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Dynamic Expression of the BabA
Adhesin and Its BabB Paralog during
Helicobacter pylori Infection in Rhesus
Macaques

Lori M. Hansen,a Pär Gideonsson,b Don R. Canfield,c Thomas Borén,b

Jay V. Solnicka,c,d

Center for Comparative Medicine, University of California, Davis, Davis, California, USAa; Department of Medical
Biochemistry and Biophysics, Umeå University, Umeå, Swedenb; California National Primate Research Center,
University of California, Davis, Davis, California, USAc; Departments of Medicine and Microbiology &
Immunology, University of California, Davis, Davis, California, USAd

ABSTRACT Most Helicobacter pylori strains express the BabA adhesin, which binds
to ABO/Leb blood group antigens on gastric mucin and epithelial cells and is found
more commonly in strains that cause peptic ulcers or gastric cancer, rather than
asymptomatic infection. We and others have previously reported that in mice, ger-
bils, and rhesus macaques, expression of babA is lost, either by phase variation or by
gene conversion, in which the babB paralog recombines into the babA locus. The
functional significance of loss of babA expression is unknown. Here we report that in
rhesus monkeys, there is independent selective pressure for loss of babA and for
overexpression of BabB, which confers a fitness advantage. Surprisingly, loss of babA
by phase variation or gene conversion is not dependent on the capacity of BabA
protein to bind Leb, which suggests that it may have other, unrecognized functions.
These findings have implications for the role of outer membrane protein diversity in
persistent H. pylori infection.

KEYWORDS Helicobacter pylori, adhesin, babA, rhesus

Helicobacter pylori is a human pathobiont that causes a characteristic inflammatory
response in the gastric mucosa. In most individuals, this inflammation (gastritis) is

asymptomatic, but there is a �10% lifetime risk of the development of peptic ulcer
disease and a 1 to 3% risk of gastric cancer (1), the third most common cause of cancer
deaths worldwide. Understanding how H. pylori sometimes leads to clinical disease
versus asymptomatic infection, or perhaps even mutualism (2), is one of the leading
challenges in the field. Emerging evidence suggests the importance of host and
bacterial genetics (1), and their interaction (3), as well as dietary (4, 5) and other
environmental variables, including the gastric microbiota (6). Among the bacterial
virulence factors found more commonly in strains isolated from patients with clinical
disease, the best studied is the cytotoxin-associated gene pathogenicity island (cagPAI),
which encodes a type IV secretion system (T4SS) that is essential for injection of the
CagA bacterial oncoprotein (7, 8).

Another important H. pylori virulence factor is the capacity for adherence, which is
mediated by adhesins that belong to a diverse family of outer membrane proteins
(OMPs) called Hops (9). BabA is a member of the Hop family (HopS) that binds with high
affinity to mono (H)- or di (Leb)-fucosylated blood group antigens that can each be
modified into blood group A or B (either unmodified is O) and are expressed on gastric
epithelial cells and the overlying mucin glycoproteins (10–13). Some studies suggest
that patients infected with H. pylori strains expressing BabA are more likely to develop
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peptic ulcer disease or gastric cancer (14, 15), particularly if the cagPAI is also present.
These epidemiological observations have been supported by in vitro and in vivo
mechanistic studies demonstrating that BabA-mediated attachment can potentiate
CagA translocation by the T4SS (16) and promote autoantibody-mediated gastritis,
parietal cell loss, and mucosa-associated lymphoid tissue in Leb transgenic mice (17).

The extensive 5= and 3= DNA homology between babA and two other OMP paralogs
of unknown function, designated babB (HopT) and babC (HopU), generates the poten-
tial for recombination events and allelic variation. Sequence analysis of diverse clinical
isolates demonstrates that indeed there appears to be frequent DNA shuffling between
babA and babB and, to a lesser extent, babC (18–20). Dinucleotide repeats in the 5=
coding region of babA, babB, and other OMPs could also promote on-off phase
variation by slipped-strand mispairing during DNA replication (21, 22), which further
contributes to the potential for variable BabA expression. We previously demonstrated
in rhesus macaques that expression of BabA and attachment to Leb were lost early
during experimental infection, either by babA phase variation or by gene conversion,
with replacement of babA with a duplicate copy of babB (23). Similar results were
obtained more recently with mice and gerbils (24, 25). DNA sequence analysis of H.
pylori strains isolated sequentially from chronically infected humans also demonstrated
BabA-mediated loss of Leb binding, though less commonly than in animal models (26).
This may reflect the fact that animal studies exploit a mutation burst during acute H.
pylori infection (27) that would be detected less frequently in isolates from chronically
infected humans.

