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Biological Effect of Metronidazole Resistance in Helicobacter pylori
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Resistance to metronidazole, a key component of therapies against Helicobacter pylori, is common in
clinical isolates. Resistance generally requires inactivation of rdxA (HP0954), and sometimes also frxA
(HP0642), two related nitroreductase genes. Here we studied the effect of resistance to metronidazole
on fitness of the gastric pathogen H. pylori. The effect of metronidazole resistance for H. pylori in cul-
ture was assessed first by looking at colonies formed by freshly constructed mutant derivatives of
H. pylori strain 26695. Mutations resulting in metronidazole resistance caused premature death of H.
pylori in stationary phase, but had no significant effect on early exponential growth. The effect of ni-
troreductase deficiencies on fitness in vivo was tested by infecting C57BL/6 mice with 1:1 mixtures
of 551 wild type and its isogenic metronidazole resistant derivatives. Inactivation of rdxA caused an
inability to colonize mice in SS1 H. pylori strain. Derivatives of a metronidazole resistant strain that
survived better in stationary phase, although remaining metronidazole resistant, could again colonize
mice. In conclusion, metronidazole resistance diminishes H. pylori’s fitness, but their costs can be sup-
pressed by additional mutation.
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The development and widespread use of many potent
new antibiotics in human medicine and agriculture during
the last half century has led to very frequent resistance to
these agents among pathogens, and thus marked decreases
in their effectiveness in treating infectious disease [1,2]. It
is believed or hoped, however, that such acquired re-
sistances diminish the vigor of bacterial growth (fitness) in
antibiotic-free environments, such that resistant strains
would decrease in abundance as less important uses of an-
tibiotics are curtailed. Several studies with enteric bacteria
have shown that laboratory induced resistance mutations
or genes cloned from naturally occurring R factor plasmids
or transposons are indeed deleterious, although compen-
sating mutations that restore normal fitness were easily se-
lected [34].

Here we study the cost of metronidazole resistance
(Mtz") to Helicobacter pylori, a gastric pathogen that colo-
nizes more than half of all people worldwide, and that is
the major cause of peptic ulcer disease and an early risk

factor for gastric cancer. Metronidazole (Mtz) is a key com-
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ponent of one of the important combination therapies used
against this pathogen, but resistance is widespread, rang-
ing from 10-20% of strains in US populations to more than
50% in many developing countries [6,12,13]. Most people
with Mtz H. pylori have never been treated for their H.
pylori infections; rather, the Mtz" H. pylori they carry are
may reflect frequent Mtz usage against various parasitic
and anaerobic infections, typically in doses that may in-
duce and select for resistance in H. pylori, but that are not
sufficient to eradicate sensitive strains [11].

Tests of H. pylori strains from many parts of the world
have shown that clinically significant Mtz" depends on in-
activation of a normal chromosomal gene, rdxA (HP0954),
which encodes an oxygen insensitive NADPH nitro-
reductase [8]. In metronidazole susceptible (Mtz) cells, this
enzyme mediates conversion of Mtz from harmless pro-
drug to bacteriocidal agent, although its normal role for H.
pylori (e.g., nutrition or detoxification) is not known. A ho-
molog of rdxA, the frxA gene (HP0642) also has the poten-
tial to cause Mtzs, but in most strains it is rather little tran-
scribed, and its inactivation increases the level of Mtz that
resistant strains will tolerate, but has little if any effect on

the intrinsic ability of rdxA+ cells to tolerate very low levels
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of Mtz [7,8,9,14]. Although rdxA and frxA can not be essen-
tial for viability, it has been tempting to imagine that Mtz",
the result of they contribute to bacterial vigor, at least un-
der certain circumstances.

Here we report studies in culture and in animal model
that show that nitroreductase gene mutations that confer
Mtz" contribute significantly to bacterial fitness.

