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Previously, we have shown that Helicobacter pylori can spontaneously and reversibly change its membrane
lipid composition, producing variants with low or high content of lysophospholipids. The “lyso” variant
contains a high percentage of lysophospholipids, adheres better to epithelial cells, and releases more proteins
such as urease and VacA, compared to the “normal” variant, which has a low content of lysophospholipids.
Prolonged growth of the normal variant at pH 3.5, but not under neutral conditions, leads to enrichment of lyso
variant colonies, suggesting that the colony switch is relevant to acid adaptation. In this study we show that the
change in membrane lipid composition is due to phase variation in the pld4 gene. A change in the (C) tract
length of this gene results in reversible frameshifts, translation of a full-length or truncated pld4, and the
production of active or inactive outer membrane phospholipase A (OMPLA). The role of OMPLA in deter-
mining the colony morphology was confirmed by the construction of an OMPLA-negative mutant. Further-
more, variants with an active OMPLA were able to survive acidic conditions better than variants with the
inactive form. This explains why the lyso variant is selected at low pH. Our studies demonstrate that phase
variation in the pldA gene, resulting in an active form of OMPLA, is important for survival under acidic
conditions. We also demonstrated the active OMPLA genotype in fresh isolates of H. pylori from patients

referred to gastroscopy for dyspepsia.

Helicobacter pylori is one of the most common human patho-
gens. Infections with H. pylori are associated with chronic gas-
tritis and its progression to gastric and duodenal ulcers. Infec-
tion with H. pylori is also a major risk for developing gastric
adenocarcinoma and mucosa-associated lymphoid tissue lym-
phoma (16). Virulence factors such as urease, flagella, and
adhesins appear to be necessary for the development of dis-
ease, but many elements of pathogenesis still remain unclear at
the molecular level (31).

H. pylori colonizes the gastric surface of the human stomach.
Colonization of the surface of the mucosa requires not only
survival but also growth under acidic conditions. The metabo-
lism of the organism must therefore be adapted to allow this to
occur. McGowan et al. have found a gene (wbcJ) whose ex-
pression was induced after exposure to acidic pH (28). The
wbcJ-negative mutant failed to express O antigen and was
sensitive to acid stress. The authors of that study concluded
that H. pylori might alter its lipopolysaccharide (LPS) structure
in response to acidic pH (28). This suggests that changing the
membrane composition is an adaptation facilitating H. pylori
colonization of the acidic gastric environment.

We have previously reported that H. pylori can spontane-
ously and reversibly change its membrane lipid composition
(11). The switch is associated with a dramatic change in the
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membrane phospholipids: from <2% lysophospholipids in one
variant (“normal” [L] variant) to >50% lysophospholipids for
the other variant (“lyso” [S] variant) (44). The lyso variant is
more hemolytic, releases more urease and VacA, and adheres
better to epithelial cells in vitro. Furthermore, prolonged
growth at low pH results in an almost complete conversion to
the lyso variant (11).

The appearance of lysophospholipids in bacteria is normally
caused by the action of outer membrane phospholipase A
(OMPLA) on the phospholipids (13, 38). OMPLA catalyzes
the hydrolysis of acyl ester bonds in phospholipids to yield
lysophospholipids and free fatty acids (Fig. 1). In growing
bacterial cells, the OMPLA enzyme appears to be dormant (9),
and the actual concentrations of lysophospholipids are usually
very low (54). Regarding the phospholipid pattern in the lyso
(S) variant compared to that in the normal (L) variant (44), we
hypothesized that the L-to-S transition might be due to the
activation of a PLA.

Examination of the H. pylori 26695 and J99 genome se-
quences (1, 45) revealed the presence of a putative protein
with homology to Escherichia coli OMPLA. Analysis of the
reported DNA sequence revealed a homopolymer (C) tract in
the HP0499 gene. Homopolymeric tracts enable phase varia-
tion in the following manner. During replication, nucleotide
repeats may spontaneously become 1 bp shorter or longer
through DNA slippage (55). This slippage results in shifts in
the open reading frame leading to on-off switching of the
associated gene products at the translational level. A phase
variation in the C tract of the pldA gene could result in variable
PLA activity. DNA slippage in poly(C) tracts causes phase
variation in Helicobacter pylori al1,2- and al,3-fucosyl trans-
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FIG. 1. Structures of phospholipids. I, phosphatidylethanolamine;
11, lysophosphatidylethanolamine made by the action of PLA.

ferases (2, 52). Meningococci are another example of micro-
organisms that use a reversible on-off change in the expression
state of surface-associated components to choose between al-
ternative lifestyles: commensal or pathogenic (10). However, a
similar biological significant role of phase variation in H. pylori
has not yet been found.