The functional significance of loss of BabA expression is unknown. We have spec-
ulated that H. pylori lives a “life at the margins” (28) in which attachment has benefits—
acquisition of iron (29) and probably other nutrients, for example— but at the cost of
a close encounter with the host immune system. Other factors likely contribute as well,
such as differences in host glycan expression that may make BabA or one of its paralogs
relatively more advantageous for persistent infection. Here we begin to address these
issues by comparing the responses of rhesus macaques to different isogenic babA and
babB mutants. The results suggest that in rhesus monkeys there is independent
selective pressure for both loss of BabA expression, which surprisingly was not depen-
dent on the capacity to bind Leb, and overexpression of BabB. These findings have
implications for the role of OMP diversity in persistent H. pylori infection.

RESULTS
Colonization of rhesus macaques with wild-type (WT) H. pylori and isogenic

babA or babB mutants. We compared the outcome of H. pylori infection in four groups
of rhesus monkeys challenged with WT H. pylori J166 (n � 6) or a babA::cat (n � 5),
babB::cat (n � 6), or babA-CL2 (n � 6) mutant, a site-directed mutant in which
Cys-to-Ala replacements at residues 189 and 197 result in a BabA protein that is
expressed but cannot bind Leb (Table 1). In the deletion mutants, the cat cassette was
inserted so as to replace the unique middle region of babA (babA::cat) or babB
(babB::cat), creating knockout strains that left the 5= and 3= homologous regions intact
(Fig. 1A). Initial in vitro experiments confirmed loss of BabA and BabB expression in the
respective deletion mutants and loss of Leb attachment in the babA::cat and babA-CL2
mutants (Fig. 1B). Monkeys underwent endoscopy with culture of the gastric antrum
and corpus at 2, 8, 14, and 20 weeks postinfection (p.i.). Compared to all other groups,
fewer challenged monkeys were successfully colonized with the babB::cat mutant and
the percent colonized declined markedly over time (Fig. 2A). The bacterial load was also
significantly lower in animals colonized with the babB::cat mutant (Fig. 2B). These
results suggest that BabB but not BabA confers a fitness advantage on rhesus monkeys.

H. pylori loses BabA expression by phase variation and by gene conversion
during infection of rhesus macaques. We previously reported that after infection of
rhesus macaques with H. pylori strain J166, expression of BabA was lost by one of two
mechanisms (23). In some cases, the babA open reading frame (ORF) was disrupted by
phase variation, in which slipped-strand mispairing caused the gain or loss of a 5=
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dinucleotide CT repeat, with loss of the ORF. In other cases, babA underwent a
nonreciprocal gene conversion in which babA was replaced with a duplicate copy of
babB, a paralog of unknown function. In either case, expression of BabA and attach-
ment to Leb were lost. Here we first reproduced those results and examined quanti-
tatively the frequency with which each mechanism occurred. H. pylori strain J166 was
inoculated into six rhesus macaques. In one animal, three colonies were recovered 2
weeks p.i., after which infection was cleared. PCR and DNA sequencing were performed
on DNA extracted from multiple single colonies recovered from the remaining five
monkeys to determine if the babA locus contained babA or babB and if there was an
ORF following the CT repeat region, which we previously showed was uniformly
associated with expression (25). Early during infection, the babA locus contained
predominantly babA with an intact ORF, but over time, the babA gene underwent
phase variation (Fig. 3A) or was replaced with babB (Fig. 3B). By 20 weeks p.i., loss of
BabA expression was nearly complete, with approximately equal frequency of babA
phase variation and babB gene conversion.

