect of pH on gene regulation of
this organism that has adapted for life in the gastric environ-
ment may be relatively selective. When a comparison is made
with the effect of exposure to 42°C on the genes present in the
microarray, very few genes that are up-regulated overlap with
those genes that are up- or down-regulated by acid exposure,
as shown in Table 7. Of the genes discussed below, flaAd
(HP0601) is up-regulated by temperature stress, as is another

gene involved in motility, HP1192, indicating that these are
likely general stress response genes, like the outer membrane
protein gene ompll (HP0472).

Real-time PCR. Three genes from the pH homeostasis gene
cluster that were up-regulated by acid exposure were selected
for confirmation by real-time PCR amplification, and the re-
sults are shown in Fig. 4. This method confirmed the up-reg-
ulation of the genes for amidase (HP0294), arginase (HP1399),
and the periplasmic carbonic anhydrase (HP1186). Addition-
ally, the accessory genes of the urease gene cluster were also
analyzed by real-time PCR amplification, even though the up-
regulation of some of them was not detected on the microar-
ray, perhaps due to their relatively low levels of expression.
Up-regulation of ureEE (HP0070) and urel (HP0071) was con-
firmed. The real-time PCR analysis of ureF' (HP0069), ureG
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TABLE 7. 42°C-regulated H. pylori genes that overlap with pH 4.5-regulated genes

. Ratio (42°C-Cy5-red/ GenBank -
Regulation 37°(§—Cy3—gcr)éen) accession mo. Description

Up-regulated 2.2 HP0472 Outer membrane protein (ompll)
3.1 HP1192 Secreted protein involved in motility
2 HP0601 Flagellin A (flaA)
2 HP1096 1S605 transposase (tnpA)
2.3 HP0793 Polypeptide deformylase (def)
2.3 HP1326 H. pylori predicted coding region HP1326
2.2 HP0556 H. pylori predicted coding region HP0556
2.1 HP0078 H. pylori predicted coding region HP0078
2 HP1288 H. pylori predicted coding region HP1288
2 HP0872 Alkylphosphonate uptake protein (phnA)

Down-regulated 0.4 HP0092 Type 11 restriction enzyme (hsdM)
0.5 HP1209 Ulcer-associated gene endonuclease (ice4)
0.4 HP0956 Conserved hypothetical protein
0.32 HP0296 Ribosomal protein L21 (rpi21)
0.44 HP1318 Ribosomal protein L4 (rpl4)
0.49 HP1305 Ribosomal protein S8 (1psS8)

(HP0068), and ureH (HP0067), which were not detected as
changed on the microarray, showed an increase in RNA syn-
thesis under acidic conditions (data not shown). Temperature
stress did not result in an enhanced signal in amidase (HP0294)
on the microarray, and real-time amplification confirmed that
there was no change in the expression level of this gene under
this stress condition.
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DISCUSSION

Colonization of the human stomach is a large evolutionary
challenge for a neutralophile such as H. pylori. Acid resistance
or acid tolerance responses that are expressed by other neutral-
pH-dwelling bacteria are perhaps sufficient for gastric transit,
but not for growth in the gastric environment. The urease of
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FIG. 4. Real-time PCR. (A to C) The cDNAs encoding periplasmic carbonic anhydrase (A), aliphatic amidase (B), and arginase (C) from
typical experiments of the microarray analysis at pH 7.4 and 4.5 in the absence of urea were subjected to PCR amplification. The lines represent
amplifications from cDNAs generated from the RNAs isolated at pH 7.4 and 4.5. (D) Similar amplification for the amidase cDNA resulting from
temperature stress (42°C) compared to the cDNA generated from the RNA isolated from bacteria maintained at 37°C.
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H. pylori is essential for colonization in animal models (17), but
many other organisms express urease, although perhaps at a
lower level. The acid-activated urea channel, Urel, is essential
for infection in animal models (37, 51) and is a unique adap-
tation to life in the stomach for gastric Helicobacter spp. (22).

