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Oxygen plays a critical role in the life of many
microorganisms. Its high redox potential and ubiquity
make it a very common electron acceptor in cellular
metabolism. At the same time many products or by-
products of oxygen reactions are toxic, and organisms
have developed complex resistance mechanisms against
them. Criteria on the requirement, use, and need for
oxygen, as well as resistance to reactive oxygen species
(ROS), have been employed to classify microorganisms
into five major groups [1]. These are: 1, strict aerobes that
need high O, tensions (pO,) for growth, and grow and
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Abstract

Background: There is no general consensus about the specific oxygen and
carbon dioxide requirements of the human pathogen Helicobacter pylori. This
bacterium is considered a microaerophile and consequently, it is grown under
atmospheres at oxygen tensions 5-19% and carbon dioxide tensions 5-10%,
both for clinical and basic and applied research purposes. The current study
compared the growth of H. pylori in vitro, under various gas atmospheres, and
determined some specific changes in the physiology of bacteria grown under
different oxygen partial pressures.

Methods: Measurements of bacterial growth under various conditions were
carried out employing classical solid and liquid culture techniques. Enzymatic
activities were measured using spectrophotometric assays.

Results: H. pylori and all the other Helicobacter spp. tested had an absolute
requirement for elevated carbon dioxide concentrations in the growth
atmosphere. In contrast with other Helicobacter spp., H.pylori can tolerate
elevated oxygen tensions when grown at high bacterial concentrations. Under
5% CO,, the bacterium showed similar growth in liquid cultures under oxygen
tensions from microaerobic (< 5%) to fully aerobic (21 %) at cell densities higher
than 5 x 10° cfu/ml for media supplemented with horse serum and 5 x 107 cfu/
ml for media supplemented with B-cyclodextrin. Evidence that changes
occurred in the physiology of H. pylori was obtained by comparing the activities
of ferredoxin:NADH (nicotinamide adenine dinucleotide) oxidoreductases of
bacteria grown under microaerobic and aerobic atmospheres.

Conclusions: H. pylori is a capnophile able to grow equally well in vitro under
microaerobic or aerobic conditions at high bacterial concentrations, and
behaved like oxygen-sensitive microaerophiles at low cell densities. Some
characteristics of H. pylori cells grown in vitro under microaerobic conditions
appeared to mimic better the physiology of organisms grown in their natural
niche in the human stomach.

proliferate at pO, of 21%, e.g., some Bacillus spp.; 2,
microaerophiles that need O, for growth but are sensitive
to atmospheric oxygen tensions, and grow best at pO,
of 5-10%, e.g., some Campylobacter spp.; 3, facultative
anaerobes that use and tolerate O, but can grow without
oxygen, e.g.,
anaerobes that do not use O,, but tolerate it owing to

some Enterobacteria; 4, aerotolerant
resistance mechanisms to ROS, e.g., some lactic bacteria;
and 5, strict anaerobes that do not use O,, are unable to
survive long exposures to oxygen, and grow only at a
pO, < 0.5-2%, e.g., Clostridium spp.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd, Helicobacter 11: 296-303



Bury-Moné et al.

Microorganisms such as Neisseria spp. that need an
atmosphere with an elevated carbon dioxide partial pres-
sure of 5-10% for growth are defined as capnophilic or
capneic. Microaerophilic microorganisms are generally
capnophilic and their sensitivity to high pO, is caused by
oxygen-dependent inactivation of some vital cellular com-
ponents such as enzymes involved in redox reactions [2].

Microaerophiles are widely spread in the environment
and in living hosts and present a broad metabolic diversity.
It is possible to group them into three categories: 1, obli-
gate microaerophiles that require low oxygen tensions for
growth, such as some deep-sea marine bacteria; 2, micro-
aerophiles that can grow aerobically only under certain
conditions, such as the nitrogen-fixing bacteria Azospirillum
Spp. or Rhizobium spp.; and 3, facultative microaerophiles
that have anaerobic metabolism and phenotype but can
grow at low pO,, such as sulfur-reducing bacteria [3] and
some anaerobic phototrophes [4]. Some obligate micro-
aerophiles live at the limit between oxic and anoxic
environments, because they use O, as an electron acceptor
and products of anaerobic metabolism as electron donors,
for example, aquatic chemolithotroph and chemoorgano-
troph bacteria such as Gallionella ferruginea and Aquaspirillum
magnetotacticum, respectively [1,2]. Microaerophiles are
found also among pathogenic microorganisms including
protozoans such as Treponema pallidum, Plasmodium
falciparum, Giardia spp., and bacteria such as Borrelia spp.,
Campylobacter spp. and Helicobacter spp. [2,5,6]. An impor-
tant step to combat these infections is to understand their
physiology.