H. pylori infection of rhesus macaques is under independent selective pressure
for loss of babA and overexpression of babB. babA phase variation indicates that
BabA expression is under negative selection in rhesus monkeys, though the reason is
unknown. babA gene conversion by babB might also reflect selective pressure against
BabA expression, but it could be a result of selection for overexpression of BabB. To
distinguish these two possibilities, we inserted a chloramphenicol acetyltransferase
(CAT) cassette into the unique middle region of babA (babA::cat) or babB (babB::cat),
creating knockout strains that left the 5= and 3= homologous regions intact so as to

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description
Antibiotic
resistancea

Source or
reference(s)

Strains
H. pylori J166 WT clinical isolate 23, 27
H. pylori J166

babA::cat
J166 with cat inserted in babA Cm This study

H. pylori J166
babB::cat

J166 with cat inserted in babB Cm This study

H. pylori J166
babA-CL2

J166 with cysteines 189 and 197 replaced
with alanines in babA

Str 13

H. pylori J166 babBB J166 with babA replaced with second
copy of babB

Str This study

E. coli Top10 Cloning strain Invitrogen

Plasmids
pBluescript SK� Cloning vector Ap Agilent
pJ272 J166 babA, including 1,459 bp upstream

and 1,173 bp downstream cloned into
pBluescript SK�, bp 167–1335 of babA
replaced with chloramphenicol
resistance cassette

Cm This study

pJ270 J166 babB, including 1,510 bp upstream
and 1,919 bp downstream cloned into
pBluescript SK�, bp 167–1227 of babB
replaced with chloramphenicol
resistance cassette

Cm This study

pJ231 Bp 1638–312 upstream of J166 babA
joined to chloramphenicol resistance
cassette and bp 1343–2224 of babA
cloned into pBluescript SK�

Cm This study

pJ232 Bp 1638–312 upstream of J166 babA
joined to kanamycin resistance
cassette and bp 1–2116 of babB,
including 348 bp upstream, cloned
into pBluescript SK�

Km This study

aCm, chloramphenicol; Str, streptomycin; Ap, ampicillin; Km, kanamycin.
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permit both phase variation and gene conversion (Fig. 1A). We reasoned that during
infection with the babA::cat mutant, gene conversion would result in overexpression of
BabB, but neither gene conversion nor phase variation would affect BabA expression
because the babA gene was already interrupted. On the other hand, infection with the
babB::cat mutant would eliminate any selection for overexpression of BabB, which was
deleted, but would leave the potential for babA phase variation intact.

The babA::cat and babB::cat mutants were inoculated into five and six rhesus
monkeys, respectively, which were biopsied 2, 8, 14, and 20 weeks p.i. The output
strains were characterized as before by DNA sequencing to determine if the babA locus
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FIG 1 Characterization of WT H. pylori J166 and isogenic mutants. (A) babA and babB differ predomi-
nantly in the midregion of the genes, where BabA (black) binds Leb but BabB (white) does not, but are
very similar at the 5= and 3= ends (gray). Both babA and babB have a series of eight CT repeats at the 5=
end that is in frame. Cys189 and Cys197 in babA form a redox-sensitive disulfide-clasped loop designated
CL2, which is essential for Leb binding. Modification of Cys to Ala at residues 189 and 197 (babA-CL2
mutant) eliminates Leb binding. (B) Immunoblotting of WT H. pylori J166, the babA-CL2 mutant, and
isogenic strains with deletions of babA (babA::cat mutant) and babB (babB::cat mutant). The faint band
obtained with the anti-BabB antibody is cross-reactivity with BabA, and it is not seen in the babA::cat
mutant. ELISA (bottom) demonstrates that the WT and the babB::cat mutant attach to Leb but the
babA::cat and babA-CL2 mutants do not. ***, P � 0.001.
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contained babA or babB and if there was a predicted ORF. During infection with the
babA::cat mutant, babA was progressively lost over time because of gene conversion
but not phase variation, indicating selection for overexpression of BabB (Fig. 4A and B).
In all instances of gene conversion, babB was in frame. Infection with the babB::cat
mutant showed loss of babA expression by phase variation (Fig. 4C) but no gene
conversion (Fig. 4D). These results suggest that during H. pylori infection of rhesus
monkeys, there is selection for both loss of babA expression and overexpression of
BabB.