The pH of the gastric mucus or the gastric surface is a
subject of controversy. Some suggest that the pH is close to
neutral, but microelectrode and fluorimetric methods have
generally shown a loss of pH regulation in the gastric mucus
when the pH falls below 2.0 (14, 45). This pH, representing a
concentration of 10 mM HCI, is not able to be buffered by the
maximal capacity of the stomach to secrete bicarbonate, which
is 10% of acid output. In the absence of food in the human
stomach, gastric juice is unbuffered and there is continuing
acid secretion, maintaining a fairly constant highly acidic pH.
During the digestive phase, there is buffering by food and its
digestion products, with a transient rise in pH. The median
intragastric pH is 1.4 due to the long periods of high acidity
between meals. The finding that urel-deficient organisms were
able to infect only if acid secretion was inhibited and then were
eradicated when acid secretion was restored shows that a pH of
<4.0 is present in their environment for a period sufficient for
eradication (37). Over a 24-h period, H. pylori will be exposed
to levels of acid at which ordinary neutralophiles do not divide
or grow. The changes in internal or periplasmic pH of the
organism thus must be compatible with colonization of its
niche in the stomach, and experimental and physiological ex-
periments show that this niche is highly acidic much of the
time.

Changes in gene expression can depend on changes in
periplasmic pH, cytoplasmic pH, or both. For efficient gastric
colonization, changes in either compartment must be limited.
The pH of the cytoplasm may be the most important factor
determining whether the organism is able to survive in its niche
in the stomach. Based on the measurements made here and
previously (48), exposure to a medium pH of 6.2 results in a
cytoplasmic pH of 7.0, and at this pH, the organism is able to
synthesize protein without the addition of urea, although at a
lower rate than at neutral pH. At a pH of 4.5, cytoplasmic pH
drops to 5.3 in the absence of urea and protein synthesis, and
hence, growth stops. However, at a medium pH of 4.5, the
addition of urea elevates the cytoplasmic pH to 6.2 and protein
synthesis is restored. This elevation of cytoplasmic pH may
occur at an even lower gastric pH. It is also necessary for the
bacteria to maintain their proton motive force, the electro-
chemical hydrogen ion gradient across the inner membrane, to
allow growth at the acidic pH of the environment. This can be
achieved by buffering the periplasm to above medium pH, as
has been previously shown by the restoration of inner mem-
brane potential to approximately —101 mV with urea addition
at a medium pH as low as 3.0 (48). Gene expression after acid
exposure can therefore be controlled by the level to which the
cytoplasmic pH falls and also by the periplasmic pH, perhaps
due to activation of one or more two-component systems.

Genes other than those in the urease gene cluster have
already been identified as contributing to acid survival by a
variety of methods. This implies that, although urease activity
and its regulation by Urel are necessary for infection, that
alone may not be sufficient. Other genes may be activated to
improve the maintenance of infection, and some may even play
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a role in periplasmic or cytoplasmic buffering in addition to
urease activity.

Up-regulated genes. The changes in the increase of gene
expression varied among different genes as a function of pH.
Some were up-regulated at a medium pH of 6.2; others did not
change expression until a pH of 4.5 was applied. Genes that
lose up-regulation at a medium pH of 6.2 with the addition of
urea are responding to a change in periplasmic pH, since the
cytoplasmic pH does not change (Table 1). It was observed
that BCECF free-acid fluorescence at pH 6.2 increased under
the conditions used here with the addition of urea, showing an
elevation of periplasmic pH. Genes that lose regulation with
the addition of urea at more acidic pH presumably change
expression only due to changes in the cytoplasmic pH. Thus,
up-regulation of genes detected at an external pH of 4.5 that is
absent with the addition of urea is due to a shift in the cyto-
plasmic pH from 5.3 to 6.5 that is found with the addition of
urea.

As can be seen from the tables and the cluster analysis, a
large number of genes change expression when exposed to
acid. In some cases, it is possible to deduce or suggest the
functions of up-regulated genes; in other cases, the rationale
for changes of expression is at present obscure. Hence, the
effect of acid exposure with and without urea will be discussed
for only a few categories of genes illustrated in Tables 3 and 5
and displayed in Fig. 3B.