The Gram-negative bacterium Helicobacter pylori colon-
izes the human stomach and its presence is associated
with the development of gastritis, ulcers, and gastric can-
cers. Since its discovery in 1983 [7], it has been considered
a microaerophilic microorganism [6].

The sensitivity of H. pylori to oxygen has been reported
in a number of studies and has been debated for consider-
able time [8,9]. The bacterium is equipped against oxida-
tive stress with enzymes such as superoxide dismutase,
peroxidases, and a highly active catalase [10,11]. At the
same time, published data suggest that H. pylori may not be
too sensitive to high pO,. In several laboratories H. pylori
strains are grown in regular 5-10% CO,-air incubators, in
atmospheres containing between 19 and 20% O, [12-15].
The bacterial viability of H. pylori cocultured with macro-
phages in a CO,-air incubator was not affected after 24 h
incubation [16]. Similarly, there are several reports of
H. pylori strains cultivated under or adapted to high oxy-
gen tensions [8,9,17-21].

Analyses of H. pylori enzymes and metabolic pathways
reveal interesting relations between H. pylori and oxygen
tolerance. The susceptibility to metronidazole, the pres-
ence of fumarate reductase, menaquinones, POR, and
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OOR oxoacid:acceptor oxidoreductases, a terminal cbb;-
type cytochrome ¢ oxidase, as well as an unusual citric acid
cycle, point to aspects of the physiology of H. pylori that are
in common with organisms of reduced tolerance for
oxygen. Also, the bacterium can readily modulate the
expression of oxygen-resistance factors as a compensatory
response to the loss of a major oxidative-stress resistance
component [22].

H. pylori is susceptible to metronidazole, an antibiotic
active against anaerobic microorganisms. This suscep-
tibility is associated with an NADPH nitroreductase
(RdxA) and NAD(P)H:flavin oxidoreductase (FrxA) [23—
25], suggesting mechanisms different from those described
in anaerobes. The fact that H. pylori is not able to grow
under anoxic conditions ([26,27] and our unpublished
observations) even in the presence of additional fumarate
[28] suggests that anaerobic respiration and fermentation
are not sufficient to support the growth of the bacterium
despite of its active fumarate reductase [29]. The POR
and OOR oxidoreductases are oxygen-sensitive essential
enzymes of H. pylori that usually are found in anaerobic
metabolism, but able to function under oxic conditions
provided they have sufficient protection from ROS [30].
The cbb,-type cytochrome ¢ oxidase of H. pylori belongs to
a family of terminal oxidases often associated with micro-
aerophilic bacteria. However, the affinity of the H. pylori
enzyme (K,, = 0.4 pmol/l) for O, is significantly lower [31]
than that of bacteria requiring microoxic conditions that
have K, in the nanomolar range [1,11,32]. Previous data
confirmed that the citric acid cycle of H. pylori is atypical
and may function oxidatively like that of Escherichia coli
under oxic conditions [33].

The present study addresses the status of H. pylori as a
microaerophile by comparing the growth of several strains
in various media under microoxic and oxic atmospheres
enriched with CO,, and by measuring the kinetics of
NADH (nicotinamide adenine dinucleotide):ferredoxin
oxidoreductase of bacteria grown under the same micro-
oxic and oxic atmospheres.

Methods

Materials

Blood Agar Base no. 2, defibrinated horse blood, and brain
heart infusion (BHI) broth were from Oxoid (Heilder-
berg, Victoria, Australia), and vancomycin from Eli Lilly
(North Ryde, NSW, Australia). Gas generating Campigen
and CO,Gen packs were from Oxoid. Polymyxin B,
trimethoprim, amphotericin, bovine serum albumin, -
cyclodextrin, NADH, and spinach ferredoxin were
purchased from Sigma (St Louis, MO, USA). All other
reagents were of analytical grade.
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Table 1 The different atmospheres employed in this study

Atmospheric condition® %0, % CO,
atm.1 20-19 5-10
atm.2 6 10
atm.3 15 6
atm.4 21 5
atm.5 5 5

“The gas balance was achieved using N, gas.