Overexpression of BabB enhances H. pylori fitness in rhesus macaques. The
colonization efficiency and bacterial load results (Fig. 2) suggest that BabB increases H.
pylori fitness in rhesus monkeys. To address this further, we compared the bacterial
loads in monkeys infected predominantly (�50%) with colonies expressing two copies
of babB and those colonized with babA in numbers equal to or greater than those of
babB. Animals challenged with the babB::cat mutant were excluded, since babB over-
expression could not occur. At each time point, H. pylori colonization was greater in
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animals without detectable colonization. Together, the results suggest that babB but not babA confers
increased fitness in rhesus macaques. **, P � 0.01; ***, P � 0.001.
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monkeys infected predominantly with strains expressing two copies of babB, though
the main effect of the strain did not quite achieve statistical significance (analysis of
variance, P � 0.08). However, when the results for all animals were collapsed across all
time points (Fig. 5A), the bacterial load was approximately 10-fold higher in those
colonized predominantly with strains expressing two copies of babB (P � 0.01). To
confirm that duplication of babB resulted in increased protein expression, we compared
Western blot assays of three output strains with one copy of babB to three colonies with
two copies of babB. As controls, we included WT J166, J166 babB::cat, and a J166 strain
in which we replaced babA with a second copy of babB, designated J166 babBB. The
results demonstrated increased BabB protein in output strains that had undergone
gene conversion with duplication of babB (Fig. 5B). In all colonies, babB was present at
the babB locus and all babB genes were in frame, whether at the babA or the babB
locus. Together with the colonization data in Fig. 2, these results strongly suggest that
overexpression of BabB increases H. pylori fitness in rhesus monkeys.

Loss of BabA expression in rhesus monkeys is not dependent on its capacity to
bind Leb. The only known function of BabA is attachment to fucosylated ABO(H) type
1 or Leb blood group antigens expressed on gastric epithelial cells and the overlying
mucin (10–12). We recently demonstrated by high-resolution structural analysis that
BabA residues Cys189 and Cys197 form a redox-sensitive disulfide-clasped loop desig-
nated CL2, which is essential for binding of the ABO blood group antigen-determining
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�1.2-fucose residue of Leb (13). Cys-to-Ala replacements at BabA residues 189 and 197
in H. pylori J166 (designated the babA-CL2 mutant) were sufficient to eliminate all Leb
binding activity, though the protein was expressed at levels similar to those in the WT
(Fig. 1B) and reached the cell surface as a folded protein (13). To determine if Leb
binding is required for loss of BabA protein by phase variation or gene conversion, we
challenged six rhesus macaques with the babA-CL2 mutant and characterized the babA
locus in output strains recovered 2, 8, 14, and 20 weeks p.i. At 2 and 8 weeks p.i., the
proportion of colonies expressing babA was greater than that in monkeys challenged
with WT J166 (compare Fig. 6 with Fig. 3). However, after 14 weeks p.i., the expression
of babA was lost completely by either phase variation or gene conversion with babB, in
approximately equal proportions, similar to what was observed in the WT. When the
data were collapsed over all time points, babA expression was retained in 30% (61 of
204) of the output colonies of the babA-CL2 mutant but only 19% (41 of 222) and 21%
(16 of 78) of the colonies of the WT and the babB::cat mutant, respectively. Chi-square
analysis confirmed that significantly more babA expression was retained in monkeys
challenged with the babA-CL2 mutant than in monkeys challenged with the WT (P �

0.006). These results suggest that Leb binding contributes to but is not essential for loss
of babA expression in rhesus monkeys.

