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ABSTRACT

Helicobacter and Campylobacter species are Gram-negative microaerophilic host-associated heterotrophic bacteria that
invade the digestive tract of humans and animals. Campylobacter jejuni is the major worldwide cause of foodborne
gastroenteritis in humans, while Helicobacter pylori is ubiquitous in over half of the world’s population causing gastric and
duodenal ulcers. The colonisation of the gastrointestinal system by Helicobacter and Campylobacter relies on numerous
cellular defences to sense the host environment and respond to adverse conditions, including those imposed by the host
immunity. An important antimicrobial tool of the mammalian innate immune system is the generation of harmful
oxidative and nitrosative stresses to which pathogens are exposed during phagocytosis. This review summarises the
regulators, detoxifying enzymes and subversion mechanisms of Helicobacter and Campylobacter that ultimately promote the
successful infection of humans.
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INTRODUCTION

Helicobacter and Campylobacter species are Gram-negative mi-
croaerophilic host-associated heterotrophic bacteria that be-
long to the ε-proteobacteria phylum (Nachamkin, Szyman-
ski and Blaser 2008; Sutton and Mitchell 2010). Although
Helicobacter species were first classified as members of the
Campylobacter genus, a separated Helicobacter genus was estab-
lished in 1989 and now comprises over 30 species with more
than 150 genome sequences currently available (HelicoBase;
www.Helicobacter.um.edu.my). Helicobacter and Campylobacter

grow optimally at temperatures ranging from 37◦C to 42◦C
under conditions of reduced oxygen concentration. Morpholog-
ically, the two species are similar, both being spiral shaped and
highly motile bacteria (Altekruse et al. 1999; Hofreuter 2014).

Helicobacter species have been isolated from the gastric
mucosa, faeces, saliva and dental plaques of infected people, as
well as from the upper gastrointestinal tract and liver of some
birds and mammals (Menard, Pere-Vedrenne et al. 2014; Flahou
et al. 2015). The best-studied species is Helicobacter pylori, which
colonises the gastric mucous layer in close contact with epithe-
lial cells and is ubiquitous in over half of the world’s population
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(Correa and Piazuelo 2011). Helicobacter pylori establishes lifelong
infections that can persist asymptomatically over decades due
to several mechanisms that allow the bacterium to evade
immune clearance (Algood and Cover 2006; Muller, Oertli and
Arnold 2011; Monack 2013). However, in many cases infection is
also linked to gastroduodenal pathologies such as gastric and
duodenal ulcers. Helicobacter pylori is a highly genetically diverse
species with geographically related virulence (Salama et al.
2000; Ali et al. 2015). Strains that express specific gene products,
namely those encoding the vacuolating cytotoxin (vacA), and
cytotoxin-associated gene A and L (cagA and cagL), have been
proposed to have an augmented risk for malignancy including
gastric cancer (Polk and Peek 2010; Yamaoka 2010; Salama,
Hartung and Muller 2013; Hardbower, Peek and Wilson 2014;
Kaakoush et al. 2015). Helicobacter pylori may also play a role in
other diseases such as thrombocytopenic purpura, sideropenic
anaemia and cardiovascular disease (Bohr et al. 2007;
Yamaoka 2010).

The human stomach is a hostile environment that exposes
H. pylori to strong acidity, high oxygen tension, and fluctuations
of nutrient availability and osmolarity. In this niche, H. pylori is
submitted to nitric oxide (NO) from the acid-induced chemical
decomposition of dietary and salivary nitrites present in the gas-
tric lumen (Iijima et al. 2003). Moreover,H. pylori triggers immune
defence cells that produce toxic compounds such as superox-
ide, nitric oxide and their derivatives. Therefore, H. pylori coloni-
sation success relies on several detoxifier systems, one of the
most important being the nickel-dependent urease (ureAB) that
hydrolyses urea to ammonia and neutralises the stomach’s acid-
ity. This enzyme, which is expressed in amounts that represent
∼10% of the total H. pylori cellular protein content, has also been
proposed to play a role in NO stress adaptation (Bauerfeind et al.
1997; Kuwahara et al. 2000).