(i) pH-homeostatic genes. The genes that theoretically could
contribute to alkalization of the cytoplasm are categorized as
pH homeostatic. Aliphatic amidase and L-asparaginase are
both capable of generating NH;, and arginase generates urea.
Each has been described as improving acid survival in vitro (33,
50). The hydrogenase expression genes hypA and hypB are
among the genes that are up-regulated at pH 6.2, but their
regulation is suppressed by the addition of urea until a pH of
5.5 or 4.5 is applied. These genes appear to be involved in the
accumulation of Ni**, the metal cofactor essential for activa-
tion of the urease apoenzyme. The urease accessory genes
encoding Urel and UreE are up-regulated at pH 4.5. Urel is
the acid-activated urea channel, and UreE is a urease assembly
protein. It appears that the promoter between ureB and urel is
activated as a function of acidity, facilitating urea entry and
assembly of urease without requiring de novo synthesis of the
enzyme itself. This would enable a more rapid response in
urease activity in spite of constant production of UreA and
UreB. Apparently, longer acid exposure also up-regulates ure4
and ureB (34). The periplasmic carbonic anhydrase gene
HP1186 is progressively up-regulated as a function of the de-
crease of medium pH and may contribute to the regulation of
the pH of the periplasm, since its deletion decreases survival at
pH 4.0 even in the presence of urea (Y.-C. Lee, T. Tohru,
H. Y. Shan, B. Grandjean, A. T. Charney, I. G. Perez-Perez,
and M. J. Blaser, abstract from the Digestive Disease Week
and 103rd Annual Meeting of the American Gastroenterologi-
cal Association 2002, Gastroenterology 122:A423, 2002). This
enzyme could function to accelerate the conversion of CO, to
bicarbonate in the periplasm, thus generating NH,HCO; as
the periplasmic buffer. It is likely that these pH-homeostatic
genes contribute to regulation of cytoplasmic and/or periplas-
mic pH, in addition to increasing urease activity. Such mech-
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anisms could compensate for variations in the urea concentra-
tion in the habitat of the organism.

(ii) Motility genes. The up-regulation of 12 genes involved in
motility or chemotaxis may be regarded as contributing to
increased motility of the organism in acid, which perhaps acts
as both an acid-adaptive response and an acidic stress re-
sponse. flaA (HP0601) and HP1192, the gene for a secreted
protein involved in flagellar motility, are among those genes
up-regulated at pH 6.2 both in the absence and presence of
urea. Although fla4 has been described as pH regulated (24,
32), both flaA and HP1192 are also up-regulated by tempera-
ture stress and hence are not selective acid-adaptive genes.
flaB and chel are among the genes increased at pH 6.2 but
suppressed by the presence of urea (Fig. 3B). cheY is also
up-regulated, but not >2-fold until pH 4.5. The change of
distribution of H. pylori with inhibition of acid secretion may be
due in part to the up-regulation of motility genes (30, 32, 37).

(iii) Pathogenesis genes. Eight genes in the pathogenicity
island are up-regulated, as well as vapD, the gene for a viru-
lence-associated protein. Many of the genes in the pathogenic-
ity island are often considered responsible for type IV secre-
tion, and perhaps an acidic environment prepares the organism
for association with the plasma membranes of its gastric cell
hosts. The cagA gene was not found to be up-regulated under
our conditions.

