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Effect of Gastric pH on Urease-Dependent Colonization of
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Thirty-seven gnotobiotic piglets from seven litters were infected with either Helicobacter pylori N6 or
urease-negative H. pylori N6ureG::Km, which contains an insertion in the ureG gene and produces inactive
urease. To produce achlorhydria, piglets were treated throughout the experiment with omeprazole (5 mg
intravenously every 12 h) and ranitidine (75 mg orally every 6 h). Treatment resulted in elevation of gastric pH
to 7.0 ± 1.1 throughout the experiment. Control piglets were not treated and remained normochlorhydric.
Strain N6 colonized well in both normal and achlorhydric piglets. All 10 piglets were colonized, and
colonization ranged from 4.4 + 1.5 log1o CFU/g of gastric mucosa in normochlorhydric piglets sacrificed after
2 days to 6.9 + 0.5 log-0 CFU/g in normochlorhydric piglets sacrificed after 5 days. Strain N6ureG::Km did not
colonize any of seven normochlorhydric piglets and was recovered only in low numbers (<100 CFU/g) from
four of nine achlorhydric piglets. In the second experiment, piglets were coinoculated with both strains N6 and
N6ureG::Km. Coinoculation did not affect colonization by urease-positive N6. Urease-deficient N6ureG::Km
was unable to colonize even in the presence of urease-positive bacteria. These results confirm that urease
enzymatic activity (and not urease protein) is essential for colonization, that this effect is independent of
diffusible products of urea metabolism, and that gastric pH protection is not a major role of urease in
promoting colonization by H. pylori.

Prominent bacterial urease activity is a characteristic feature
of all gastric bacteria described to date, including Helicobacter
pyloni (12), H. mustelae (11), H. felis (20), H. nemestrinae (2), H.
acinonyx (7), and "H. heilmmanii" (18, 23). H. pylori urease
constitutes 5 to 10% of the bacterial protein (15). The univer-
sal presence of urease in gastric bacteria and the apparent
importance of this enzyme to bacterial metabolism have led to
the suggestion that urease promotes colonization of the gastric
microenvironment (14). Our laboratory has shown that urease
activity is essential for colonization of gnotobiotic piglets by H.
pylori (6), and other studies have indicated that urease pro-
motes colonization of H. felis in mice (17), but the mechanism
whereby urease promotes such colonization is not known. It
has been suggested that urease facilitates colonization either
by producing a cloud of ammonia which protects the acid-
sensitive bacteria in their transit across the gastric lumen to
their final location below the gastric mucus (14) or by provid-
ing a nitrogen source to bacteria (14). Neither of these
hypotheses has been tested in vivo. The goal of this study was
to determine if urease-dependent colonization is due to either
pH protection or to a diffusible product of urea metabolism.

MATERUILS AND METHODS

Bacterial strains. Two strains of H. pylori were used in this
study. Strain N6 (wild type) is a urease-producing human
isolate of H. pylori (8). Strain N6ureG::Km is a urease-negative
strain derived from strain N6 by insertional mutagenesis (8).
This strain contains an insertion in the ureG gene (one of
several nonstructural genes required for expression of active
urease) (9, 10) and fails to activate the urease apoenzyme.
Both strains were kindly donated by Agnes Labigne.

* Corresponding author. Mailing address: Department of Veteri-
nary Pathobiology, The Ohio State University, 1925 Coffey Rd.,
Columbus, OH 43210. Phone: (614) 292-9667. Fax: (614) 292-6473.
Electronic mail address: keaton@magnus.acs.ohio-state.edu.

Bacteria were grown on blood agar plates or in Brucella
broth with 10% fetal bovine serum at 37°C under microaero-
philic conditions (19). Strain N6ureG::Km was grown on plates
or in broth containing 25 pLg of kanamycin per ml. Bacteria
recovered from piglets were identified by urease activity and
kanamycin resistance.

Animals. Thirty-seven outbred Yorkshire-cross piglets from
seven litters were derived by cesarian section and maintained
in sterile isolators (16). Piglets were inoculated with 109 CFU
of bacteria at 1 week of age and sacrificed 2 or 5 days later.
Bacterial inocula were grown in Brucella broth with 10% fetal
calf serum (19). Strain N6ureG::Km was grown in broth
containing 25 ,ug of kanamycin per ml.