In this study we demonstrate that the reversible change in
membrane lipid composition is due to phase variation in the
HP0499 gene (pldA). Growth at low pH results in a selection of
the best-adapted (S) phenotype and an almost complete con-
version of normal (L) variant (C7, OMPLA “off”) to the lyso
(S) variant (C8, OMPLA “on”). Consequently, this gene might
contribute to survival of H. pylori at low pH.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. H. pylori was routinely cultured
on 5% sheep blood agar plates for 3 days at 37°C in a microaerobic atmosphere
with 5% O,, 10% CO,, and 85% N,. When appropriate, the blood agar plates
were supplemented with kanamycin (30 mg/liter). For growth at acidic pH, the
pH of the blood base was adjusted to the desired pH with HCI directly after
sterilization and addition of blood.

As described earlier (11), isolate 17B/RH of H. pylori, a representative isolate
displaying colony variation, was obtained from a patient with non-ulcer dyspepsia
and maintained at —70°C. The 17B/RH formed two distinct colony forms, i.e., L
and S variants. The parent L colony variant was designated 17L. Cultivation of
17L on blood plates at pH 7.4 resulted in spontaneous switches to S variant
colonies designated 17S. A backswitch variant from 17S to L morphology was
designated 17L,. A’ S colony variant (17S;) was produced by growing 17L for
more than five passages on blood agar plates at pH 5 and restreaking the bacteria
on blood agar plates at pH 7.4 (11). Restreaking at pH 7.4 was necessary to
observe the change in colony morphology.

As control strains, three isolates from dyspeptic patients were used: 12/LH,
23/LH, and 25/LH. To avoid selection of a special variant on the culture medium,
only bacteria from the first passage on blood agar plates were used for DNA
isolation.

E. coli strains DH5a and 1793 were used as hosts for recombinant plasmids. E.
coli strains were grown either in liquid or on solid Luria-Bertani (LB) medium.
For selection, E. coli media were supplemented with either chloramphenicol (20
mg/liter) or kanamycin (50 mg/liter).

AFLP analysis. The 17L and 17S variants originate from a clinical isolate. To
confirm on the genetic level that S and L variants are clonally related, amplified
fragment length polymorphism (AFLP) analysis was performed on the variants.
The bacteria were grown for 3 days, and the DNA was isolated by the method of
Boom et al. (6). The AFLP analysis was carried out as described by van Doorn
et al. (50).

Extraction and TLC of phospholipids. Lipid extracts of the bacterial variants
were prepared by standard methods (23). Briefly, ca. 100 colonies were sus-
pended in chloroform-methanol (2:1), the nonlipid material was removed by
centrifugation, and the supernatant containing the lipids was washed once with
water. The chloroform phase was used for thin-layer chromatography (TLC)
analysis. TLC was performed on silica gel plates (Merck, Darmstadt, Germany)
developed in chloroform-methanol-water (75:22:3). Relative amounts of phos-
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TABLE 1. MADs used in this study

MAb Specificity Isotype” Source” Reference(s)
1E52 Le¥ IgM R. Negrini 32,34
54.1F6A Le* IgM G. J. van Dam 47
4D2 H type 1 IgM R. Negrini 32,34
6A5 Core 1gG P. Doig 14
3H11 Urease IgM R. Negrini 33

¢ IgM, immunoglobulin M; IgG, immunoglobulin G.

b R. Negrini, Biotechnology Laboratory, General Hospital, Brescia, Italy; G. J.
van Dam, Department of Parasitology, University of Leiden, Leiden, The Neth-
erlands; P. Doig, Department of Biochemistry and Microbiology, University of
Victoria, Victoria, British Columbia, Canada.

phatidylethanolamine and lysophosphatidylethanolamine were estimated by
staining with ninhydrin (23).