In general, H. pylori infections can be successfully treated
with a combination of drugs, which consists of two or three an-
tibiotics (metronidazole, clarithromycin, amoxicillin and tetra-
cycline) in addition to an acid-suppressive drug (a proton
pump inhibitor, e.g. omeprazole). Nevertheless, the emergence
of metronidazole-resistant H. pylori strains is currently one
of the major causes of H. pylori treatment failure (Kanizaj
and Kunac 2014).

In the recent years, the number and type of known Helicobac-
ter species has expanded along with the number of sequenced
genomes, and includes species such as H. canadensis, H. bilis,
H. heilmannii, H. canis, H. macacae, H. fennelliae, H. cetorum and
H. suis. Although first isolated from animals such as wild birds
(H. valdiviensis), Bengal tigers and Australian marsupials, these
so-called non-H. pylori species have been also found in humans
(H. heilmannii, H. cinaedi, H. pullorum, H. bizzozeronii), and asso-
ciated with a range of human diseases in children and adults
including chronic gastritis (e.g. H. suis and H. felis), hepatobiliary
malignancies, Crohn’s disease and sepsis (H. cinaedi, H. bilis and
H. canis) (Goldman and Mitchell 2010; Rossi and Hanninen 2012;
Segura-Lopez, Guitron-Cantu and Torres 2015).

The Campylobacter genus includes at least 15 different species
(e.g. Campylobacter fetus, C. coli, C. jejuni, C. sputorum) which
are found in a wide range of niches from environmental habi-
tats to humans and animals (Debruyne, Gevers and Vandamme
2008). Campylobacter jejuni is the more studied species and is
a foodborne bacterial pathogen that colonises the gastroin-
testinal tract of a multitude of hosts including birds, chicken,
turkeys, swine, cattle, sheep and humans (Altekruse et al.
1999; Humphrey, O’Brien and Madsen 2007). Colonisation of
birds and chicken is typically commensal as these hosts are

asymptomatic; however, these animals can act as vehicles for
transmission of the bacteria to disease susceptible hosts. In hu-
mans, C. jejuni is pathogenic and infection typically results in
gastroenteritis due to ingestion of contaminated food products
or liquids. The predominant sources of infection in humans in-
clude intake of contaminated chicken, unpasteurised milk or
contaminated water (Young, Davis and Dirita 2007) with doses
as low as 500 organisms leading to the onset of illness (Robin-
son 1981). The development of gastroenteritis occurs within 2–5
days of C. jejuni ingestion and symptomsmanifest in the form of
bloody diarrhoea, abdominal pain, fever, vomiting and/or dizzi-
ness (Robinson 1981; Black et al. 1988). The illness is usually re-
solved within 2–10 days without the use of antibiotics and with-
out complications. However, C. jejuni infection can result in the
development of the rare neuromuscular disease Guillian–Barré
syndrome, which occurs at a frequency of about 1 per 1000 in-
fected people (Nachamkin 2002).

Campylobacter jejuni is equipped with numerous cellular de-
fences to facilitate transit through the low pH of the stomach
and exposure to bile salts in the duodenum prior to colonisation
of target intestinal segments. The colon, caecum and to a lesser
extent the ileum display the highest levels of bacterial coloni-
sation (Humphrey, O’Brien and Madsen 2007). It is thought that
the corkscrew-like architecture and high motility of the bacte-
rial cells aid in the penetration of the viscous mucus layers that
protect the underlying epithelial cells of the intestine (Ferrero
and Lee 1988). Once C. jejuni transits through the mucus layer,
the bacteria adhere to and invade the intestinal epithelium re-
sulting in gastroenteritis (Humphrey, O’Brien and Madsen 2007).
Flagellar (FlaAB), chemotaxis (CheY), adhesion and surface pro-
teins (Peb1a, CadF, JlpA), and invasion antigens (CiaBCI) all play
an important role in the adherence and invasion of C. jejuni into
the intestinal epithelium (Masanta et al. 2013). Furthermore, C.
jejuni produces and secretes a cytolethal distending toxin (Ctd-
ABC) that causes DNA damage, cell cycle arrest and cell death
(Whitehouse et al. 1998). Subsequently, the host tissues mount
an inflammatory response to protect against C. jejuni invasion;
however, such a response results in host cell damage, bleeding,
decreased water absorption in the lumen and consequently di-
arrhoea (Masanta et al. 2013).

