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Infection with Helicobacter hepaticus causes chronic active hepatitis in certain strains of mice and is asso-
ciated with hepatocellular carcinoma in A/JCr mice. Like the gastric helicobacters, H. pylori and H. mustelae,
H. hepaticus possesses a high level of urease activity. However, the H. hepaticus urease structural gene sequences
have not been previously determined, and the role of the urease enzyme in colonization and in pathogenesis is
not known. PCR was used to amplify a portion of the urease structural genes from H. hepaticus genomic DNA.
Amplified DNA fragments were cloned, and the nucleotide sequence was determined. The deduced amino acid
sequence of the partial H. hepaticus ureA gene product was found to exhibit 60% identity and 75% similarity to
the predicted H. pylori UreA. The deduced amino acid sequence of a partial H. hepaticus ureB gene product ex-
hibited 75% identity and 87% similarity to the predicted H. pylori UreB. Diversity among H. hepaticus isolates
was evaluated by means of a restriction fragment length polymorphism (RFLP) assay. The 1.6-kb fragments with-
in the ureAB open reading frames, amplified from 11 independent isolates, were digested with the restriction
endonuclease HhaI. Three distinct RFLP patterns were observed. Identical RFLP profiles were noted in se-
quential isolates of one strain of H. hepaticus during an 18 month in vivo colonization study, suggesting that
the urease genes of H. hepaticus are stable. The urease genes among H. hepaticus strains were also well con-
served, showing 98.8 to 99% nucleotide sequence identity among three isolates analyzed. These findings indi-
cate that H. hepaticus has urease structural genes which are homologous to those of the gastric Helicobacter
species and that these gene sequences can be used in a PCR and RFLP assay for diagnosis of this important
murine pathogen.

The genus Helicobacter is a group of microaerobic gram-
negative spiral to curved bacteria isolated from the stomachs
and intestines of humans and animals. The type species of the
genus, Helicobacter pylori, has been recognized in humans as
the most common cause of chronic gastritis and has been
unambiguously implicated in the pathogenesis of peptic ulcer
disease and gastric cancer (4, 10, 38, 40). H. mustelae, H. felis,
and H. heilmannii are closely related organisms which have
been isolated from the stomachs of mammalian species. Each
of these species causes various degrees of gastritis in their
respective hosts (18, 19, 21, 22).

Infection with H. hepaticus causes chronic active hepatitis in
mice and is associated with hepatocellular carcinoma in A/JCr
mice (17, 20, 23). Infection with H. hepaticus has also been
linked to inflammatory bowel disease in certain immunodefi-
cient strains of mice as well as in A/JCr mice (6, 20, 51, 52).

Like several other murine Helicobacter spp. which colonize
the lower intestine, H. hepaticus expresses an active urease
(18). Whereas the role of urease expression by Helicobacter
spp. in intestinal and hepatobiliary colonization has not been
determined, the production of urease has been shown to be
important in the survival of H. pylori in the human gastric
mucosa (10, 33–35). This enzyme hydrolyzes urea, releasing
ammonia, which may allow survival of the organism at a low

pH. The contribution of H. pylori urease to pathogenesis and to
the ability to colonize the stomach at acidic pHs has been
assessed by utilizing urease-negative isogenic mutant strains in
colonization experiments (15, 27, 48, 49). Urease-negative mu-
tant strains of H. pylori are unable to colonize the gastric mu-
cosa of gnotobiotic piglets at a normal physiological pH (14).
The urease-negative mutant of H. pylori also lacks the ability to
colonize the stomach of nude mice (49). Similar studies were
conducted with urease-negative H. mustelae isogenic mutants.
These mutants also fail to colonize the gastric mucosa of fer-
rets (3). However, Eaton and Krakowka showed that H. pylori
urease-negative mutants colonize gastric mucosal explants, de-
rived from neonatal germfree piglets, as efficiently as the wild-
type strains do, suggesting that the intact host environment is
a prerequisite for urease-dependent colonization (15). In ad-
dition, urease consistently elicits an immune response in the
host and this immunodominant protein has been used to diag-
nose H. pylori infection (47).