Antral gastritis is not associated with BabA or BabB expression. Antral biopsy
specimens were scored for gastritis according to the Sydney system. Combined scores
from 8 and 14 weeks p.i. showed no significant differences among the four experi-
mental groups (Kruskal-Wallis test, P � 0.51).
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DISCUSSION

Signature features characteristic of H. pylori adhesins are their polymorphism and
capacity for genetic diversification. For example, although most strains express BabA,
some do not (18, 30), and in others, it is silent owing to a truncated signal peptide, a
frameshift in a dinucleotide repeat at the 5= end of the gene, or a single base pair
mutation that results in a stop codon (12). Even among strains that express BabA, they
can be classified as “specialists” or “generalists,” depending on whether they bind only
glycans in blood group O individuals or instead bind blood group A, B, and O antigens.
Recent structural analysis has demonstrated that the basis for this functional diversity
lies in two “diversity loops” within the carbohydrate binding site that represent areas
of strong positive selection among babA sequences (13). Similarly, SabA shows poly-
morphism among clinical isolates in binding affinity to sialyl Lewis x (sLex) (31) and can
be modulated by phase variation (32), gene conversion (33), and even variation in the
length of a poly-T tract in the promoter region that serves as a rheostat-like mechanism
to alter gene expression (34).

The functional significance of diversity among H. pylori adhesins is poorly under-
stood, though sometimes epidemiologic observations or animal experiments offer
clues. For example, H. pylori isolates from populations that express all ABO blood types
are typically generalists, while those from South American Amerindians, who are
predominantly blood group O, are more often specialists (10). Transition from expres-
sion of BabA to SabA may result from inflammation-induced downregulation of Leb
and upregulation of sLex (35, 36), but attachment may be a mixed blessing for H. pylori,
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which we have called the “attachment dilemma” (28). On the one hand, intimate
attachment to the gastric epithelium may provide nutrients by disrupting cellular
tight junctions and injecting the CagA oncoprotein into host cells, as well as
avoiding the unacceptably low pH in the gastric lumen. Yet this comes at the cost
of an encounter with reactive oxygen species and other inflammatory mediators, as
well as the risk of being shed into the lumen as the gastric epithelium is repopu-
lated every few days.

We and others have observed loss of BabA expression during experimental infec-
tions of mice, gerbils, and monkeys (23-25, 37). While most strains recovered from
humans express BabA, analysis of isolates recovered sequentially from the same
individual over time demonstrates decreased Leb binding in nearly 25% of the strains
(26). Here we sought to better understand the selection for loss of BabA expression in
the rhesus macaque model by using WT and carefully constructed isogenic strains. In
macaques infected with WT H. pylori J166, BabA expression is lost as early as 2 weeks
p.i. By 20 weeks p.i., loss of BabA expression is complete and is a result of both phase
variation and babB duplication with approximately equal frequency (Fig. 3). Experi-
ments in which a CAT cassette replaces the middle region of either babA or babB
suggest that there is independent selective pressure for loss of BabA and overexpres-
sion of BabB (Fig. 4).

What might these selective pressures be? Since H. pylori strains that express or
overexpress BabB show increased colonization efficiency and bacterial loads (Fig. 2
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colonies were used to determine if the gene was babA (A) or babB (B) and if the CT repeat region was
in frame (eight CT repeats, black bars) or out of frame (seven or nine CT repeats, hatched bars). By 20
weeks p.i., loss of BabA expression by phase variation (hatched bars) and gene conversion (black bars)
occurred with approximately equal frequency.
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and 5), it is reasonable to suggest that, like BabA, BabB is a lectin that mediates
attachment to the gastric epithelium of the macaque and perhaps some humans.
This is also consistent with our previous observation that H. pylori strains naturally
infecting rhesus macaques contain no babA but two copies of babB (23). The glycan
receptor for BabB might be constitutive or perhaps induced by inflammation, much
like the sialyl-dimeric-Lewis x glycosphingolipid that binds H. pylori SabA (35).
Selection for overexpression of BabB seems to be specific, because in the absence
of functional BabB, gene conversion does not occur with other members of the hop
family that also have 5= and 3= homology to BabA (albeit less), such as hopN. But this
explanation is incomplete because BabA expression is also lost by phase variation
in the absence of gene conversion by babB (Fig. 4). Surprisingly, this occurs even in
a site-directed mutant that expresses BabA on the bacterial surface but does not
attach to Leb (Fig. 6). BabA (but not BabB) might be immunogenic and lost by
immune evasion. However, neither immunoproteomic studies (38, 39) nor serologic
responses in macaques (23) have identified BabA or BabB as an immunodominant
antigen and its expression appears to have no effect on gastritis. Furthermore, BabA
expression is lost in recombination-activating gene-deficient mice that do not
express functional B or T cells (46). Therefore, while the basis for selection against
BabA expression is unknown, it is not likely classical immune evasion and it does
not require the capacity to attach to Leb. Further studies of the role of H. pylori OMP
diversity and plasticity during infection in animal models will be important to better
understand H. pylori persistence in humans.