ELISA. For enzyme-linked immunosorbent assays (ELISAs), polystyrene 96-
well microtiter plates were coated at 7.5 X 10° CFU/ml with bacteria washed in
phosphate-buffered saline (PBS), and the bacteria were tested for reactivity with
monoclonal antibodies (MAbs) at 1 wg/ml as described previously (3). The MAbs
used in this study are shown in Table 1.

SDS-PAGE. The size distribution of LPS molecules of 17L, 17S, and 17L, was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and silver staining. Bacterial cells were first digested with proteinase K
before fractionation by Tricine-SDS-PAGE (15% gel). Subsequently, the LPS
was detected by silver staining (26, 49).

Phospholipase enzyme activity assay. The various bacterial variants were har-
vested from blood agar plates in PBS and washed once. H. pylori cells of a 10-ml
suspension with optical density at 650 nm (ODgs) of 1 were collected by cen-
trifugation and resuspended in 1 ml of lysis buffer (50 mM Tris, 2 mM EDTA
[pH 8.3]). Cells were lysed at 0°C by brief sonication. Whole cells were removed
by centrifugation for 20 s at 20,800 X g, and the cell envelopes were collected by
centrifugation of the supernatant at 20,800 X g for 30 min. The pellet was
resuspended in 500 wl of dilution buffer (25 mM Tris, 2 mM EDTA, 3.5 mM
Triton X-100 [pH 8.3]). The substrate, [1-'*C]palmitoyl-2-laurylcarbamoyl-oxy-
sn-glycero-3-phosphocholine (specific activity, 200 dpm/nmol), was prepared by
acylation of the corresponding lyso phospholipid via standard procedures (19).
The radioactive substrate has a nonhydrolyzable carbamoyl bond rather than an
ester bond on the sn-2 position, resulting in an exclusive measurement of PLA,
activity. To determine the optimal conditions for activity measurements, incu-
bations without or with calcium at different pHs were performed. As a result, the
OMPLA, activity of the variants was assayed in a total volume of 500 pl of
incubation buffer (50 mM Tris, 10 mM CaCl,, 0.4 mM Triton X-100 [pH 7.0])
containing 100 nmol of substrate together with 50 or 100 pl of cell envelope
fraction. After 20 h of incubation at 37°C, the liberated '*C-labeled palmitic acid
was extracted from the reaction mixture by a modified Dole extraction procedure
(48), and radioactivity was determined in disintegrations per minute (dpm) by
liquid scintillation spectrometry. The amount of total protein in the cell envelope
fractions was determined as described previously (7). The activity was expressed
as the dpm per microgram of total cell envelope protein.

DNA sequence determination. The HP0499 genes from H. pylori strains 17L,
17S, 17L,, and 17S; and the control strains 12/LH, 23/LH, and 25/LH were
amplified by PCR, with PLA-F (TGTCCAATTCTTGGTATCTC) as the for-
ward primer and PLA-R (ATGCGATAGGTATAGCCTAA) as the reverse
primer, at an annealing temperature of 55°C. The 800-bp pldA fragments of 17L,
17S, and 17L, were ligated in a pGEM-T vector (Promega, Madison, Wis.) and
transformed into E. coli DH5a. The resulting plasmids were isolated by using
QIAprep Spin Miniprep Kit (Qiagen GmbH, Hilden, Germany) and applied as
templates in a sequencing reaction with the Thermo-Sequenase premixed cycle
sequence kit (Amersham, Buckinghamshire, England) by using the standard
M13 forward or reverse primers labeled with Texas red. Sequencing was per-
formed on an Amersham Vistra 725 Sequencer. The 800-bp pld4 PCR products
of 17L, 17S, 17S;, 12/LH, 23/LH, and 25/LH were also sequenced directly by
using ABI PRISM BigDye Terminator sequencing kit (PE Applied Biosystems,
Foster City, Calif.) and the PCR primers. The sequencing products were ana-
lyzed by ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems).