It has been previously reported that the urease from H. py-
lori exhibits a peak of activity at an acidic pH, which is not
observed for the urease from H. muridarum, another murine
Helicobacter species that colonizes the bowel but also can col-
onize the mouse stomach (30). Presumably, the urease of
H. muridarum as well as other nongastric, urease-positive he-
licobacters has evolved for a purpose other than buffering gas-
tric acid, such as supplying these bacteria with nitrogen from
hydrolyzed urea.

In this study, we attempted to identify differences between
the ureases of H. hepaticus and H. pylori by determining the
partial nucleotide sequences of the genes encoding the struc-
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tural subunits of the enzyme synthesized by H. hepaticus. We
have used this information to develop a PCR-based restriction
fragment length polymorphism (RFLP) assay for use as an epi-
demiological tool for the differentiation and identification of
H. hepaticus clinical isolates.

MATERIALS AND METHODS

Bacterial strains and growth media. The H. hepaticus type strain (ATCC
51449), isolated from the liver of an A/JCr mouse, was used to prepare templates
for sequence determination of the urease structural subunit genes (17). All other
H. hepaticus isolates were cultured by filtering feces or cecum homogenates from
infected mice through a 0.45-mm-pore-size filter and inoculating brucella blood
agar supplemented with trimethoprim, vancomycin, and polymyxin (Remel Labs,
Lenexa, Kans.) with the filtrate. Plates were incubated under microaerobic con-
ditions as previously described (43).

DNA extraction. A High Pure PCR Template Preparation Kit (Boehringer
Mannheim, Indianapolis, Ind.) was used to extract DNA from bacterial pellets as
outlined by the manufacturer and previously described (43).

PCR amplification. Table 1 shows the nucleotide sequences and the sources
for all primers used to amplify the H. hepaticus urease structural genes. PCR
amplification reactions were performed with a Thermal Cycler and an Expand
high-fidelity PCR system (Boehringer Mannheim). The reaction mixture (100 ml)
contained 13 polymerase buffer (supplied by the manufacturer but supple-
mented with 1 M MgCl2 to a final concentration of 2.25 mM), a 0.5 mM con-
centration of each of the two primers, a 200 mM concentration of each deoxy-
ribonucleotide, and bovine serum albumin (200 mg/ml). Samples were heated at
94°C for 4 min, briefly centrifuged, and cooled to 55°C. Polymerase (2.5 U) was
then added, followed by an overlay of 100 ml of mineral oil. Amplification was
achieved by denaturation at 94°C for 1 min, annealing at 55 to 58°C for 2 min,
and elongation at 72°C for 2 min. A 15-ml portion of the sample was then
electrophoresed through a 6% Visigel separation matrix (Stratagene, La Jolla,
Calif.).

Southern blot analysis. For confirmation that the PCR-amplified fragment
represented urease gene sequences, the PCR product (15 ml) was electropho-
resed through a 1% agarose gel and transferred onto a Hybond-N nylon mem-
brane as outlined by the manufacturer (Amersham, Arlington Heights, Ill.); this
was followed by UV cross-linking (43). The filter was hybridized with a PCR
product of the H. pylori urease gene amplified by the same primers. This 1-kb
PCR product was excised from a low-melting-point agarose gel and purified with
a Geneclean DNA purification kit (Bio 101, Vista, Calif.). The probe was labeled
with horseradish peroxidase, hybridized overnight to the nylon membrane at
42°C, and exposed in the presence of Luminol to Hyperfilm-ECL as outlined by
the manufacturer (Amersham) (43).

Cloning and sequencing of the PCR product. A TA Cloning Kit (Invitrogen
Corp. San Diego, Calif.) was used for cloning PCR products. PCR products were
purified from low-melting-point agarose gels with a Geneclean kit, as described
above. Purified PCR product was ligated with 50 ng of PCR II vector at 15°C
overnight and was then transferred into INVaF9 cells. LB plates containing
ampicillin (50 mg/ml) and X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyran-
oside) (40 mg/ml) were used to select clones. Plasmid DNA was isolated from
Escherichia coli by a High Pure Plasmid Isolation Kit (Boehringer Mannheim).
The sequencing was carried out at the Biopolymers Laboratory (Center for
Cancer Research, Massachusetts Institute of Technology) with a DNA sequencer
(model 377; Applied Biosystems, Perkin-Elmer, Foster City, Calif.) and a Taq
DyeDeoxy terminator cycle sequencing kit (Perkin-Elmer).