In both developed and developing nations, Campylobacter is
one of the principal bacteria associated with gastroenteritis dis-
orders. In developed nations, young adults, especially young
men show the greatest prevalence of C. jejuni infection, while
in developing countries young children are most commonly af-
fected by campylobacteriosis (Coker et al. 2002; Cooke 2010).
Globally, there are approximately 400–500 million cases of C. je-
juni infection worldwide (Ruiz-Palacios 2007). In the European
Union, Campylobacter is the leading cause of bacterial-induced
gastroenteritis in humans with approximately 214 779 reported
cases in 2013 (EFSA 2015). Similar findings have been reported in
Canada, where data from 2012 indicated 10 174 cases of campy-
lobacteriosis, making it themain bacterial enteric disease (PHAC
2012). In the USA, 6486 cases of campylobacteriosis were re-
ported in 2014, accounting for the second leading cause of food-
borne illness behind salmonellosis with 7452 reported cases
(Crim et al. 2015). The number of infected people in the European
Union, Canada and USA is thought to be significantly underre-
ported as the total number of cases is estimated to range from
2–20, 145 000 and 2 million for the European Union, Canada and
USA, respectively (EFSA 2010; Thomas et al. 2013; CDC 2014).

Invasion by pathogens activates the host immune sys-
tem that produces a myriad of antimicrobial compounds that
microbes have to resist (Poole 2012). The next paragraphs
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describe the nature of the chemicals that exposeHelicobacter and
Campylobacter to oxidative and nitrosative stresses and their pro-
tective systems.

REACTIVE OXYGEN AND NITROGEN SPECIES:
TOOLS OF THE INNATE IMMUNE SYSTEM

The mammalian innate immune system uses macrophages,
neutrophils and inflammatory monocytes to phagocytise and
exposemicrobes to harmful compounds such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) (Fig. 1) (Fang
2004).

An important antibacterial weapon present in the plasma
membrane of innate immune cells is the multisubunit complex
NADPH oxidase that reduces O2 to produce superoxide anions
(O2

•−) (Slauch 2011; Hurst 2012). The recognition and engulf-
ment of bacteria by macrophages induces the expression of the
mammalian NADPH oxidase that results in a marked increase
of O2 consumption and generation of a superoxide burst (DeLeo
et al. 1999; Pan et al. 2009). Further dismutation of O2

•− pro-
duces a second ROS, hydrogen peroxide (H2O2), which can freely
diffuse across membranes and into the phagocytosed bacterial
cells (Fig. 1). Neutrophils and inflammatory monocytes utilise
the enzyme myeloperoxidase to catalyse the formation of ad-
ditional bactericidal compounds (Fig. 1), such as HOCl, BrO− or
IO−, by oxidation of Cl−, Br− or I− anions using the O2

•− or H2O2

derived from NADPH oxidase (Klebanoff et al. 2013).
Immune cells of infected mammals express another key

enzyme, the inducible nitric oxide (NO) synthase (iNOS) that

produces NO from L-arginine (Bogdan 2015). NO has a complex
chemistry (Fig. 1) and itself reacts rapidly with metals (nitro-
sylation reaction), such as Fe2+ in haem and iron-sulphur pro-
teins, and combines with superoxide to generate peroxynitrite
(ONOO−) that is a strong oxidant by itself. Furthermore, in the
presence of O2 and other strong oxidants, NO loses one elec-
tron forming the nitrosonium ion (NO+), which reacts with nu-
cleophilic groups such as amines and thiolates generating the
later S-nitrosothiols RSNO (nitrosation reaction). Intracellularly,
S-nitrosothiols are also formed by translocation of a NO+ group
between two sulphur atoms (transnitrosation reaction) (Pacher,
Beckman and Liaudet 2007).