Induction of achlorhydria. Previous experiments demon-
strated that orally administered omeprazole alone (given once
every 24 h) or omeprazole and cimetidine given three times
daily did not result in consistently elevated gastric pH (not
shown). Therefore, piglets were treated with omeprazole (5 mg
given by intravenous injection) every 12 h and ranitidine (75
mg given orally) every 6 h. Treatment was started 12 h before
bacterial inoculation and was continued until sacrifice. To
determine the effectiveness of this procedure, gastric pH was
determined every 6 h in one group of treated piglets with a pH
probe (Synectics Medical, Irving, Tex.). Piglets were sedated,
the probe was placed in the stomach and allowed to equili-
brate, and the lowest pH reading was recorded. In all piglets,
pH was determined at sacrifice both with a pH probe and with
pH paper.

Experimental design. Piglets were randomly divided into
nine groups (Table 1). Groups A (three piglets), B (three
piglets), C (four piglets), D (three piglets), and E (seven
piglets) were untreated. The other piglets were rendered
achlorhydric as described above. Groups A, B, and F (four
piglets) and group G (four piglets) were inoculated with H.
pyloni N6. Groups C, D, and H (five piglets) and group I (four
piglets) were inoculated with N6ureG::Km. Group E was given
10' CFU of each bacterial strain. For this procedure, the two
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TABLE 1. Colonization of normochlorhydric piglets by urease-
positive and urease-negative H. pylori

No. ofSacrifice N.o

Group Strain Sacifiervl P Log10 pigsdinteval pHa CFUI/g colonized/
(days) ~~~~~~~total

A N6 3 2 1.7 ± 0.6 4.4 ± 1.5 3/3
B N6 3 5 NDb 6.9 ± 0.5 3/3
C N6ureG::Km 4 2 1.5 ± 0.4 0 0/4
D N6ureG::Km 3 5 2.3 ± 0.3 0 0/3
E N6+N6ureG::Km 7 2 2.3 ± 1.0 3.9 ± 1.2 7/7
a pH at sacrifice as measured by pH probe.
b ND, not done.

bacterial strains were grown in separate flasks, enumerated by
hemacytometer and plate count, and mixed immediately prior
to administration. Groups A, C, E, F, and H were sacrificed 2
days after inoculation, and the other groups were sacrificed 5
days after inoculation.
At sacrifice, gastric pH was determined and one-half of the

gastric mucosa was homogenized for quantitative culture (6).
In piglets inoculated with both strains, colonization of the two
strains was determined by making parallel dilutions of gastric
homogenate on blood agar plates with 25 ,ug of kanamycin per
ml (to enumerate colonization by N6ureG::Km) and without
kanamycin (to enumerate colonization by both strains). The
other half of the stomach was fixed by immersion in neutral
buffered formalin for histologic examination.

Histologic examination. All tissues were fixed in neutral
buffered formalin and embedded in paraffin. Six-micrometer
sections were stained with hematoxylin and eosin to evaluate
presence of gastritis. Gastritis was determined by grading of
histologic sections. Lymphocytic and neutrophilic inflamma-
tion was graded as follows: 1 (focal infiltration), 2 (mild, diffuse
infiltration), 3 (mild diffuse and moderate focal infiltration), 4
(moderate, diffuse infiltration), or 5 (moderate, diffuse and
marked focal infiltration). Mucosal lymphoid follicles were
enumerated. All sections were scored blind without knowledge
of their source.

Statistics. Numerical data are expressed as means ± stan-
dard deviations. Groups were compared by the Mann-Whitney
U test.

RESULTS
Gastric pH. Treatment with intravenous omeprazole and

oral ranitidine produced consistent achlorhydria in neonatal
piglets. In preliminary experiments, gastric pH in treated
piglets was measured immediately prior to treatment every 6 h.
Mean gastric pH in these piglets at all time points was 7.0 +

1.1. Gastric pH in all piglets was measured at sacrifice. Mean
gastric pH in all treated piglets at sacrifice was 7.3 ± 0.6,
compared with 1.9 ± 0.5 in untreated piglets at sacrifice.