RFLP of H. hepaticus urease genes. Primers HHUF5 and 4324R (Table 1)
were used to amplify a 1.6-kb PCR fragment from the H. hepaticus urease genes
ureA and ureB. Amplified DNA (20 ml) was digested with 10 U of enzyme in the
appropriate buffer recommended by the enzyme manufacturer at 37°C for 3 h.
Restriction patterns were compared after the digested PCR products were sep-
arated on a 6% Visigel separation matrix. The restriction enzymes HhaI, AluI,

BfaI, HinfI, HaeIII, and DpnI were chosen on the basis of the number and
placement of restriction sites predicted from the acquired nucleotide sequence.

Nucleotide sequence accession numbers. The nucleotide sequences of H. he-
paticus ureAB from strains ATCC 51449, 96284, and 951971 have been deposited
in GenBank under accession no. AF066862, AF066863, and AF066864, respec-
tively.

RESULTS

PCR amplification and cloning of partial ureAB fragments.
Primers HURE3 and HURE4 (Table 1) were designed to am-
plify a 1-kb ureB fragment based on conserved regions from the
urease structural genes from H. pylori and H. mustelae (36, 44).
However, by using this pair of primers to amplify H. hepaticus
DNA, two bands (0.5 and 1.5 kb) were amplified. By Southern
blot analysis, the PCR product amplified from H. pylori only
hybridized to the 0.5-kb fragment (data not shown). The 0.5-kb
fragment was cloned and sequenced; it has 76% similarity to
the H. pylori ureB gene (36).

The H. hepaticus ureB sequence was used in conjunction with
the H. pylori ureA sequence to design a primer to amplify up-
stream and downstream fragments of ureA and ureB. Primer
HURE1 was chosen from the H. pylori urease sequence, and
the primer HHUR1 was chosen from the H. hepaticus sequence.
These primers amplified a 0.9-kb fragment containing ureA
and part of ureB. Primer HHUF1, based on the H. hepaticus
sequence, and primer 4324R, chosen from the H. pylori urease
sequence, amplified a 0.9-kb fragment containing part of the
ureB gene sequence. The two fragments had a 120-bp sequence
overlap (Fig. 1).

Sequence analysis of H. hepaticus urease structural genes.
Sequence analysis of the H. hepaticus urease fragments re-
vealed two open reading frames, designated ureA and ureB,
that were transcribed in the same direction. The nucleotide
sequence showed 66% identity to the H. pylori ureA. The par-
tial nucleotide sequence of the H. hepaticus ureB gene, approx-
imately two-thirds of the gene according to the H. pylori ureB

TABLE 1. Primers used for amplification of H. hepaticus urease genes

Primerc Sequence Source of sequence (position) Gene

HURE1 GGAATTCTAGAATAGGAGAATGAGATGA H. pylori (2634–2662)a ureA
HURE3 CCATCGATGCCCATATTATGGAAGAAGC H. pylori (2777–2798)a ureA
HURE4 GGAGATCTCCACCAATCATGGTTGTTACA H. pylori (3834–3855)a ureB
HHUF1 ATTAAATTTGGCGGAGGAAAA H. hepaticus (817–837)b ureB
HHUR1 ATATGTCCCTAAATGTTTCGA H. hepaticus (922–942)b ureB
HHUF5 TTGCATTATGCTGGGC H. hepaticus (28–45)b ureA
4324R GCATCCGCGGCCGCTGGTGGCACACCATAAGCATGTC H. pylori (4324–4346)a ureB

a Sequence from the published H. pylori urease sequence (29) at the position indicated.
b Sequence from this study at the position indicated.
c Primers HHUF5 and 4324R were used for RFLP analysis. Primers HHUF5 and HHUR1 were used to distinguish H. hepaticus from other Helicobacter spp.