MATERIALS AND METHODS
Ethics statement. This work was performed at the California National Primate Research Center and

the University of California, Davis, in accordance with NIH guidelines, the Animal Welfare Act, and U.S.
federal law. All experiments were carried out under protocol 18788 approved by the University of
California, Davis, Institutional Animal Care and Use Committee, which is accredited by the Association of
Assessment and Accreditation of Laboratory Animal Care. All animals were housed under these guide-
lines in an accredited research facility fully staffed with trained personnel.

Animals and experimental design. Colony-bred, specific-pathogen-free male and female rhesus
macaques between the ages of 2 and 7 years that were free of H. pylori infection were derived as
previously described (40). Four experimental groups were challenged by gavage with 109 CFU/2 ml of H.
pylori J166 WT (n � 6), the babA::cat mutant (n � 5), the babB::cat mutant (n � 6), or the babA-CL2
mutant (n � 6) as previously described (41). The genome of H. pylori J166, which has been fully
sequenced (GenBank accession no. NZ_CP007603), contains single copies of babA (GenBank accession
no. 428593) and babB (GenBank accession no. AY 428591) but does not contain babC.

Endoscopy, gastric biopsy, and H. pylori quantitative culture. At 2, 8, 14, and 20 weeks p.i., six
biopsy specimens each were obtained from the gastric antrum and corpus by endoscopy performed
under ketamine anesthesia (10 mg/kg administered intramuscularly). Four biopsy specimens each were
collected from the antrum and corpus in brucella broth for H. pylori quantitative culture by serial dilution
and plating as described previously (41). The additional four biopsy specimens (two from the antrum, two
from the corpus) were collected in 10% formalin for histology.

Bacterial strains and culture. H. pylori strains (Table 1) were cultured on brucella agar (BBL/Becton
Dickinson, Sparks, MD) supplemented with 5% heat-inactivated newborn calf serum (Invitrogen, Carls-
bad, CA) and TVPA antibiotics (5 �g/ml trimethoprim, 10 �g/ml vancomycin, 2.5 U/ml polymyxin B, and
2.5 �g/ml amphotericin B), unless otherwise indicated. Cultures were incubated at 37°C under microaero-
philic conditions generated by a 5% CO2 incubator or by a fixed 5% O2 concentration (Anoxomat;
Advanced Instruments, Norwood, MA). WT H. pylori J166 was initially recovered from a human patient
with a duodenal ulcer and has been shown to efficiently colonize rhesus macaques (36, 41–43). It
expresses a T4SS encoded on the cagPAI and attaches to Leb blood group antigens by expression of
BabA, though both functions are lost during passage in mice and rhesus monkeys (23, 25, 42). The
complete genomes of WT H. pylori J166 and its rhesus-passaged variant were recently sequenced (27).

Construction of babA::cat, babB::cat, and babBB isogenic strains. The babA and babB genes are
highly conserved in their 5= and 3= regions (Fig. 1). Knockouts were constructed that retained these
regions of homology, with the variable region between them replaced with a chloramphenicol resistance
(CAT) cassette in the reverse orientation. Upstream, downstream, and CAT fragments were PCR amplified
with primers described in Table 2. Following purification and restriction digestion, the amplicons were
ligated to pBluescript (Agilent Technologies, Wilmington, DE) and transformed into Escherichia coli One
Shot Top10 competent cells (Life Technologies, Grand Island, NY). The resulting plasmids were used to
deliver the CAT cassette to J166 by allelic exchange. Disruption of babA or babB was verified by PCR and
loss of expression in a Western blot assay. Leb binding activity was determined by enzyme-linked
immunosorbent assay (ELISA). DNA sequence analysis was performed to verify the length of the
dinucleotide repeat near the 5= end of the gene. A control J166 strain in which babA was replaced with
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a second copy of babB (designated babBB) was engineered with the construction of two plasmids.
Regions bp 1638 to 312 upstream of babA and bp 1343 to 2224 within babA were PCR amplified, joined
with a CAT cassette in the reverse orientation, and ligated into pBluescript SK� to create pJ231. J166 was
naturally transformed with this plasmid, resulting in the promoter and variable region of babA being
replaced with CAT. This strain was then transformed with a second plasmid (pJ232) that contained
the region upstream of the babA promoter joined to a kanamycin resistance cassette, followed by
the promoter and the entire babB gene. This resulted in the replacement of babA with an identical
second copy of babB, including its promoter. The primers used to prepare these constructs are listed
in Table 2.