(iv) Regulatory genes. Various regulatory genes are up-reg-
ulated by the presence of mild acidity. Some of these may
signal changes in the periplasmic pH. The gene for the inner
membrane histidine kinase, HP0165, is one of those up-regu-
lated at pH 6.2, independently of the presence of urea (Fig.
3B). This is part of a two-component signaling system in H.
pylori. Although E. coli has 29 and 32 ORFs encoding histidine
kinase and response regulators, respectively (35), only four and
six two-component sensor and response regulator genes are
found in the genome of H. pylori. Deletion of the sensor pro-
tein gene, HP0165, that phosphorylated HP0166, ompR-like,
produced no change in the protein pattern at neutral pH,
whereas deletion of HP0166 is lethal (5, 15). The paucity of
signaling systems in H. pylori suggests that the ones that remain
are multifunctional and interact with many genes. Hence,
HPO0165 activation may be responsible for many of the acti-
vated genes seen in this profiling of the genes adapted to mild
acidity. The protein product of this gene has two transmem-
brane segments and a periplasmic domain replete with histi-
dines, which suggests the possibility that a pH of 6.2 might
determine protonation of one or more of these, resulting in
autophosphorylation. The partner of this kinase, the ompR-like
element, is also up-regulated, although not until pH 4.5.

Other regulatory genes are also increased, such as fenA4 and
dniR, and up-regulation persists in the presence of urea at pH
4.5. gppA, a stringency response element encoding a guanosine
pentaphosphate hydrolase, is up-regulated at pH 4.5, but only
in the absence of urea. The high level of up-regulation of this
gene is seen because of the low level of expression of the
stringency response component at neutral pH. A stringency
response may also be part of the acid adaptation of H. pylori.

(v) Outer envelope genes. Of the eight outer envelope genes
that show up-regulation, six are in fact outer membrane pro-
teins and two, cutE and murC, are involved in outer membrane
biosynthesis. Perhaps membrane composition determines the
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permeability of the outer membrane. Since some outer mem-
brane components are down-regulated, it appears that outer
membrane synthesis is selectively affected by exposure of the
organism to acidity.

Many of the genes described above retain significant up-
regulation in the presence of urea at pH 4.5. These include the
various pH-homeostatic genes, with the exception of urel and
ureE; the motility genes flaA, flaB, and HP1192; cagl9 and the
regulatory genes HP0165 (histidine kinase) and tenA; and the
gene encoding DniR protein and all the outer membrane
genes with the exception of omp19. It seems likely that changes
of expression of these genes must occur during gastric coloni-
zation.

Previously, genes encoding the heat shock protein Hsp70
and cell wall composition, as well as cag4 (23, 25, 31), have
been observed to be up-regulated in acid, and random mu-
tagenesis showed that at least 10 genes were essential for
growth at pH 4.8 (6). Gamma-glutamyl transpeptidase has
been shown to be essential for colonization (13). The regula-
tory protein ferric uptake regulator gene (fur) is involved in
acid resistance, since its deletion impaired growth in acid (7).
The genes for pH-homeostatic enzymes, such as arginase (33)
and amidase (50), found to be up-regulated in the gene array,
increase acid survival in vitro. Since the first of these produces
intracellular urea and the second produces intracellular NH5,
they possibly have a role in increasing buffering by the organ-
ism in an acidic environment. It has also been shown that there
is increased assembly of active urease from apoenzyme during
incubation at pH 5.5, which also increases survival after expo-
sure to pH 2.5 (47). This is consistent with increased activity of
the assembly complex, which may be due in part to up-regu-
lation of the genes involved in urease assembly (ureE, -F, -G,
and -H), since these genes, in contrast to ureA and ureB, are
not constitutively expressed at moderate acidity and have much
lower expression levels. Since assembly is rate limiting for total
urease activity, regulation of the promoter (urelp) in front of
urel would be beneficial to the organism in terms of increased
synthesis of urel, -E, -F, -G, and -H, resulting in increased and
rapid assembly of the urease apoenzyme and enhanced acid-
activated urea entry. It has been suggested that acid inhibits
degradation of the mRNA translated after ureB rather than
up-regulation of gene expression (1), but both up-regulation
and stabilization may occur.