Several works have shown that ROS and RNS, released by
macrophages activated by pathogen-associated molecular pat-
terns such as lipopolysaccharide (LPS), contribute to bacterial
eradication, due to their ability to damage DNA, lipids, amino
acid residues andmetal centres that lead to protein inactivation
(Pacher, Beckman and Liaudet 2007).

Helicobacter pylori and Campylobacter jejuni set off a host in-
flammatory response upon invasion of the gastric epithelium
and intestinal epithelium, respectively (Hu et al. 2006; Borlace
et al. 2012; Fehlings et al. 2012; Bhattacharyya et al. 2014). Conse-
quently, these pathogens elicit the formation of ROS and RNS by
increasing the expression of NADPH oxidase and iNOS in im-
mune cells. Helicobacter pylori LPS has been shown to activate
the transcription of NADPH oxidase in guinea pig gastric mu-
cosal cells (Kawahara et al. 2005) and H. pylori-infected patients
presented augmented expression of NADPH oxidase and high
ROS levels (Augusto et al. 2007; Rokutan et al. 2008; Elfvin et al.
2014). Moreover, H. pylori causes upregulation of iNOS in gastric

Figure 1. Biochemical pathways of oxidative and nitrosative species production within host or bacterial cells. Molecular oxygen is reduced to superoxide within innate

immune cells by NADPH oxidase or produced inadvertently by complexes of the respiratory electron transport chain.Within neutrophils and inflammatorymonocytes,
H2O2 formed by dismutation of O2

•− is converted to toxic HOCl by myeloperoxidase. Generation of the powerful oxidising species, the hydroxyl radical, is produced
by the Fenton chemistry within the host and/or bacterial cells. Macrophages produce nitric oxide via NO synthase, which can interact with superoxide to produce
peroxynitrite. Autoxidation of NO produces N2O3 and subsequent downstream reactions generate nitrogen dioxide radicals. The generation of ROS and RNS plays an

important role in antibacterial defence by damaging important Campylobacter and Helicobacter cellular molecules.
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epithelial cells, neutrophils and macrophages, as judged by the
higher systemic and intraluminal levels of stable NO-derived
metabolites (nitrite and nitrate) measured in H. pylori-infected
patients (Shapiro and Hotchkiss 1996; Wilson et al. 1996; Cher-
dantseva et al. 2014). Additionally, nitric oxide synthase (iNOS)
deleted mice infected with H. pylori had increased mortality
comparedwith infectedwild-typemice (Nam et al. 2004). Campy-
lobacter jejuni has also been reported to induce the formation of
ROS generated by epithelial NADPH oxidases, which were de-
scribed to impair bacterial capsule formation and modify bacte-
rial signal transduction (Corcionivoschi et al. 2012). Infection of
murine macrophages by C. jejuni highly induced the expression
of iNOS, and macrophages lacking iNOS exhibited increased C.
jejuni viability, particularly after 24 h of infection (Iovine et al.
2008; Tarantino et al. 2009).

The bacterial intracellular ROS and RNS targets are multiple,
and the degree of damage depends on the concentration and
time of exposure. In vitro studies of Helicobacter and Campylobac-
ter under stress conditions have been utilising several sources of
ROS and RNS. For ROS generation, oxygen exposure, H2O2 and
other peroxides have been the chosen sources; for RNS, the ma-
jority of the studies have been performed with NO donors such
as S-nitrosoglutathione (GSNO), sodium nitroprusside (SNP) and
NONOates. However, antimicrobial assays that utilise different
NOdonors are difficult to compare due to the differentNO chem-
istry associated with each compound. Indeed, a recent study of
H. pullorum exposed to three different sources of NO, namely
spermine-NONOate, DPTA-NONOate and GSNO, showed that
their effects differ, with GNSO being the less effective one. Inter-
estingly, the higher viability impairmentwas observed forH. pul-
lorum stressed at the initial growth phase, an effect that was in-
dependent of the nitrosative stress’s source (Parente et al. 2016).