Immunoblotting. Expression of BabA and BabB was detected by immunoblotting. Bacterial cells
were grown on plates overnight, suspended in Tris-EDTA buffer, and lysed by sonication. Following
electrophoresis in a 7.5% polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA), proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane and blocked overnight in TTBS (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.05% Tween 20) containing 5% nonfat dry milk. Blots were incubated with
polyclonal antiserum (AK277 [BabA] or AK276 [BabB]) (44) at a 1:10,000 dilution for 1 h and then washed
in TTBS. A horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (GE Healthcare,
Buckinghamshire, United Kingdom) was diluted to 1:20,000 and applied for 1 h. Following washing in
TTBS, the bound protein was visualized with Pierce ECL2 Western blotting substrate (Thermo Fisher
Scientific, Waltham, MA). To quantitate BabB expression, a TGX Stain-Free gel (Bio-Rad Laboratories) was

TABLE 2 Primers used for PCR, cloning, and sequencing

Primer purpose and name Sequence (5= to 3=)a

Construction of babA::cat
HP0898:930U24_NotI AAC GCGGCCGC TTT AAG CCA CAA AAC CTC TAA AGA
HP0896:148L25_HincII AAC GTCGAC GAT TGT TCA GCT TTT CAT AAT TGT C
CAT_F_SacI AAC GAGCTC GCG GAC AAC GAG TAA AAG AG
CAT_R_HincII AAC GTCGAC GCA GGA CGC ACT ACT CTC G
HP0896:1234U23_SacI AAC GAGCTC TAT GTG GAA CAA ACC ATA ACG AA
JHP0830:224L22_XhoI AAT CTCGAG TCA GCA TTC ACT TCC TTT TTG A

Construction of babB::cat
JHP1167:383U18_NotI AAC GCGGCCGC CTC ACC ACG CAG AGG AAG
HP0896:148L25_PstI AAC CTGCAG GAT TGT TCA GCT TTT CAT AAT TGT C
CAT_F_SacI AAC GAGCTC GCG GAC AAC GAG TAA AAG AG
CAT_R_PstI AAC CTGCAG GCA GGA CGC ACT ACT CTC G
HP0896:1234U23_SacI AAC GAGCTC TAT GTG GAA CAA ACC ATA ACG AA
HP1241:772L20_XhoI AAT CTCGAG TGG AAC TCG CTC GCA TAA TC

Construction of pJ231
HP0898:751U24_NotI AAC GCGGCCGC ATC CAA TAC AAA AGA GCG GTG AGC
BabAR19_SacI AAC GAGCTC TTA TCG CTT GCT TGA TGC AAG CTC
CAT_F_HincII AAC GTCGAC GCG GAC AAC GAG TAA AAG AG
CAT_R_SacI AAC GAGCTC GCA GGA CGC ACT ACT CTC G
BabAF20_HincII AAC GTCGAC CAA CAA ACC ATA ACG AAT TTA ACC AAC AG
HP0896:2097L26_XhoI AAC CTCGAG AAG CGA ACA CGT AAT TCA AAT ACA CG