Bacterial Strains and Growth Conditions

H. pylori strains 26695, J99, N6, NCTC 11639, and SS1,
and low-passage isolates BLE 107, LC 11, and LC 20 from
patients with gastritis are from the University of NSW
culture collection, and CAS 015, HER 126, and RIG 117
from the Université Bordeaux II collection, were grown at
37 °C under the following atmospheres: atm.1: 5 or 10%
CO, in air, in regular CO, incubators; atm.2: 10% CO,, 6% O,,
in jars with gas generating Campigen packs (Oxoid,
Thebarton, Australia); atm.3: 6% CO,, 15% O, in jars with
gas generating CO,Gen packs; atm.4: 5% CO,, 21% O, ina
Sanyo Tri-Carb incubator (Quantum Scientific, Paddington,
Australia); or atm.5: 5% CO,, 5% O, in a Sanyo Tri-Carb
incubator (Table 1). The low-passage isolates used in this work
have been grown always under microaerobic conditions.
Some cultures of the laboratory adapted strains have been
grown always under microaerobic conditions, and some
under both aerobic and microaerobic atmospheres.

The H. pylori strains mentioned above as well as Helico-
bacter bilis strain ATCC 51630 and Helicobacter hepaticus
strain ATCC 51449 were grown under microaerobic or
aerobic atmospheres on plates for 24 h at 37 °C on Campylo-
bacter Selective Agar consisting of Blood Agar Base no. 2,
containing 5% defibrinated horse blood, 5 pg/l vancomycin,
2.5 IU/ml; polymyxin B, 2.5 ug/l; trimethoprim, and 2 g/l
amphotericin.

For growth experiments in liquid cultures, bacterial cells
were harvested from plates and inoculated into BHI broth
supplemented with either 0.2% pB-cyclodextrin [34] or
10% horse serum [12]. The growth media were dispensed
on shallow layers in vented culture flasks and allowed to
equilibrate with the appropriate atmosphere by gentle
shaking overnight. Bacterial growth in cultures shaken
gently was determined at different time points up to
60 hours by either measuring the optical density of the cell
suspensions at 600 nm, or counting the number of colony
forming units (cfu/ml) by the method of Miles and Misra
[35]. Bacteria were grown also in 24-well cell-culture
plates with cultures separated into two compartments
using Nunc 25 mm transwell inserts with 0.2 um anapore
membranes (Medos, Mt Waverley, Victoria, Australia).
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Enzyme Assays

The kinetics of NADH:ferredoxin oxidoreductase for
several strains were determined in cell-free extracts by
measuring spectrophotometrically at 340 nm and 25 °C
the rates of decrease of NADH levels in the presence
of ferredoxin. The assay mixture consisted of Tris-HCI
(20 mmol/l, pH 7.4), 0.15 mmol/l NADH, and ferredoxin
at concentrations between 2.2 and 130 pug/ml. The method
was validated by establishing that no oxidation of NADH
took place in the absence of cell-free extracts. NADH
oxidation was observed in suspensions of extracts in the
absence of ferredoxin. Ferredoxin oxidoreductase rates
were calculated for each sample by subtracting the rate of
NADH oxidation in the absence of ferredoxin from the
value measured in the presence of ferredoxin.

Protein Assays

Protein concentrations were determined by the
bicinchoninic acid method based on a microtitre plate
protocol (Pierce Chemical Co., IL, USA) using bovine
serum albumin as a standard.

Results

Five strains and six isolates of H. pylori showed similar
growth on blood agar plates after 24 h incubation under
the aerobic and microaerobic conditions atm.1 and atm.2,
respectively (Table 1). In contrast, H. bilis and H. hepaticus
grew only under microaerobic conditions (data not
shown). H. pylori strains and isolates were grown at 37 °C
in BHI broth supplemented with 10% horse serum under
conditions atm.4 and atm.5. Bacterial growth in the
cultures was determined at 0, 4, 8, 12, 18, and 24 hours by
counting the number of cfus at each time point. The strains
and isolates grew similarly under both atmospheres; and in
the absence of CO, no growth was observed under the
same oxygen tensions (data not shown). The experiments
were repeated three times with qualitatively the same
results. Figure 1 shows the data corresponding to one such
experiment for strains J99, LC11, and LC20.