Material and Methods

Bacterial strains and culture conditions

The H. pylori strains 26695 and SS51 used here were ob-
tained from Douglas Berg. These strains were grown on
brain-heart infusion agar (BHL Difco) supplemented with
7% horse blood, 0.4% Isovitalex and the antibiotics ampho-
tericin B (8 ug/ml), trimethoprim (5 ug/ml), vancomycin
{6 ug/ml) (referred to here as agar medium), and with Mtz
when needed at a concentration appropriate for the
experiment. The plates were incubated at 37C under mi-
croaerobic conditions (5% Oy, 10% COy, 85% N). H. pylori
transformation (electroporation) was carried out as de-
scribed [15].

E. coli DH5a was grown on Luria-Bertani (LB) medium.
The small multicopy plasmid vector pBluescript SK- (here
designated pBS) was used as a cloning vector, and cells
carrying it were selected on medium with 50 ug/ml

ampicillin.

Determination of Mtz sensitivity and resistance

Frozen bacterial cultures were streaked onto Mtz-free
agar medium and incubated for three days, and cells from
these plates were spread on fresh Mtz-free medium and
incubated for one day. The resulting young exponentially
growing cells were suspended in PBS buffer; a series of
10-fold dilutions of these suspensions was then prepared,
and 10 ul of each dilution was spotted on freshly prepared
agar medium containing appropriate concentration of Mtz.
{variously, 0, 0.2, 0.5, 1.5, 3, 8,16, 32, or 64 ug/ml, as ap-
propriate).

Construction of Mtz" mutant strains

A 111 bp in-frame deletion in rdxA (rdxA A111) was en-
gineered as follows. A 1343 bp PCR product was generated
by amplification of 26695 genomic DNA with oligonucleo-
tide primers specific for genes that flank rdxA (primers
rdxA-F1 "5-CGGACTCATGGAATTGCTCCAT", downstream

of rdxA, and rdxA-R1 "5’-GGCAAATCATAGGCATTATGGIG",
upstream of rdxA), and cloned into the EcoRV site of pBS. A
second PCR was carried out on a pBS-rdxA clone with outward
facing primers containing Xbal sites near their 5 ends (rdxA-F2
"5’ -GTCATCTAGACCTGGCGATTTCAGCGATTTCT" and
rdxA-R2 "5 -GTCATCTAGAAGCGCTTCAGCGTTAATGGIGGT).
Xbal digestion of the linear PCR product, ligation, recovery
in DHb5a, transformation into H. pylori with selection for
Mtz® (3 or 8 ug/mi).

Mono culture

Wild-type Mtz® and Mtz® cells were incubated in BHI
agar plates under microaerobic condition separately. All
experiments were performed in the absence of Mitz.
Bacterial cells were taken at each time point and sus-
pended with PBS buffer. Same amounts of cells (ODgp=1)
were spotted on BHI plates by serial 10-fold dilution for

survival bacterial titer.

Mixed culture

First, frozen bacterial strains were streaked onto BHI
blood agar plates (supplements with 8 ug/ml Mtz in the
case of Mtz" strain) and incubated three days. Colonies
were inoculated into fresh agar without supplemental anti-
biotic for any of the strains. These cultures were incubated
for 48 hours prior to the actual start of the competition
experiment. Wide type Mtz and Mtz mutant were col-
lected from the plate and resuspended with PBS buffer.
Same amounts of cells were mixed [input ratio of 1:1, Mtz"
mutant to Mtz® wild type]. The mixture was grown on sol-
id medium, and aliquots were removed daily to assess the
ratio of the two types. PCR using the mixed cell pop-
ulation was performed with primers that flank the site of
deletion in rdxA.

Mouse colonization

Mouse colonization assays were performed essentially
as described previously [16]. Briefly, H. pylori wild type
and mutant were started from freezer stocks and were
grown on BHI agar plates with 7% horse blood separately.
After 48 hours, the cells were harvested in PBS buffer, the
concentration was adjusted according to the OD at 600nm.
The animals were orogastrically inoculated twice (day 0
and 2) with 200 ul of an H. pylori cell suspension of 1x10°
CFU/ml in PBS through a feeding needle. After 4 weeks,
the mice were sacrificed and the stomachs were removed



and extracted DNA with Qiagin Tissue Kit according to
manufacture’s protocol. To assess the ratio of the two

types, PCR was performed with primers that flank the site
of deletion in rdxA.