Construction of pJ232
HP0898:751U24_NotI AAC GCGGCCGC ATC CAA TAC AAA AGA GCG GTG AGC
BabAR19_HincII AAC GTCGAC TTA TCG CTT GCT TGA TGC AAG CTC
Kan_F_SacI AAC GAGCTC GGT ACC CGG GTG AC
Kan_R_HincII AAC GTCGAC TCT AGA GGA TCC CC
BabBF9_SacI AAC GAGCTC GAT TTT AGC GGT GAT TTC TTG AGC G
HP0896:2097L26_XhoI AAC CTCGAG AAG CGA ACA CGT AAT TCA AAT ACA CG

Amplification and sequencing
of babA locus

BabAF14 GCA TCA AGC AAG CGA TAA CTT TAC TAA
P160R ATA CCC TGG CTC GTT GTT GAA
P178R CAT GTC CTG GCT CAT AAT ACG AA
CAT_reverse CCC TGC ACA TAT AGT ATG ACG GTA A
BabAF19 ATG CTA TAA TAC TCC AAA TAC ATT CCA A

Amplification and sequencing
of babB locus

BabBF3 CTT GAG CGT TAT TAG AAA TCT AGT GG
P178R CAT GTC CTG GCT CAT AAT ACG AA
CAT_reverse CCC TGC ACA TAT AGT ATG ACG GTA A

aRestriction sites are underlined.
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used to allow normalization to the total protein loaded. Stain-Free gels contain a trihalo compound that
is covalently bound to tryptophan residues upon activation with UV light. Following transfer to PVDF,
proteins were visualized with a Gel-Doc XR� Imaging System (Bio-Rad Laboratories). Immunoblotting
with anti-BabB antibody was carried out as already described, and the resulting film image was scanned
into the Gel-Doc XR� imager by using a silver stain protocol. ImageQuant 5.2.1 software (Bio-Rad
Laboratories) was used to superimpose the images and normalize the BabB immunoblot assay to the
total protein loaded into each lane.

In vitro Leb binding assay. H. pylori expression of functional BabA protein was assayed by in vitro
attachment to Leb with an ELISA as previously described (23). Briefly, digoxigenin (Roche Applied
Biosciences)-labeled H. pylori cells were applied to Leb-coated wells in a 96-well polystyrene plate.
Unbound bacteria were removed by washing, and bound bacteria were detected with antidigoxigenin
Fab fragments conjugated to horseradish peroxidase (Roche Applied Biosciences) and then incubated
with 2,2=-azino-di(3-ethyl-benzthiazoline-6-sulfonate). The color change was measured by subtraction of
the absorbance at 490 nm from that at 405 nm. Attachment ratio values were reported as the average
readings of two Leb-positive wells divided by the average readings of two Leb-negative wells.

PCR and DNA sequencing of the babA and babB loci. DNA was extracted from an average of 10.6
(standard deviation [SD] � 3.2) single colonies per animal at each time point. A fragment of the babA
locus was amplified from each colony by PCR with primers BabAF14 and P160R, P178R, or CAT_reverse
(Table 2), which amplifies the 5= end of babA, babB, or babA::cat, respectively (25). The PCR product was
sequenced with primer BabAF19 by dye terminator chemistry to determine the CT repeat length. Eight
CT repeats encode a babA ORF; seven or nine repeats result in a stop codon at position 49 or 79,
respectively (25). This DNA-based assessment of BabA expression in a sample of colonies correlates
strongly (Pearson R2 � 0.57, P � 0.0001) (46) with a radioimmunoassay (10–13) that detects Leb binding
in a population (sweep) of bacteria from the mouse stomach. In addition, three single colonies per animal
from the latest infected time point were sequenced at the babB locus. Primers BabBF3 and either P178R
(WT) or CAT_reverse (babB::cat mutant) were used for amplification, and the corresponding reverse
primer was used for sequencing. Similar to babA, eight CT repeats encode a babB ORF, while seven or
nine repeats result in a stop codon as described above.

Histology. Gastric biopsy specimens from the antrum of macaques infected at 8 and 14 weeks p.i.
were paraffin imbedded and sectioned. Slides stained with hematoxylin and eosin were analyzed for
inflammation (mononuclear cells) and activity (polymorphonuclear leukocytes) by a primate pathologist
without knowledge of the experimental condition. Scores were generated as a composite of inflamma-
tion and activity according to the modified Sydney system (45).
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