H. pylori strains 26695, SS1, and N6 were grown at 37 °C
in BHI liquid medium supplemented with 0.2% B-cyclo-
dextrin in jars under the conditions atm.2 and atm.3. Cell
growth in the cultures was determined at 0, 5, 10, 15, 24,
and 50 h, by measuring the optical density of the cell sus-
pensions at 600 nm. The experiments were repeated at
least three times with independent cell cultures. Similar
growth curves were obtained for each strain under the two
different atmospheres when cultures were inoculated at
high density (0.1-0.2 OD at 600 nm, approximately to
5 % 107-10® cfu/ml) (Fig. 2). The cells from cultures under
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Figure 1 Growth curves of H. pylori J99 strainand LC11 and LC20 clinical isolates cultured under microaerophilic or aerobic atmospheres with CO, in liquid
medium supplemented with horse serum.

Bacteria were incubated at 37 °C in BHI broth with 10% horse serum in a Sanyo Tri-Carb incubator under aerobic (5% CO,, 21% O,) and microaerobic
conditions (5% CO,, 5% O,) as described in the Material and Methods section.
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Figure 2 Growth curves of H. pylori laboratory strains SS1, 26695, and N6 cultured under microaerophilic or aerobic atmospheres with CO, in liquid
medium supplemented with B-cyclodextrin.

Strains were cultivated at neutral pH in BHI liquid medium containing 0.2% B-cyclodextrin. The inoculums of the cultures were started at 0.1-0.2 OD at
600 nm (corresponding to approximately to 5 x 10’=108 cfu/ml). The microaerophilic atmosphere was generated with Campigen gas packs (10% CO,, 7%
0,). The aerobic atmosphere with CO, was generated with CO,Gen gas packs (6% CO,, 15% O,). Errors are shown as standard deviations of the
measurements. Curves are representative of five experiments for SS1, three experiments for 26695 and two experiments for N6.

different atmospheres did not show differences in the
bacterial morphology or in the evolution towards coccoid

The growth of H. pylori strain 26695 at lower cell densi-
ties was investigated in BHI broth cultures supplemented

forms as determined by optic or electron microscopy. Strain
26695 was grown also in BHI medium adjusted to pH 5 under
the conditions atm.2 and atm.3, and comparable growth
was observed under both conditions (data not shown).
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with 0.2% B-cyclodextrin. Cultures were inoculated to cell
densities of approximately 107 cfu/ml (0.03 OD at 600 nm
in this medium), and grown under the conditions atm.2
and atm.3. The bacteria grew well microaerobically but did
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Time (hours)

not grow under aerobic conditions (Fig. 3). In media sup-
plemented with 10% horse serum instead of 0.2% j-
cyclodextrin, bacterial cells grew under the atm.1 aerobic
conditions at cells densities of approximately 5 x 10° cfu/
ml but were unable to grow under this atmosphere at
lower densities (data not shown).

To identify potential factors involved in producing the
bactericidal effects observed under aerobic conditions,
H. pylori cells were grown in two compartments in liquid
contact separated by a membrane that stopped bacteria
moving between them. The compartments were culture
inserts placed into wells, and the membrane allowed the
exchange between them of metabolites, chemical com-
pounds, and macromolecules. Suspensions of bacteria at
densities of 10% and 10° cfu/ml were inoculated in the
inner and outer compartments, respectively. Independent
control cultures were carried out at both bacterial
densities. Cells grew well under the microaerobic atm.5
conditions in all compartments and cultures. Under the
aerobic atm.1 conditions, bacteria grew well in the com-
partments and cultures with high bacterial densities, but
did not grow in the compartments and cultures with low
bacterial densities.

To circumvent potential artifacts owing to the presence
of membranes separating the cultures, H. pylori was grown
in broth constituted by adding fresh nutrients to media in
which bacteria had already been grown. Cells grown
under the atm.1 conditions for 48 hours at densities of 10%
cfu/ml in BHI with 10% horse serum were removed from
the media by centrifuging the cultures, collecting the
supernatant, and filtering it through a 0.22 um membrane.
The cell-free supernatant was supplemented with fresh
media (3: 1, v/v) constituted at four times the normal con-
centration, such that the final concentration of nutrients
was at least equal to that of standard cultures. Bacteria
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Figure 3 Growth curves of H. pylori strain
26695 cultured under microaerophilic or
aerobic atmospheres with CO, in liquid
medium supplemented with -cyclodextrin.
Bacteria were cultivated at neutral pH in BHI
liquid medium containing 0.2% B-cyclodextrin.
The inoculums of the cultures were started at
0.03-0.035 OD at 600 nm (corresponding to
approximately to 107 cfu/ml). The microaerophilic
atmosphere was generated with Campigen
gas packs (10% CO,, 7% O,). The aerobic
atmosphere with CO, was generated with
CO,Gen gas packs (6% CO,, 15% O,). Errors are
shown as standard deviations of the
measurements.