Creation of a pld4 mutant. The 800-bp 17S pld4 PCR product was cut out
from the pGEM-T vector by SacII and Spel (New England Biolabs Inc., Beverly,
Mass.) and ligated in a pBCa3 vector containing a kanamycin cassette (5), also
cut with SacIl and Spel. The recombinant plasmid was transformed into E. coli
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FIG. 2. AFLP pattern of H. pylori phase variants compared to type strain NCTC 11637, confirming that the variants originate from one H. pylori

clone.

ER1793 with selection on LB kanamycin plates. Uncut plasmid was naturally
transformed into 17S with selection on blood agar kanamycin plates (53).

Survival of the variants at pH 3.5. Aliquots of ca. 108 CFU of 17L and 17S
were spread onto blood agar plates of pH 3.5 and incubated under microaerobic
conditions at 37°C for 16 h. The bacteria were harvested from the plates and
suspended in 100 pl of PBS. Aliquots (90 pl) at dilutions of 10°, 10!, and 102
were plated onto blood agar plates at pH 7.4. After 5 days of microaerobic
incubation, the colonies were counted. As a control, the suspensions of 17L and
17S were plated directly onto blood agar plates at pH 7.4.

Surface urease expression of the variants at pH 5. We have previously shown
that 17S grown at pH 7 releases large amounts of urease into the media, whereas
17L at this pH retains most of the urease intracellularly (11). The release of
urease at pH 5 was compared by colony blotting with anti-urease MAb 3H11 by
the method described by Appelmelk et al. (3). Serial dilutions of 17L and 17S
were plated onto blood agar plates at pH 5 and 7.4 and incubated under mi-
croaerobic conditions at 37°C for 3 days to yield single colonies. Colonies were
transferred to a nitrocellulose filter and baked. The washed and blocked filters
were incubated overnight with anti-urease MAb 3H11, diluted in blocking buffer-
PBS with 0.05% Tween 80 (1:1) at a concentration of 1 wg/ml. The blots were
then incubated with goat anti-mouse immunoglobulin M-peroxidase and devel-
oped as previously described (49). Subsequently, the blots of 17L and 17S were
compared and scanned. The scanned blots were analyzed by using the quantita-
tion software Quantity One (Bio-Rad, Hercules, Calif.).

Statistical methods. Statistical comparisons of means of data were made by
one-way analysis of variance by using the SPSS (Chicago, Ill.) Data Analysis
program (SPSS for Windows). The level of significance was P = 0.01.

RESULTS

Characterization of variants. AFLP data for the variants are
shown in Fig. 2. Variants 17L and 17S display a 96% similarity
confirming that these colony variants originate from one H.
pylori clone. All colony variants are closely related to each
other. Strain NCTC 11637 was used as a control and showed a
similarity of ca. 40% to all variants.

Analysis of LPS. Examination of proteinase K-treated cells
of the variants by ELISA was performed to assess possible
differences in O-antigen expression. 17L was strongly positive
for Le¥ and H type 1 expression; in contrast, 17S was negative
for both of these determinants (Table 2). Analysis by SDS-
PAGE confirmed that 17L displayed a smooth-type profile,
whereas 17S displayed a rough-type profile in which the O-
polysaccharide side chains were absent (Fig. 3). The back-

TABLE 2. ELISA reactivity of H. pylori phase variants
with LPS MAbs*

ELISA reactivity” with:

Phase

variant Anti-Le¥ Anti-Le* Anti-H type 1 Anti-core
17L +++ + ++ -
17L, - - - +++
178 - - - +++
17§, - - - +++

“Scores (ODyg,): —, <0.3; +, 0.3 to <1.3; ++, 1.3 to <2.3; +++, =2.3.

switch variant (17L,) continued to express the same serotype as
17S, indicating that the morpholgical change cannot be ex-
plained by an LPS variation. Cultivation in liquid media did
not affect the LPS phenotype or serotype (data not shown).