Results

Construction of defined rdxA (Mtz") mutant strains

To test whether the loss of rdxA function, which is re-
sponsible for a Mtz" phenotype, affects bacterial growth
we generated a 111 bp in-frame deletion in rdxA in 26695,
an H. pylori strain whose genome was fully sequenced [17],
and also in a strain SS1. This entailed generating a deletion
by PCR in a cloned rdxA gene, and then DNA trans-
formation and selection for Mtz" (see Fig, 3; Materials and
Methods). Transformants resistant to metronidazole (8
ug/ml) were obtained at normal frequencies (~10" per
CFU), and their haploid mutant structure was verified by
PCR. These Mtz mutant transformants also grew well on
medium with 16 ug/ml, but not 32 ug/ml of Mtz. This
phenotype will be designated 16R.

In vitro fitness of Mtz" strains

The fitness of isogenic Mtz" (16R) and Mtz® parental
(WT) cells was monitored in several ways. First, the
changes in optical density with time during exponential
growth were monitored to assess fitness in liquid culture.
Fig. 1 shows that the Mtz" mutant grew as well as Mtz
(wild type) parent. The effect of Mtz" on fitness was
monitored further by scoring viability in stationary as well
as exponential growth phases. Fig. 2A shows that the Mtz"
(16R) derivative of 26695 dies prematurely in stationary
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Fig. 1. Exponential growth analysis of Mtz" and Mtz® H. pylo-
7i strains.

phase, relative to its wild type parent. In contrast, the Mtz®
mutant transformant was just as viable as its Mtz® parent
during the first two days of incubation (exponential
growth).

Two other 26695 derivatives with different Mtz® pheno-
types were also tested: {i) a derivative containing base sub-
stitution mutation of rdxA that resulted in mild Mtz" phe-
notypes (resistant to 3 ug/ml, but not 8 ug/ml; designated
3R}, and (i) an uncharacterized spontaneous mutant de-
rivative of rdxA-deletion strain (16R) that is resistant to a
much higher level of Mtz (>64 rather than just 16 ug/ml;
designated 64R); this hyper-resistance mutation occurs at
an as yet unmapped locus, outside the rdxA gene. Fig. 2A
shows that the fitness of the 3R derivatives of 26695 are in-
termediate between those of wild type (Mtzs) and the 16R
mutant, and that the hyper-resistant strain (64R; containing
rdxA deletion plus a resistance enhancing mutation) is

B 10
9
8_
= 7r
E
2 °
S 5F
g 4
o
31 —e-16Rsur \
2t —a—WT
1% —a— 16R
0 1 . L L L . )
0 1 2 3 4 5 6

Growth (days)

Fig. 2. Growth of H. pylori strains. (A) effect of various Mtz* H. pylori mutants, (B) effect of sur mutant,
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even less fit than the 16R mutant strain.

Mutation that compensates for decreased fitness
caused by Mtz"

A spontaneous derivative of the Mtz" strain that sur-
vives well in stationary phase was found by screening sut-
vivors of the 16R (26695) strain after six days of growth as
in Fig. 2A. Three of six such survivors tested exhibited
markedly improved survival in stationary phase (designated
"sur" mutants). Further tests with one representative "sur"
mutant showed that it actually survived better than wild
type in stationary phase (Fig. 2B), although it retained its
16R (32S) phenotype.

The possibility of complementing the premature death
of Mtz® cells in stationary phase by co-culture with
isogenic Mtz (wild type) was tested by (i) growth well into
stationary phase, (ii) subculture at various times on fresh
plates, (iii) re-growth and further subculture. Aliquots
from these mixed cultures were taken each day, and the
frequencies of Mtz® and Mtz’ types were estimated by
PCR. Fig. 3A shows results of representative competition
experiments [input ratio of 1:1, Mtz mutant to Mtz® wild
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Fig. 3. Fitness of Mtz* mutant in mixed culture with wild-
type Mtz® strain. Bacterial cell were grown into sta-
tionary phase and then subculture at various times on
fresh plates and re-growth and re-subculture. Aliquots
from these mixed cultures were taken each day, and
the frequencies of wild type and Mtz® mutant were es-
timated by PCR.