One of the primary targets of O2
•− and H2O2 are iron-sulphur

(Fe-S)-containing enzymes (e.g. the respiratory dehydrogenases
and hydratases), which results in the release of iron ions (Im-
lay 2008). Work done in the bacterial prototype Escherichia coli
has shown that the univalent O2

•− oxidation of solvent exposed
[4Fe-4S] 2+/1+ clusters generates the catalytically inactive [3Fe-
4S] 1+/0 cluster that is formed by release of one Fe2+ ion. Simi-
larly, the divalent oxidation of the [4Fe-4S]2+/1+ group by H2O2,

also results in the generation of an inactive [3Fe-4S]1+/0 cluster
(Jang and Imlay 2007).

Besides enzyme damage, the generated free ferrous ions un-
dergo the Fenton reaction in which the Fe2+ is oxidised by H2O2

to produce Fe3+ and the hydroxyl radical (•OH), which acts at dif-
fusion limiting rates and is a powerful oxidant ofmost biological
molecules (Imlay 2003, 2008).

Proteins containing mononuclear iron centres may be also
damaged by H2O2 via the Fenton chemistry (Anjem and Imlay
2012). Furthermore, the generation of a •OH radical can result in
further irreversible damage by reacting with the local polypep-
tide (Anjem and Imlay 2012). Superoxide may also exert delete-
rious effects on these proteins via loss of the Fe2+ ions and sub-
sequent enzymatic inactivation (Gu and Imlay 2013). Although
the inactive enzyme can undergo remetallation by the cell to re-
store function, mismetallation may occur (Gu and Imlay 2013).
Mononuclear Fe2+-containing enzymes that have been shown
to be sensitive to ROS damage include epimerases, dehydroge-
nases, deformylases and deaminases (Sobota and Imlay 2011;
Anjem and Imlay 2012).

Bacterial metalloproteins with key metabolic functions are
also impaired by NO due to direct binding to metal centres,
such as Fe-S (e.g, aconitase of the citric acid cycle) and haem-
iron (e.g. respiratory oxygen reductases) (Sarti et al. 2003). Fur-

thermore, toxic GSNO is generated inside cells by the univa-
lent oxidation of NO to the nitrosonium ion (NO+), promoted
by free intracellular or protein-bound metals, and its interac-
tion with glutathione (Bowman, McLean et al. 2011, Broniowska
and Hogg 2012, Broniowska, Diers and Hogg 2013). NO is also
an indirect DNA-damaging agent as autooxidation to N2O3 can
result in deamination of DNA bases. Additionally, the peroxyni-
trite produced by reactionwithNOalso promotes nitration of the
DNA bases.

Both Campylobacter and Helicobacter species encode [4Fe-
4S]2+/1+-containing enzymes that have important functions in
energy metabolism and are known targets of oxidative and ni-
trosative damage (Velayudhan et al. 2004). These enzymes in-
clude aconitase B (AcnB), serine dehydratase (SdaA), pyruvate:
acceptor oxidoreductase (Por) and 2-oxoglutarate: acceptor oxi-
doreductase (Oor). In C. jejuni, exposure to oxygen was shown to
cause inactivation of the [4Fe-4S]2+/1+ clusters with decrease of
the enzymatic activity and cell viability (Kendall, Barrero-Tobon
et al. 2014). In Campylobacter jejuni and H. pylori the peptide de-
formylase (def) is also a target for ROS inactivation.

Thus, the successful colonisation of Helicobacter and Campy-
lobacter spp. critically depends on their protective mechanisms
against ROS and RNS, which are described in the following
sections.