OMPLA activity. In order to test the hypothesis that the
differences in phospholipid composition of the variants were
caused by the activity of an OMPLA, the variants were sub-
jected to a phospholipase assay. No phospholipase activity was
detected with whole cells of both S and L variants, indicating
that the substrate was unable to enter the cell envelope and
that PLA is not exposed. When the cells were sonicated, the H.
pylori OMPLA activity could be detected only in the presence
of Ca®*. Further measurements indicate that the OMPLA-
catalyzed hydrolysis exhibited a pH optimum at ca. pH 7 (data
not shown). The OMPLA activity of 17S (5.81 dpm/pg of
protein, standard deviation [SD] = 0.481), a variant with a high
content of lysophospholipid, is ca. 11 times higher than those
of 17L (0.71 dpm/pg of protein, SD = 0.205) and 17L, (0.42
dpm/pg of protein, SD = 0.140), variants with a low content of
lysophospholipids. Statistical analysis showed that the differ-
ences in PLA activity between 17L or 17L, and 17S was sig-
nificant (P = 0.005) The activity of 17S was fivefold lower
compared to E. coli (data not shown). The activity data con-
firmed our hypothesis that OMPLA is involved in the variation
of membrane phospholipid composition.

Sequencing of pld4 gene. To determine whether the colony
phase variation is due to C-tract length changes in HP0499, the
pldA genes from 171, 17S, 17L,, and 17S; were sequenced. We
found that 17L and 17L, (i.e., normal variants) have a C7 tract

1 2 3 4

FIG. 3. SDS-PAGE and silver staining of H. pylori phase variants.
Lane 1, NCTC 11637; lane 2, 17L; lane 3, 17S; lane 4, 17L..
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FIG. 4. Partial sequences. (A) Partial sequence of the pldA4 gene
from H. pylori phase variants 17L/17S, and 17S/S;. The change in ORF
caused by the slipped-strand mispairing results in the translation of a
truncated or full-length pldA. (B) Partial sequence of the pldA gene
from H. pylori isolates 12/LH, 23/LH, and 25/LH compared to the
colony phase variant 17S, showing that the gene is “on” in all isolates.

that would lead to a truncated PLA. Variants 17S and 17S;
(i.e., lyso variants) have a C8 tract that leads to a full-length
and thus active PLA (Fig. 4). Sequencing of 17L and 17S were
performed directly on the PCR product and after cloning into
a p-GEMT vector; both methods yielded identical results.

The pldA genes from the control strains 12/LH, 23/LH, and
25/LH were also sequenced and found to be “on” (i.e., C8
tract) (Fig. 4).

Construction of a pld4d mutant. To establish the role of
OMPLA in colony morphology variation, HP0499 was mutated
in 17S. The mutant (17SpldA) expressed the L-variant pheno-
type and did not produce detectable amounts of lysophospho-
lipids. The PLA-negative mutant was also tested for phospho-
lipase activity, which was found to be close to background
values. Statistical analysis showed that the differences in PLA
activity between 17S (5.81 dpm/pg of protein, SD = 0.481) and
17S pldA mutant (0.36 dpm/ug of protein, SD = 0.106) was
significant (P = 0.005). This proves that pldA is responsible for
the colony phase variation.

Survival of the variants at low pH. In order to explain the
phase shift from 17L to 17S; on acid medium, the survival of
the variants at low pH was studied. Both 17L and 17S culti-
vated at pH 7.4 gave good growth with the expected colony
morphology. The L variant survived and grew at pH 5. How-
ever, no living bacteria from the aliquot of 10® L-variant bac-
teria exposed to pH 3.5 and replated at pH 7.4 were observed.
The S variant, on the other hand, could survive an acid shock
at pH 3.5 (Fig. 5).

Expression of urease at low pH on the surface of the phase
variants. We finally studied the presence of colony-associated
urease of the S and L variants at pH 5 semiquantitatively. The
colonies from L and S variants grown at pH 5 were identical in
size. Both variants reacted with the anti-urease MAD, but the
reaction was 6.5 times stronger with the S variant than with the
L variant. Statistical analysis showed that the differences in
intensity (int) between 17S (258 int/mm?, SD = 13.6) and 17L
(40 int/mm?, SD = 17.7) was significant (P = 0.005).

H. PYLORI PLA AND ACID ADAPTATION 7337

10 oL
8 oS
26
=
S}
S4
g
2,
#_

Original inoculum After acid exposure
-2

FIG. 5. Survival of H. pylori phase variants after one passage on
blood agar plates at pH 3.5 incubated under microaerobic conditions
at 37°C for 16 h. The bacteria were harvested at pH 3.5, plated onto
blood agar plates (pH 7.4), and then counted after reincubation.