FIG. 1. PCR-amplified products of ureAB genes from H. pylori (H.p) (open
bars) and H. hepaticus (shaded bars).
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gene sequence (36), showed 71% identity to the H. pylori ureB
gene. The predicted amino acid sequence of the H. hepaticus
urease was compared to those of H. felis, H. mustelae, H. heil-
mannii, and H. pylori. The H. hepaticus urease was most closely
related to the urease of H. mustelae (71% amino acid sequence
identity with UreA and 83% identity with UreB) and to a
slightly lesser extent was related to the urease of H. felis (61%
amino acid sequence identity with UreA and 76% identity with
UreB) (Fig. 2).

The intergenic space between ureA and ureB was found to be
21-bp for H. hepaticus. This intergenic space is longer than the
14 bp for H. heilmannii, the 9 bp for H. felis, and the 3 bp for
H. pylori.

Use of PCR-amplified H. hepaticus urease structural genes
for differentiation of H. hepaticus strains. Primers HHUF5 and
4324R (Table 1) successfully amplified a 1.6-kb PCR fragment
(from nucleotide 2668 of ureA to nucleotide 4323 of ureB
according to the H. pylori ure gene sequence) from 11 different
H. hepaticus strains isolated from mice from 11 different
sources. All isolates were confirmed as H. hepaticus by PCR
using 16S rRNA primers specific for H. hepaticus (data not
shown) (43). The PCR product digested with HhaI resulted in
three distinct patterns after agarose gel electrophoresis (Fig.
3). Pattern A yielded fragments of about 50, 120, 150, 470, and

830 bp. Two of the strains that produced this pattern were from
Europe, and the other six strains were from the United States.
Two strains isolated in the United States yielded pattern B,
with fragments of 50, 120, 620, and 830 bp. One strain isolated
from the United States yielded Pattern C, consisting of frag-
ments of 50, 150, 470, and 940 bp. The restriction digest frag-
ment patterns were identical for all 11 strains when other
enzymes—AluI, BfaI, HinfI, HaeIII, and DpnI—were used for
digestion (data not shown).

Using the same method, we also examined sequential H. he-
paticus isolates cultured from mice during a long-term coloni-
zation study (20). Isolates of H. hepaticus from experimentally
inoculated germfree mice at 3, 6, 9, 12, 15, and 18 months after
inoculation were used for RFLP analysis. All of these isolates
had identical pattern-A RFLP profiles (Fig. 4A). H. hepaticus
isolates from different strains of mice originating from the
same commercial animal supplier also were subjected to RFLP
analysis. Among the isolates cultured from the seven different
strains of mice, pattern A and pattern B were recognized (Fig.
4B).

Homology of ure genes among H. hepaticus strains. RFLP
analysis with HhaI revealed that there was limited diversity in
the H. hepaticus urease genes among the 18 strains analyzed.
These genes appear to be highly conserved, because digestion

FIG. 2. Predicted amino acid sequences of UreA and UreB from H. hepaticus aligned with the corresponding predicted sequences from H. felis, H. pylori,
H. heilmannii, and H. mustelae. ., sequence identity; p, sequence difference.
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with five other restriction enzymes—AluI, BfaI, HinfI, HaeIII,
and DpnI—produced identical RFLP profiles (data not shown).
To investigate the similarity of H. hepaticus urease genes
among strains, the partial urease genes of two other H. hepati-
cus strains were directly sequenced from their 1.6-kb PCR
products. Strain 96284, isolated in Germany, had the same
RFLP pattern as the H. hepaticus type strain (pattern A) and
99% nucleotide sequence identity to the urease gene of the
H. hepaticus type strain. Strain 951971, isolated from mouse
obtained from another U.S. university had a different RFLP
pattern (pattern B) than the type strain. The urease genes of
this strain showed 98.8% nucleotide sequence identity to that
of the H. hepaticus type strain (Fig. 5).