OXIDATIVE STRESS DEFENCES OF
HELICOBACTER PYLORI AND CAMPYLOBACTER
JEJUNI

To combat the deleterious effects of ROS and inactivation of key
cellular proteins, pathogens express inducible detoxification en-
zymes that convert harmful reactive oxygen intermediates into
less harmful or inert products, and have cellular mechanisms
to repair ROS-induced macromolecule damage. The next para-
graphs describe the ROS protective systems so far identified in
H. pylori and C. jejuni (Fig. 1, Tables 1 and 2).

Superoxide dismutase SodB

As mentioned above, NADPH oxidases produce superoxide. The
major bacterial detoxifiers of superoxide are the superoxide dis-
mutase (Sod) enzymes that convert O2

•− intoO2 andH2O2. Bacte-
rial pathogens may contain up to four different forms of super-
oxide dismutase enzymes, SodA, SodB, SodC and SodN, which
contain manganese, iron, copper-zinc and nickel, respectively,
or superoxide reductases (Sheng et al. 2014).

Unlike other enteric pathogens such as Escherichia coli,
Shigella and Salmonella, H. pylori encodes only one cytoplasmic
Fe-superoxide dismutase (SodB). The protein is a dimer consist-
ing of two identical subunits and displays 53% and 48% amino
acid sequence identity to the structurally characterised SodB en-
zymes of E. coli and Pseudomonas ovalis, respectively (Ringe et al.
1983; Lah et al. 1995; Esposito et al. 2008; Sheng et al. 2014). At
certain stages of H. pylori growth, SodB seems to be localised
on the cell surface and even attached to the flagellar sheath,
although no export sequence has been identified in its amino
acid sequence (Spiegelhalder et al. 1993). However, H. pylori SodB
has a C-terminus extension, which is absent in the E. coli and
P. ovalis SodB structures (Esposito et al. 2008) but present in C.
jejuni SodB (Pesci, Cottle and Pickett 1994), that has been pro-
posed to play a role in SodB cell surface location in H. pylori. Al-
ternatively, the serine and/or tyrosine residues located in the C-
terminal tail may serve as phosphorylation sites as phosphopro-
teome studies showed that C. jejuni and H. pylori SodB are major
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Table 1. Summary of Helicobacter systems against phagocytes’ oxidative and nitrosative burst. Protein, gene name and function are listed.

Protein Gene Function References

Oxidative response
Superoxide dismutase SodB hp0389 Superoxide detoxification Pesci and Pickett (1994);

Seyler et al. (2001)
Catalase KatA hp0875 H2O2 detoxification Harris et al. (2002); Harris

and Hazell, (2003); Hong
et al. (2007); Mehta et al.
(2007)

Catalase-associated protein KapA hp0874 KatA chaperone Harris et al. (2003)
Alkyl hydroperoxidase AhpC hp1563 Peroxides detoxification Baker et al. (2001); Olczak

et al. (2002, 2003);
Charoenlap et al. (2012)

Thiol peroxidase Tpx hp0390 Peroxides detoxification Comtois et al. (2003); Olczak
et al. (2003)

Bacterioferritin comigratory
protein BCP

hp0136 H2O2 and organic peroxide
detoxification

Comtois et al. (2003); Wang
et al. (2005b)

Thioredoxins Trx1, Trx2 hp1458, hp0824 Oxidative stress Windle et al. (2000);
Comtois et al. (2003); McGee
et al. (2006)

NADPH-specific quinone
oxidoreductase, MdaB

hp0630 Reduction of soluble quinones Wang and Maier (2004);
Hong et al. (2008)

Neutrophil-activating protein
NapA

hp0243 Oxidative stress Cooksley et al. (2003); Wang
et al. (2006)

Cytochrome c peroxidase Ccp hp1461 Oxidative stress
Methionine sulfoxide reductase
MsrAB

hp0224 Reduction of oxidised methionine Alamuri and Maier (2004,
2006); Mahawar et al. (2011);
Benoit et al. (2013); Kuhns
et al. (2013)

DNA glycolase MutY hp0142 DNA-repairing protein Eutsey et al. (2007)