were inoculated into this “recycled media” at densities of
10 or 10® cfu/ml and grown under the microaerobic atm.5
or aerobic atm.1 conditions. To control for potential arti-
facts arising from employing used media, bacteria were
grown also in media constituted in a similar way as the
“recycled media”, but in which the fraction corresponding
to cell-free supernatants was substituted by fresh media.
Cells grew in all cultures incubated under microaerobic
conditions and the recycled media did not have any effect
on growth. Under aerobic conditions, bacteria grew at high
density cell cultures, and did not grow at low cell density
cultures.

To investigate potential effects on the physiology of
H. pylori grown aerobically or microaerobically, the
reduction of ferredoxin by bacteria grown under both con-
ditions was measured. For strains 26695, J99, N6, NCTC
11639, and SS1, and low-passage isolates CAS 015, HER
126, RIG 117, LC11, and LC20, reduction of ferredoxin in
the presence of NADH was observed in extracts from cells
grown under microaerobic condition atm.5, but not from
cells grown under the high oxygen levels of conditions,
atm.1l or atm.4. The K, measured for the NADH:ferre-
doxin oxidoreductases of various H. pylori strains and iso-
lates is given in Table 2.

Discussion

Microaerophilic microorganisms have oxygen-dependent
growth, but under aerobic conditions cannot grow, or
grow very poorly. The existence of microaerophiles has
been known for some time, but the study of their specific
characteristics has been neglected owing to the inclination
to regard them as aerobes, facultative anaerobes, or
aerotolerant anaerobes. This lack of understanding of the
fundamental properties that define microaerophily has left
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Table 2 Michaelis constant (K, of ferredoxin reduction by NADH in
H. pylori cytosolic fractions measured at 340 nm

Measurements (n=3) were carried at 25°C and in Tris-HCl (20 mmol/l,
pH 7.4) buffer and 0.15 mmol/l NADH concentration

Growth condition

H. pylori strain Aerobic Microaerobic

26695 No activity 14.6 £ 1.6 ug/ml
199 No activity 28.9+2.8 pug/ml
LC20 No activity 1.6+ 0.3 pg/ml
NCTC 11639 No activity 4.6+1.0 pg/ml

significant gaps in our knowledge of microorganisms that
have widespread habitats and are important in several
scientific and technological fields.

Examples of microearophiles include pathogenic bacte-
ria such as
Treponema; and parasites such as Entamoeba, Giardia, Plas-

Campylobacter, Borrelia, Helicobacter, and

modium, and Trichomonas. Understanding their physiology
is important to combat these infections, since redox mech-
anisms are employed by bacteria to protect themselves
against oxidative host responses, and many antibiotics act
by producing toxic redox products.

The conditions employed to grow in vitro the human
pathogen H. pylori vary significantly between laboratories.
There is no general consensus about the specific oxygen
and carbon dioxide requirements of the organism. The
bacterium is considered a microaerophile and, conse-
quently, it is grown under atmospheres at oxygen tensions
5-19% and carbon dioxide tensions 5-10%, both for clin-
ical, and basic and applied research purposes. To examine
the microaerophilic requirements of H. pylori, growth
experiments with laboratory strains and low passage isolates
were conducted under controlled conditions. The results
indicated that the bacterium is a capnophile that had an
absolute requirement for elevated carbon dioxide concen-
trations. At cells densities at and above 5 x 107 cfu/ml for
media supplemented with B-cyclodextrin, and cells densi-
ties at and above 5 x 10° cfu/ml for media supplemented
with horse serum, H. pylori grew similarly in liquid cultures
under oxygen tensions ranging from microoxic (5%) to
fully aerobic (21%). At lower cell densities, it grew micro-
aerobically but not under aerobic conditions. The data sug-
gested that H. pylori is a microaerophile that can grow under
aerobic atmospheres at high cell densities, probably by
modulating the oxygen concentration in the liquid cultures.