The contributions of the above-mentioned genes to acid
resistance were discovered individually. Differential display of
H. pylori grown for eight passages at pH 5.5 and 7.4 showed
elevation of eight genes, including ureB, atoE, and flaA (16).
Microarray methods, used to detect differences between strains
of H. pylori (44), have been applied to studies of the effects of
pH. Such a study has been performed using radioactive hybrid-
ization to a microarray with cDNA prepared from bacteria
incubated at pH 4.0 or 7.0 in buffered medium without urea.
About eight genes were identified as up-regulated and three
were identified as down-regulated under these conditions, us-
ing PCR amplification of the hybridization spots. Among these
was cagA, as previously found by direct measurement (25), as
well as the genes encoding an enzyme involved in lipopoloysac-
charide biosynthesis (HP1052) and a component of the mem-
brane secretory apparatus (secF) (2). A comparison of gene
expression after incubation for 48 h at pH 7.2 and 5.5 showed
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53 genes highly expressed and 445 stably expressed under both
conditions, although 952 genes were undetected by this biotin-
labeling method. Eighty genes were reported as >5-fold up-
regulated. These include the genes for subunits of the F;F,
ATPase, an Na*-dependent transporter, amidase, a flagellin B
homolog, flagellar biosynthesis protein, thioredoxin reductase,
methyl-accepting chemotaxis protein, and arginase, as well as
ompll1 (3). The duration of these experiments could have re-
sulted in transition from log- to stationary-phase growth, pre-
venting conclusions as to the roles of the genes in acid adap-
tation.

A previous study using microarrays identified other genes
up-regulated twofold or more following exposure for various
times to pH 5.0, but these arrays were performed after expo-
sure to permeant buffer and only in the absence of urea. Sev-
eral consistencies with our results were observed (34). For
example, rhB (HP1050; encoding homoserine kinase), gdhA
(HP0380; encoding glutamate dehydrogenase), hemL (HP0306;
encoding glutamate semialdehyde amino mutase), and glnH
(HP 1172; encoding glutamine ABC transporter) as genes of
amino acid metabolism; the gene for a DNA polymerase-like
transcript (HP1022); the genes urel (HP0071) and ureF (HP0069)
and the gene for amidase (HP0294) as pH-homeostatic genes;
flgB (HP1559) and flaB (HP0155) as motility genes; the gene
for a transcriptional regulator (HP1021); HP0175, an ABC
transporter gene; frpB (HP0876; encoding an iron-regulated
outer membrane protein); and various hypothetical genes
(HP0367, HP0118, HP1327, HP1076, HP1022, HP1440, and
HP1457) were also among these found to be increased. Longer
exposure to pH 5.0 also resulted in the up-regulation of other
urease cluster genes, such as ureA, -B, -G, and -H (HP0073,
HP0072, HP0068, and HP0067). Hence, motility genes; amino
acid-metabolic and ammonia-generating genes, such as those
in the urease gene cluster; and the gene for amidase have been
shown to be up-regulated at acidic pH in both types of exper-
iments.

Of the genes also found to be up-regulated with exposure to
pH 4.0 in permeant buffer, only fla4 and HP0636 overlapped
with the genes identified here (32). The method used in these
experiments, exposure to permeant buffer at the extreme of
survival in the absence of urea, would result in rapid cytoplas-
mic acidification and thus inhibition of transcription. Presum-
ably, the genes that show up-regulation are those whose tran-
scription or breakdown survives the acidic cytoplasm.

There was some degree of overlap between the genes essen-
tial for survival in the gerbil stomach and those with exposure
to pH 4.0. These were discovered by signature tag mutagenesis.
flaA (HP0601), fliD (HP0725), fliF (HP0351), and fiiS (HP0753),
which are motility genes; chel” (HP0393), a chemotaxis protein
gene; trbB (HP1421), a virB11 homolog; dppF (HP0302), a di-
peptide transporter gene; and urel (HP0071), the urea channel,
were all found to be essential, as was surE (HP0930), encoding
a stationary-phase survival protein. However, the genes ureE,
ureF, and ureG were not identified as essential by this method,
although they are clearly required for the generation of active
urease. Not all acid-activated genes will be essential, and con-
versely, not all of the essential genes revealed by this method
will be acid activated. The exposure to the gerbil’s stomach
acidity may result in both log- and stationary-phase transfor-
mation, accounting for the detection of surE as essential for
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colonization (26). In terms of acid adaptation under conditions
of log-phase growth in vitro as described here, surE was found
to be down-regulated (Table 5).