Nitrosative response
Nitric oxide reductase NorH hp0013 NO detoxification Justino et al. (2012)
Haemoglobin-like (H. pullorum) hpmg 00979 hpmg 00954 NO detoxification Saraiva et al. (unpublished)
Nitroreductase FrxA hpB8 844 GSNO reduction Justino et al. (2014)
Alkyl hydroperoxidase AhpC hp1563 Peroxynitrite reduction Bryk et al. (2000)

Regulators
Ferric uptake regulator Fur hp1027 Iron homeostasis Danielli et al. (2006); Miles

et al. (2010)
CrdRS two-component regulator hp1364 Nitrosative stress Hung et al. (2015)

hp1365
Aconitase B AcnB hp0779 Oxidative stress Austin and Maier (2013)
Carbon storage regulator CrsA hp1442 Oxidative stress Fields and Thompson (2008)
ArsRS two-component regulator hp0165 Oxidative stress Loh et al. (2010)

hp0166
Homeostatic global regulator HsrA hp1043 Oxidative stress Olekhnovich et al. (2014)
Histone-like protein hp0835 Oxidative stress Wang and Maier (2015)

phosphoproteins (Voisin et al. 2007). However, the role of these
post-translational modifications on SodB function remains to
be elucidated. Interestingly, other H. pylori cytoplasmic proteins,
such as urease and heat shock protein B, have also been de-
tected on the bacterial cell surface. Since these proteins were
found to be incorporated onto the cell surface following bacte-
rial lysis, their localisation has been considered to be the result
of spontaneous bacterial cell autolysis that occurs during the
late growth phase (Phadnis et al. 1996). Additional studies have
argued that specificmechanisms (such as a type III secretion ap-
paratus or ABC transporters) may be responsible for the secre-
tion of the cytoplasmic proteins to the cell surface (Vanet and
Labigne 1998). Despite these studies, the molecular mechanism
behind the SodB surface localisation remains unclear.

The H. pylori sodB mutant exhibits impaired growth under
typical laboratory microaerobic culturing conditions (12% O2

partial pressure), atmospheric O2 concentrations (Seyler, Olson
and Maier 2001) and in the presence of H2O2 (Seyler, Olson and
Maier 2001; Palyada et al. 2009). Transcriptome studies of H.
pylori-infectedmacrophages revealed significant upregulation of
sodB (Singh et al. 2012). The importance of H. pylori SodB for
ROS survival during in vivo colonisation has also been demon-
strated inmurine gastric colonisation assays, inwhich the�sodB
mutant failed to colonise the majority of mice contrary to the
wild-type strain (Seyler, Olson and Maier 2001, Stent, Every
and Sutton 2012).

Campylobacter jejuni expresses a single cytoplasmic Fe-
superoxide dismutase SodB (Pesci and Pickett 1994; Pesci, Cot-
tle and Pickett 1994; Parkhill et al. 2000). Deletion of sodB re-
sulted in hypersensitivity towards O2

•−, H2O2 and organic per-
oxides (Palyada et al. 2009). The higher H2O2 sensitivity of the
�sodB mutant has been related to the augmented levels of
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Table 2. Summary of Campylobacter systems against phagocytes’ oxidative and nitrosative burst. Protein, gene name and function are listed.

Protein Gene Function References

Oxidative response
Superoxide dismutase SodB cj0169 Superoxide detoxification Pesci et al. (1994); Purdy and

Park (1994); Palyada et al.
(2009); Novik et al. (2010)

Catalase KatA cj1385 H2O2 detoxification Day et al. (2000); Palyada
et al. (2009)

Catalase biogenesis protein Cj1386 cj1386 Trafficking haem to KatA Flint et al. (2012); Flint and
Stintzi (2015)

Alkyl hydroperoxide reductase
AhpC

cj0344 Peroxides detoxification Baillon et al. (1999); Palyada
et al. (2009)

Thiol peroxidase Tpx cj0779 H2O2 detoxification Atack et al. (2008)
Bacterioferritin comigratory
protein BCP

cj0271 H2O2 and organic peroxide
detoxification

Atack et al. (2008)