DISCUSSION

Genomic variation has been shown to be an important event
in the interaction between bacteria and their hosts. This has
been demonstrated in several pathogenic systems, including
flagellar phase shift in Salmonella spp. and pilin variation in
Neisseria gonorrhoeae (30). In Shigella sonnei the classically
described variation from a smooth to a rough colony type is
associated with a loss of virulence (39). The rough colony type
is correlated with the loss of both the virulence-associated
plasmid and the LPS side chains.

In the present study we have described a genomic variation
in H. pylori that results in a major change in the bacterial
phospholipid profile. The described phase shift, from L to S,
occurs when the OMPLA becomes expressed in its active form.
A change from C7 (17L and 17L,) to C8 (17S and 17S;) in the
C tract of HP0499 causes a shift in the reading frame of the
gene and results in the production of a full-length and active
OMPLA in 17S (Fig. 4). This was confirmed by measurement
of OMPLA enzyme activity and phospholipid analysis. It has
already been shown by Dorrell et al. (15) that insertional mu-
tagenesis of pld4 had no polar effects. The gene order in our
strain is the same as in the one studied by Dorrell et al. (15;
data not shown). As far as we are aware, phase variation on the
translational level through C tracts has never been shown to
have polar effects.

The human stomach is an environment of fluctuating acidity.
The median luminal pH is ca. 1.4, but there are periods when
this falls to ca. 1.0 or increases to as high as 6.0 (37). The C8
variant, with its rather uncommon phospholipid cell wall com-
position, seems to be better adapted to an acidic environment
than is the C7 variant. To determine whether the C8 variant
could be found in vivo, fresh H. pylori isolates from three
consecutive patients referred to gastroscopy for dyspepsia were
examined. Sequencing of the pld4 gene from these isolates
revealed C8 in the C tract of HP0499. This finding indicates
that the lyso variant is not uncommon in vivo. However, the
relationship between in vivo acid variation, clinical status (ul-
cer disease/nonulcer disease), and the state of the OMPLA
requires a carefully designed epidemiological study.

OMPLA is widespread among gram-negative bacteria, and
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the amino acid sequence is rather well conserved (8). Crystal
structures of the OMPLA enzyme isolated from E. coli have
shown that OMPLA is a serine hydrolase with a unique
Asnl156-His142-Ser144 catalytic triad (13). The C tract of H.
pylori pldA is located in the region between nucleotides encod-
ing for Ser171 and amino acid 221 (H. pylori numbering cor-
responding to E. coli Ser144 and Asn156) (8). Thus, the length
of the C tract decides whether or not the third residue of the
catalytic triad will be formed. Interestingly, the studied 17RH
strain has a glutamine in position 221 and not an asparagine.
Mutation studies in E. coli have confirmed that Asp156, the
third residue of the catalytic triad, is more tolerant to replace-
ments than the essential residues Ser144 and His142, since an
Asn156GIn mutant showed residual activity of ca. 3% (24).
The protein sequence of our studied strain is similar to that
reported for Hp26695 (45), whereas the optimal Asn221 was
found in J99 (1). We observed that the OMPLA activity of 17S
was fivefold lower compared to E. coli, and this finding can
probably be explained by the glutamine in position 221. This
suggests that other H. pylori strains might have a higher
OMPLA activity than the strains studied here.

The presence of proteins homologous to OMPLA in gram-
negative bacteria indicates that its function must be important
for the bacteria (8). However, a clear physiological role for
OMPLA has not been reported to date. The presence of OMPLA
in membranes of other bacterial species is usually not associ-
ated with any detectable hydrolysis of the membrane lipids (9).
Even recombinant strains that overproduce OMPLA do not
show any phenotypic deviation relative to normal producing
strains (21). E. coli OMPLA enzymatic activity is observed only
after perturbation of the membrane by, for example, heat
shock of the cells or by phage-induced lysis (9). The only report
on phenotypic changes in relation to PLA describes envC mu-
tation in E. coli, which leads to the modification of the outer
membrane composition and thereby activation of OMPLA
(43). Here we propose that H. pylori OMPLA is responsible for
the degradation of membrane phospholipids observed in 17S
and probably also for the increased hemolytic activity by re-
lease of lysophospholipids and fatty acids (18). The fatty acids
and lysophospholipids destabilize the membrane bilayer and
may thus facilitate the release of proteins (42). Our data sug-
gest that PLA at pH 5 is involved in the process of urease
release. An active OMPLA will degrade the bacterial cell wall,
resulting either in autolysis or, less dramatically, in production
of a leaky membrane, both circumstances culminating in the
release of urease.