Down-regulated genes. Fewer genes are down-regulated
than up-regulated, and again, only a few will be discussed here.
The response to acidity is therefore different from a response
in which cell division is inhibited as the organism is transiting
from log to stationary phase or from a stringency response
where cellular processes are restricted.

(i) Motility genes. Four flagellum-associated genes are down-
regulated >2-fold at pH 4.5, and of these, none are up-regu-
lated by this factor in the presence of urea. How these genes
interface with the motility and chemotaxis genes that are up-
regulated is unknown, but clearly the organism is adapting its
motility system to deal with medium acidity.

(ii) Outer envelope genes. There are 10 outer envelope genes
that are down-regulated. Four are actual membrane proteins,
and the rest are implicated in cell wall biogenesis. Again, how
this down-regulated response integrates with the up-regulated
response to change the properties of the outer membrane for
a more effective acid-adaptive response remains to be deter-
mined. Perhaps there are pH-adaptive changes in the perme-
ability of the outer membrane. Two of the genes, omp27 and
frpB, are down-regulated at pH 6.2 and below independently of
the presence of urea.

(iii) Miscellaneous down-regulated genes. Among the genes
observed to be down-regulated were two encoding components
of the F,F, ATP synthase, atpB and atpA. This is somewhat
surprising, since this system is the first to respond to acidity
with outward proton pumping in other neutralophiles (9).
HP1021, previously identified as essential and as a response
regulator, was down-regulated more than twofold in the ab-
sence or presence of urea, as was the gene for a newly de-
scribed pathogenesis factor, iceA. The Na® and CI™ trans-
porter was also down-regulated with this pattern.

Of the genes down-regulated following exposure to pH 5.0 in
permeant buffer and in the absence of urea, omp27 (HP1177),
ptuAd (HP0056), and fripB2 (HP1512; encoding another iron-
regulated outer membrane protein) were also down-regulated
when exposed to impermeant buffer at acidic pH for 30 min.
However, several of the genes down-regulated by exposure to
pH 5.0 (34) were seen to be up-regulated under the assay
conditions described here. For example, the gene for carbonic
anhydrase (HP1186), ansB (HP0721; encoding asparaginase),
and acoE (HP1045; encoding acetyl-coenzyme A [CoA] syn-
thetase), as well as genes of unknown function (HP0310,
HP0387, HP0485, and HP1193), were up-regulated in our ex-
periments. The cytoplasmic pH is significantly lower in per-
meant buffers that in impermeant buffers, and perhaps this
accounts for some of the differences observed.

The different methods used to identify acid-regulated genes
in H. pylori have yielded some similar and some dissimilar
results. This may be due to the exact conditions under which
the analyses were performed. For example, long-duration ex-
periments may result in transition from log to stationary phase.
Exposure to acidity in the presence of permeant buffers and in
the absence of urea may result in larger changes in cytoplasmic
pH than when impermeant buffers are used, and certainly,
when urea is present the pH changes are blunted. The design
of the present studies permits analysis of progressive adapta-
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tion of gene expression with increasing acidity and also deter-
mines the contribution of urea to acid adaptation under these
conditions. The conditions used here may be a better repre-
sentation of the state of the gastric environment of the organ-
ism adhering to the gastric surface.

The transcriptional response of H. pylori to mild acidity is
pleiotropic, involving many functional classes of genes, and
most of the genes showing a response to acidification of the
medium are distinct from the usual stress response genes. The
difference between these responses and a stress response, such
as that to 42°C, as well as the specialty of the niche occupied by
this organism, suggests that the responses described are part of
a generalized acid-adaptive response enabling colonization of
the acidic environment of the mammalian stomach. Evidently,
not all the genes up-regulated are dedicated only to pH adap-
tation, but those that remain in the presence of urea presum-
ably do adapt the organism to its natural habitat. A systematic
investigation of these genes as they relate to acid survival in
vitro and in vivo with gastric infection should elucidate target
genes specific for H. pylori other than urel or urease activity.
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