Colonization in normochlorhydric piglets. H. pylori N6
colonized all six untreated piglets, sacrificed either 2 or 5 days
after inoculation. Mean colonization in piglets sacrificed 2 days
after inoculation was slightly less than in piglets sacrificed 5
days after inoculation (Table 1), because in two piglets colo-
nization was <104 CFU/g. This difference was not statistically
significant, however (P = 0.100). Colonization in all other
piglets was 106 CFU/g or higher. Strain N6ureG::Km did not
colonize normochlorhydric piglets (Table 1).

Colonization of achlorhydric piglets. Strain N6 colonized all
eight achlorhydric piglets sacrificed either 2 or 5 days after
inoculation (Table 2). Colonization in all piglets was 106

TABLE 2. Colonization of achlorhydric piglets by urease-positive
and urease-negative H. pylori

No. ofSacrifice No.pg
Group Strain n interval pHa CLF/g cotoi

(days) ~~~~~~~~total
F N6 4 2 7.1 ± 0.5 6.3 ± 0.3 4/4
G N6 4 5 8.0 ± 0.4 6.5 ± 0.4 4/4
H N6ureG::Km 5 2 7.1 ± 0.3 0.7 ± 1.0 2/5
I N6ureG::Km 4 5 6.9 ± 0.8 0.8 ± 0.9 2/4
a pH at sacrifice as measured by pH probe.

CFU/g or higher, and mean colonization rates did not differ in
piglets sacrificed 2 or 5 days after inoculation. In contrast,
bacterial strain N6ureG::Km was recovered from only four of
nine piglets and only at low levels. The number of bacteria in
all four piglets was less than 100 CFU/g. There was no
difference in the number of bacteria recovered from piglets
sacrificed 2 and 5 days after inoculation.

Cocolonization by urease-positive and -negative H. pylori.
Coinoculation with urease-positive H. pylon did not promote
colonization by urease-negative H. pyloni. In piglets inoculated
with both strains, only strain N6 colonized. Absence of colo-
nization by strain N6ureG::Km was indicated by failure of
bacteria to grow on plates containing kanamycin and by
positive urease reaction of the bacteria recovered on blood
agar plates without kanamycin. The mean colonization rate in
coinoculated piglets was 3.9 ± 1.2 CFU/g and ranged from 103
to 106 CFU/g. It did not differ statistically from the mean
colonization rate in piglets inoculated with N6 alone and
sacrificed 2 days after inoculation (P = 0.833).

Histologic lesions. Histologic gastritis was present in all four
piglets colonized by strain N6 and sacrificed 5 days after
inoculation. Gastritis was characterized by mild to moderate
widespread lymphocytic inflammation (grades 2 to 5; four
piglets), mild to moderate neutrophilic inflammation (grades 1
to 2; four piglets), hyperplasia of gastric mucosa-associated
lymphoid tissue (three piglets), and globule leukocytes (two
piglets). Mild lymphocytic infiltration (grade 2) was present in
one piglet inoculated with strain N6ureG::Km and sacrificed 5
days later, but bacteria were not isolated from this piglet.
Histologic lesions were not present in any other piglets.

DISCUSSION

The results of this study confirm previous findings that
urease activity is essential for colonization of normochlorhy-
dric piglets by H. pyloni (5, 6). Colonization by strain N6 was
comparable to colonization by other human strains of H. pyloni
(4, 5), although there was somewhat more variation in coloni-
zation rate by strain N6 103 to 107 CFU/g of gastric mucosa)
than by other strains (10 to 107 CFU/g of gastric mucosa) (4,
6). In contrast to strain N6, urease-negative N6ureG::Km did
not colonize normochlorhydric piglets. No bacteria were
present in the stomachs of inoculated pigs either 2 or 5 days
after inoculation. This finding is compatible with previous
studies (5) in which we showed that chemically derived urease-
negative H. pylori persists in vivo only in low numbers and for
less than 2 days (5). The data reported here demonstrate that
inability to colonize is characteristic of urease-negative mu-
tants derived by insertional mutagenesis as well as those
derived by chemical mutagenesis. Furthermore, the inability of
N6ureG::Km to colonize suggests that urease activity, and not
simply the physical presence of the enzyme, is essential for
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colonization in vivo. The urease-negative mutant used,
N6ureG::Km, has an insertion mutation in the ureG gene and
produces urease, but it fails to activate the enzyme and thus
does not demonstrate urea-splitting activity.
The inability of urease-deficient H. pyloni to colonize piglets