This conclusion is similar to the interpretation given by
Henriksen et al. to the results of their study on the effects
of atmospheric conditions on the growth of H. pylori on
plates [9]. The study concluded that in atmospheres at
10% CO,, growth of H.pylori was significantly better
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under microaerobic conditions than at normal oxygen ten-
sion. However, important methodological differences exist
between the study by Henriksen et al. and this one. First,
those authors assessed growth by measuring colony diam-
eters of bacteria grown on solid media. It should be noted
that colonies grown on solid media are highly hetero-
genous owing to the different ages of the cells, the various
environments found by bacteria in the colony, etc. Second,
besides specific concentrations of O, and CO,, both studies
used different gas mixtures. Henriksen and coworkers
obtained very high concentrations of H, gas in some of the
atmospheres they employed by not including a catalyst in
the jars. The problem with this approach is that in the
absence of a catalyst, the oxygen present was not reduced
by hydrogen, and thus, it cannot be assumed that the
atmosphere resulting under those conditions was micro-
oxic. In the present study the gas balance was achieved by
N, and not by H,, and the oxygen concentrations were
controlled. Table 1 of Henriksen et al. shows the impor-
tance of the effects of H, gas, also in the presence of O, gas
as discussed above. Their data, albeit not their interpreta-
tion, show significant differences in bacteria grown under
conditions with or without hydrogen, and no significant
differences between cultures grown without H, gas either
microaerobically or aerobically.

In contrast to H. pylori, other Helicobacter species, such as
H. bilis and H. hepaticus, were unable to grow at oxygen
tensions above 10% O, in the presence of 10% CO,. Thus,
there are interesting differences within the genus Helico-
bacter between more strict microaerophiles such as the
latter two species and H. pylori. A systematic investigation of
the oxygen phenotypes of other gastric and enterohepatic
Helicobacter species will serve to obtain an understanding
of the requirements and use of oxygen by the different
species of this genus.

The dependence of H. pylori on CO, is better known than
its O, sensitivity. The molecular bases for this requirement
have not been established, but several enzymes using CO,
or HCO; have been proposed to be implicated in the CO,
dependence of H.pylori including carbonic anhydrases
(Bury-Moné et al., submitted), carbamoyl phosphate syn-
thetase [36], and acetylCoA carboxylase [37].

Although H. pylori can be grown in atmospheres with
very different oxygen contents, there is evidence that sig-
nificant changes occur in the physiology of the bacterium.
In vivo H. pylori effects on the inflamed gastric mucosa
were mimicked by using in vitro cocultures of the bac-
terium with epithelial cells kept under a 5% O,, 5% CO,
atmosphere [38]. These effects were not observed in sys-
tems that kept bacteria under aerobic conditions [39].
Moreover, the growth atmosphere of the bacterium has
also an impact on its haemolytic activity [18] and metro-
nidazole sensitivity [40].
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Ferredoxin oxidoreductases participate in many
electron-transfer pathways in plants and bacteria including
photosynthesis, nitrogen fixation, redox signalling, etc.
The genome of H. pylori encodes the three subunits of a
ferredoxin oxidoreductase (genes hp0589 to hp0591, in
strain 26695). The role of this enzyme in biological oxida-
tion-reduction systems suggested that it may be involved
in changes in the H. pylori physiology grown under differ-
ent atmospheres. Comparison of ferredoxin oxidoreduct-
ase activity in bacteria grown under oxic and microoxic
conditions showed that the former were unable to reduce
exogenous ferredoxin. These observations underline the
importance of understanding the molecular mechanisms
involved in the physiology of bacteria grown under oxic or
microoxic conditions.

Thus, it has been demonstrated that H. pylori is a cap-
nophile and a microaerophile, which under elevated CO,
conditions and high cell densities is able to grow in vitro in
atmospheres with oxygen concentrations between 5 and
21%. At the same time, the physiologic differences that
arise from growing H. pylori under various oxygen atmos-
pheres remain to be fully understood. It is important to be
aware that differences are induced in H. pylori grown
under aerobic or microaerobic conditions since these may
influence the outcome of experiments. Considering the
relatively small genome of H. pylori, it is of great interest to
elucidate how this bacterium manages to adapt to the dif-
ferent oxygen tensions it may encounter until it reaches
the mucosa of the human stomach.

The authors thank the Australian Research Council for its
support, and Dr Kerstin Stingl for helpful discussions and critical
reading of the manuscript.
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