Distinguishing H. hepaticus from other Helicobacter spp.
Primers HHUF5 and HHUR1 (Table 1) were used to amplify
a fragment from the ure structural genes. This set of primers
amplified a 914-bp fragment from all 11 H. hepaticus isolates
tested and did not cross-react with 8 of the other Helicobacter
spp. analyzed (Fig. 6).

DISCUSSION

The RFLP assay we developed using amplified urease genes
should provide a sensitive epidemiological tool for the typing
of H. hepaticus clinical isolates. The use of the urease gene
PCR product for restriction digest analysis readily produced
identifiable differences in restriction digest patterns. Also, this
assay does not require a high concentration of chromosomal
DNA, special equipment for PFGE, or further extraction of
the PCR product. However, because of the relatively small
number of H. hepaticus isolates analyzed in the present study
and the low degree of RFLP diversity observed, a larger num-
ber of isolates and, perhaps, additional restriction enzymes will
need to be employed before the full utility of this epidemio-
logical typing procedure can be established. Similarly, analyses
of more animals, both infected and uninfected with H. hepati-
cus, will need to be tested before the true sensitivity of this
assay can be determined.

We used primers to amplify a 1.6-kb urease gene fragment
from 11 isolates of H. hepaticus obtained from mice from
different sources, and three different patterns were observed.
Foxall et al. (24) reported that for 22 clinical isolates of H. py-
lori, there were 10 urease gene RFLP patterns. These prelim-
inary data suggest that the H. hepaticus urease genes are more

conserved than that of H. pylori. Interestingly, H. hepaticus
isolated from mice obtained from the same commercial source
but maintained in different rooms had different RFLP pat-
terns, indicating that different strains of mice from the same
commercial source can be infected with different H. hepaticus
strains. The different RFLP patterns detected in our study
were probably not due to base substitutions during PCR, be-
cause repeated PCR amplification of individual strains pro-
duced the same restriction patterns. The urease genes also
appeared to be very stable in vivo. During long-term coloniza-
tion in mice, the H. hepaticus strain used for experimental
inoculation maintained the same RFLP profile (20).

PCR amplification and analysis of restriction digest patterns
of the urease structural genes also have been used to distin-
guish different H. pylori strains (1, 2, 5, 11, 13, 24, 31, 37, 46),
to identify the presence of multiple strains in a single biopsy
specimen (26), to ascertain whether reinfection with the same
strain occurred following eradication therapy (39), and to iden-
tify similar or identical strains among family members (50).
Although the epidemiology of H. hepaticus infection is un-
known, widespread H. hepaticus infection in commercially
maintained mice, as well as in mice being used in biomedical
research, has been previously reported (43). H. hepaticus, like
H. pylori, also demonstrates genetic diversity at the genomic
DNA level. Saunders et al. (42) reported that H. hepaticus
strains isolated from mice in the United States and European
countries had different restriction enzyme digestion patterns of
chromosomal DNA when analyzed by pulsed-field gel electro-
phoresis (PFGE). In their study, the strains from European
countries had restriction enzyme digestion patterns of chromo-
somal DNA different from the pattern noted in the H. hepati-

FIG. 3. Restriction digest patterns of the amplified urease gene on a 1.6-kb
PCR product from 11 H. hepaticus isolates. Amplified DNA was digested with
HhaI and separated by electrophoresis on a 6% Visigel. Shown are a 100-bp
DNA ladder (lane 1), pattern A (lanes 2 to 4, 6 to 9, and 11), pattern B (lanes
5 and 12), and pattern C (lane 10).

FIG. 4. (A) Restriction digest patterns of amplified urease genes of H. he-
paticus isolates cultured from mice during a long-term colonization study. H. he-
paticus was isolated from the mouse cecum 3 (lane 1), 6 (lane 2), 9 (lane 3), 12
(lane 4), 15 (lane 5), and 18 months (lane 6) postinoculation. Lane 7, H. hepaticus
strain used for dosing; lane 8, 100-bp DNA ladder. (B) Restriction digest pat-
terns of amplified urease genes of H. hepaticus isolated from different strains of
mice housed within the same facility. Lane 1, DBA/2J; lane 2, B6D2F1/D; lane 3,
BALB/J; lane 4, B6SJLF1; lane 5, BALB/cByj-nu; lane 6, BALB/cBj; lane 7,
C57BL/6c-nu; lane 8, 100-bp DNA ladder.
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cus type strain. In our study, however, one of the European
strains had the same RFLP pattern of the ure gene as the type
strain. Restriction enzyme digestion of genomic DNA coupled
with PFGE may be a better method with which to discriminate
between individual strains of H. hepaticus than RFLP analysis.
But the relative ease and rapidity of the RFLP method may
make this a preferred method for initial analysis. Strains which
are not differentiated by ure gene RFLP can then be analyzed
for genetic polymorphism at other loci by PFGE.