confirms that urease has a major role in promoting coloniza-
tion, but the mechanism of such promotion has not yet been
determined. One suggestion has been that urease activity
protects the acid-sensitive bacteria in transit across the gastric
lumen to the alkaline pH of the gastric mucus where the
bacteria colonize (14). This hypothesis predicts that (i) urease-
deficient H. pylori should be able to colonize in the absence of
gastric acid and (ii) once the urease-negative bacteria reach the
alkaline mucus, they should proliferate and colonize at the
same level as urease-positive bacteria. The results of this study
demonstrate that neither of these predictions occurs. While
urease-negative bacteria were isolated from four of nine
achlorhydric piglets inoculated with this strain, bacteria were
present only at very low levels, less than 100 CFU/g (approx-
imately 100 CFU per stomach), which is just barely at the level
of detection. It is likely that these trace numbers of bacteria
reflect retention of H. pylon in the achlorhydric lumen rather
than true colonization by H. pyloni below the gastric mucus.
Wild-type H. pyloti colonizes the gastric mucus rapidly. Ultra-
structural evidence of bacterial cell division in situ is present
within 24 h of inoculation (22). While there are probably
always some bacteria in the lumen, these are likely not
independently detectable by quantitative culture because of
the much larger number of bacteria below the gastric mucus. In
the case of bacteria which do not colonize, however, a small
number of luminal bacteria might be detected because they are
the only bacteria present (there is no colonization in the
normal location below the mucus). Thus, it is likely that the few
urease-negative bacteria detected in achlorhydric piglets rep-
resent noncolonizing bacteria retained in the lumen. These
bacteria are not present in normochlorhydric piglets given
N6ureG::Km because the bacteria do not survive in the acid
lumen. Because of the much greater total number of bacteria,
they are not detected in piglets given N6. Thus, although
urease-negative H. pylon may survive for several days in low
numbers in the lumen of achlorhydric piglets, true colonization
does not occur even in the absence of gastric acid.

This suggestion is supported by the fact that there was no
difference in colonization 2 and 5 days after inoculation of
strain N6ureG::Km. If the function of urease were only to
protect the bacteria against luminal acid, the urease-negative
bacteria would be expected to proliferate to normal levels once
they achieved their normal location within the mucus. This did
not occur, however, suggesting that pH protection is at best a
minor function of H. pylori urease activity. Clearly, urease has
some other function in promoting proliferation of H. pylori
below the gastric mucus.

It has also been suggested that a role of urease may be to
provide nutrition to H. pyloni, thus promoting growth by
promoting nitrogen metabolism (14). The products of urea
metabolism, ammonia and carbonic acid, are highly diffusible.
If urease promotes colonization by providing a nitrogen source
from the products of urea metabolism, cocolonization with
urease-producing bacteria would be expected to promote
colonization by urease-deficient bacteria. In this study, promo-
tion of growth of urease-negative bacteria by urease-positive
bacteria did not occur, however, suggesting that urease-depen-
dent colonization is not mediated by a diffusible factor and that
physical association between urease activity and the bacterium
is necessary to allow colonization.
These experiments demonstrate that (i) the primary func-

tion of urease is not either pH protection or provision of a
soluble nutrient source and (ii) physical association between
enzyme and bacterium is necessary to allow colonization. The
mechanism by which urease promotes colonization remains
unknown, but several potential roles for urease in promoting
colonization remain to be investigated. H. pyloni urease is
associated with the bacterial outer membrane (1, 13). It is
conceivable that this enzyme functions as an adhesin, promot-
ing both colonization and persistence. This would be consistent
with the minimal effect of gastric pH on colonization, the
prominence of this enzyme in bacterial metabolism, and the
necessity for physical association between urease and bacte-
rium. It is less likely, however, because in this experiment the
urease-negative mutant used did express urease enzyme but
lacked only urease activity, suggesting that the enzymatic
activity rather than the physical presence of urease is necessary
for colonization. Another possible role for urease is to create
an electrochemical gradient resulting in synthesis of ATP (3,
21). This mechanism is consistent with the requirement that
urease be physically associated with the bacteria to promote
colonization. Further study is necessary to determine if urease
functions as an adhesin or contributes to energy metabolism by
H. pyloni.
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