rdxAp111

type]. The constant ratio of the two diagnostic fragments
throughout the growth period shows that the Mtz® mutant
(lower band) and Mtz® parent (upper band) grow equally
well in exponential phase. In contrast, the subculturing af-
ter 6 days growth led to preferential outgrowth of the wild
type (Fig. 3A). This result shows again Mtz" H. pylori cells
die prematurely in stationary phase, and that their defi-
ciency cannot be compensated by co-growth with wild
type H. pylori. Spontaneous mutant derivatives of Mtz"
strains (designated "sur" mutants) that survive well in sta-
tionary phase were found by screening survivors after six
days of growth. These sur strains actually survived better
than wild type in stationary phase (Fig. 2B and 3B).

Fitness of Mtz" H. pylori strains during infection
of the experimental animal

Introduction of an rdxA in~frame deletion into the
mouse colonizing strain 5S1 also resulted in a premature
stationary phase death phenotype, and did not affect ex-
ponential growth or viability of young cultures, as ex-
pected based on analyses with strain 26695; compensatory
mutations that markedly enhanced stationary phase sur-
vival were also easily obtained (data equivalent to those in
Fig. 2 and 3).

The effect of inactivation of 7dxA on mouse colonization
was tested by infecting C57BL/6 mice with a 1:1 mixture
of the Mtz" mutant and a isogenic wild type strain. Mixed
infections by S51-16R and its SS1 wild type parent resulted
in colonization only by wild type, not by SS1-16R (Fig.
4A). In contrast, mixed infection involving a sur mutant

mixed infection (1:1)

WT vs. 16R-sur

Fig. 4. Fitness of Mtz" strains during infection of C57BL/6
mice. H. pylori wild type and mutants were mixed and
inoculated of C57BL/6 mice. After 4 weeks, infected
bacterial cells were recovered from mouse stomach
and bacterial DNA were prepared and tested by PCR.



derivative of SS1-16R and its wild type parent resulted in
establishment of each strain in an apparently balanced
mixed infection (Fig. 4B)

Discussion

The present experiments have shown (i) that Mtz"
(rdxA) mutant strains of H. pylori die prematurely in sta-
tionary phase cultures, relative to isogenic Mtz* wild type
strains; (i) that the severity of this premature death de-
pends on the level of Mtz"; and (iii) that the premature
death of Mtz" strains can be compensated, and indeed
overcompensated, by mutation another as yet un-
characterized gene. We propose that this decreased fitness
of Mtz" H. pylori in culture could be due to accumulation
in stationary phase of metabolites that are toxic, but that
in Mtz cells are detoxified by their more complete com-
plement of nitroreductases.

In terms of the human condition, many of the putatively
Mtz" H. pylori infections in socieities in which Mtz" is com-
monplace (e.g., Latin America, Eastern Europe) are actually
mixed, and often contain many Mtz’ H. pylori and fewer
Mtz" H. pylori cells. The two strain types in these mixed
infections are often very closely related, differing only by
point mutations in the rdxA gene [7,10]. This abundance of
mixed infections was attributed to frequent use of Mtz for
diverse other infections in these societies, typically at doses
or in drug combinations that may be sufficient to induce
and select for Mtz", but usually not sufficient to eradicate
this organism. The demonstration here that Mtz" cells are
less fit than Mtz" cells in Mtz-free culture supports this
interpretation.

Another indication of possibly decreased fitness of Miz"
in vivo comes from a report of Mtz" H. pylori being rela-
tively more common in benign infections and Mtz® H. pylo-
ri being more common in infections associated with overt
disease [5]. This could be explained if Mtz® strains grew
less vigorously in vivo, achieved lower titers in the gastric
mucosa, and thereby caused less damage to host tissue di-
rectly (e.g, via toxins) or indirectly (e.g., by exciting in-
flammatory responses). It could also be explained if Mtz"
strains were generally less resistant than Mtz® strains to
bacteriocidal substances produced during inflammation,
which is generally more severe in the more virulent
infections.
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