It can be argued that the nucleotide sequence of such an
important virulence factor as urease should be conserved
among strains and that the nucleotide sequence variations de-
tected in the ureA and ureB genes of H. hepaticus strains are
base substitutions that nevertheless conserve amino acids or
allow amino acid substitutions that do not affect enzyme activ-
ity. The different H. hepaticus isolates tested showed high ho-
mology within the urease gene, about 99% identity at the DNA
level and 99% similarity at the amino acid level, among the

three strains analyzed from different locations. Single base
changes apparently are responsible for restriction site differ-
ences. Because the urease structural genes have high homology
among H. hepaticus strains, primers selected specifically for
H. hepaticus from the region exhibiting diversity among Heli-
cobacter spp. can be used for diagnostic purposes. For example,
the primers from the urease gene of H. pylori have been com-
monly used for the detection of H. pylori (5, 7, 32). Primers
HHUF5 and HHUR1 based on H. hepaticus urease gene se-
quence amplified a 914-bp product from all of the 11 H. he-
paticus strains but did not amplify the same size product from
DNAs of 8 other Helicobacter spp. which either have urease
activity or alternatively are urease-negative helicobacters that
colonize the intestine of rodents. It is noted, however, that
H. muridarum and H. bilis had nonspecific PCR products of a
different size.

The presence of two structural urease subunits in H. hepati-
cus is characteristic of the genus Helicobacter. Urease struc-

FIG. 5. Sequence comparison of the H. hepaticus urease genes of different strains. A dash indicates sequence identity; sequence differences are illustrated in
boldface type. H.H-T, H. hepaticus type strain (ATCC 51449).
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tural genes from H. hepaticus are highly homologous to ureA
and ureB from H. mustelae (44), H. felis (16, 25), H. heilmannii
(45), and H. pylori (36). The homology is greatest for ureB,
which is consistent with the fact that this subunit contains the
urease catalytic site, which is highly conserved among the known
Helicobacter spp. The conservation of ureA and ureB polypep-
tide sequences is consistent with an essential role for urease in
the colonization and presumably the pathogenesis of some
Helicobacter spp. (36).

The availability of urease gene DNA sequences from differ-
ent species of Helicobacter, which differ in host range specific-
ity, tissue specificity, and ability to produce disease, will allow
further delineation of the role of urease. We have recently
constructed and are currently characterizing an isogenic ure-
ase-negative mutant of H. hepaticus, to allow a more precise
evaluation of the role of H. hepaticus urease in the colonization
and pathogenesis of hepatobiliary and inflammatory bowel dis-
ease (6, 20). Recent evidence also suggests that immunization
of mice with urease from Helicobacter spp. confers protection
against challenge with H. felis and H. pylori (8, 9, 12, 28, 41).
Studies to ascertain whether H. hepaticus urease can induce
protective immunity and prevent H. hepaticus colonization in
vivo may also be an important strategy in the development of
an H. hepaticus vaccine.

In summary, we used PCR to amplify a portion of the urease
structural genes from H. hepaticus genomic DNA. The urease
genes from this nongastric Helicobacter sp. show a high degree
of homology with other Helicobacter spp., and the urease genes
of H. hepaticus were less diverse than those of H. pylori. A
PCR-based RFLP assay using the nucleotide sequence of the
H. hepaticus urease structural genes ureAB was developed to
identify and differentiate clinical isolates. This assay, with fur-
ther development, should prove to be useful for studying the
epidemiology and pathogenesis of this murine pathogen.
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