The change from L to S colonies seems to be independent of
the LPS change. Bertram-Drogatz et al. (4) described a similar
phenotypic variation in H. pylori, which these authors ex-
plained as a smooth-rough transition in the LPS. Phase varia-
tion in H. pylori LPS has been previously reported (3). An
on-off switching of glucosyltransferase resulted in variants with
smooth or rough LPS. The 17L variant had a smooth LPS and
the 17S had a rough LPS, whereas after the backswitch from S
to L (L,) the rough LPS was retained. We do not understand
yet why the switch from L to S morphology is always followed
by a shortening of the LPS, but from our results we conclude
that the observed difference in colony morphology cannot be
explained by an LPS variation. It has been suggested that the
LPS O antigen may provide a permeability barrier, reducing
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proton influx and thereby helping to maintain a periplasmic
and intracellular pH within a nonlethal range (28). Hynes et al.,
on the other hand, have studied the influence of LPS compo-
sition on outer membrane permeability and found that it is the
phosphorylation in the lipid A part of the LPS that contributes
most to the permeability barrier (22). In contrast to McGowan
et al. (28), our data show that variants with only core LPS can
live through periods of acid exposure, indicating that survival
at low pH is accomplished by other factors than LPS.

Urease activity is one of the most important factors for the
acid tolerance of H. pylori (46). It has previously been postu-
lated that surface urease might locally elevate the pH of the
gastric microenvironment of H. pylori to allow survival at gas-
tric pH (35). Krishnamurthy et al. have shown that H. pylori
containing only cytoplasmic urease is susceptible to acid and is
thus dependent on surface-localized urease for survival at low
pH (25). Phadnis and coworkers have proposed a mechanism
whereby urease is released as a result of autolysis of a fraction
of bacteria and becomes adsorbed to the surface of the re-
maining intact bacteria (17, 35). Other authors claim that spe-
cific and selective mechanisms, rather than autolysis, are in-
volved in the secretion of H. pylori proteins (12, 36, 51). Scott
et al. proposed, on the other hand, that internal rather than
external urease activity is important for acid protection of the
organism and even for growth in acidic environments (40). We
have previously reported that the switch from L to S type
colony morphology can be induced by cultivating 17L at low
pH (11). Since the phase variation is caused by a spontaneous
DNA slippage which is most likely random, this event can only
be explained by a mechanism of selection at low pH (20). We
found that H. pylori OMPLA has its pH optimum at 7.0. Both
L and S variants were able to grow at pH 5. But minimal
amounts of lysophospholipids were produced, confirming that
the complete and active OMPLA of the S variant had a re-
duced activity at this pH. However, the release of urease from
the S variant at pH 5 was still much more pronounced than
from the L variant. The local neutralization by urease is likely
to be sufficient to give optimal conditions for PLA and thus
restoring the normal activities of the S variant. We found that
L variants survive and grow at pH 5, but not at pH 3.5; at this
low pH, only a few colonies were formed, all with the S-colony
form. This indicates that only the spontaneously formed S
variants have sufficient extracellular urease to survive at this
low pH.

PLA has been proposed as a possible virulence factor for H.
pylori (27, 29, 41). PLA is suggested to play a part in lipid
mucus degradation and the hydrolysis of the gastric mucosal
phospholipids, causing mucosal damage (41). One could also
envisage the involvement of OMPLA in pathogenesis by the
degradation of the host cell. Dorrell et al. have reported that
mice inoculated with an H. pylori pldA mutant showed no
colonization at either 2 or 8 weeks postinfection, suggesting
that the OMPLA is required for growth of the bacteria in their
natural environment (15). Thus, the data presented here may
explain how phase variation in pld4 contributes to acid adap-
tation.
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