DNA-binding protein Dps cj01534c Sequestration of Fe ions Ishikawa et al. (2003);
Theoret et al. (2011, 2012);
Huergo et al. (2013)

Desulforubrerythrin DRbr cj0012c H2O2 detoxification Pinto et al. (2011); Flint et al.
(2014)

Methionine sulfoxide reductase
MsrA

cj0637c Reduction of oxidised methionine
(S-MetSO)

Atack and Kelly (2008)

Methionine sulfoxide reductase
MsrB

cj1112c Reduction of oxidised methionine
(R-MetSO)

Atack and Kelly (2008)

Nitrosative response
Single domain haemoglobin Cgb cj1586 NO detoxification Elvers et al. (2004);

Tinajero-Trejo et al. (2013)
Truncated haemoglobin Ctb cj0465c NO detoxification Smith et al. (2011)
Nitrite reductase NrfA cj1357c Nitrite reduction and NO

detoxification
Pittman et al. (2007)

Regulators
Peroxide regulator PerR cj0322 Oxidative stress Palyada et al. (2009);

Butcher et al. (2015)
Ferric uptake regulator Fur cj0400 Iron homeostasis Palyada et al. (2009);

Butcher et al. (2015)
Aconitase B AcnB cj0835c Oxidative stress Flint et al. (2014)
Campylobacter oxidative stress
regulator CosR

cj0355c Oxidative stress Garenaux et al. (2008);
Hwang et al. (2011, 2012)

LysR-type regulator Cj1000 cj1000 Oxidative stress Dufour et al. (2013)
Regulator of response to peroxide
RrpA

cj1546 Oxidative stress Gundogdu et al. (2015)

Regulator of response to peroxide
RrpB

cj1556 Oxidative stress Gundogdu et al. (2011)

endogenous superoxide and free ferrous ions, which arise from
damaged Fe-S clusters, and sustain the Fenton chemistry. A sim-
ilar mechanism is also proposed to occur in the presence of or-
ganic peroxides, as deletion of sodB resulted in the production of
alkoxyl radicals and lipid peroxidation (Palyada et al. 2009). In-
vestigation of the role of SodB in cellular pathogenesis showed
that the �sodB mutant in C. jejuni 81–176 has a much lower sur-
vival (12-fold decrease) following invasion of human cervix car-
cinoma INT407 cells relative to the wild-type strain (Pesci et al.
1994). Experiments on epithelium cell adhesion, invasion and
survival further revealed that the �sodB mutant has decreased
adhesion and intracellular survival but is not defective for the
invasion process itself (Novik, Hofreuter and Galan 2010). Ad-
ditionally, the C. jejuni SodB has been shown to support in vivo
colonisation of chicks with the �sodBmutant being significantly
impaired in colonisation relative to the wild-type strain (Pesci
et al. 1994).

Catalase (KatA) and catalase accessory and biogenesis
proteins (KapA and Cj1386)

Dismutation of O2
•− by SodB yields H2O2, which must be detoxi-

fied by additional cellular antioxidant enzymes to limit the Fen-
ton chemistry and prevent macromolecule damage within the
bacterial cell. Several enzymes exist within H. pylori and C. je-
juni to keep the H2O2 levels from reaching lethal concentrations,
such as catalases (Day et al. 2000; Harris et al. 2002; Palyada et al.
2009) and peroxiredoxins (see Section Peroxiredoxins: AhpC, Tpx
and BCP).

Catalases have been extensively studied over the past 100
years and play a critical role in allowing organisms to sur-
vive within micro- and aerobic environments. Catalases are
grouped into three main classes including monofunctional
catalases, bifunctional catalase-peroxidases and non-haem-
containing catalases (Zamocky et al. 2012). Bacterial species
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containing all three classes of catalase enzymes have been
identified (Robbe-Saule et al. 2001). Furthermore, in Gram-
negative bacteria these enzymes are usually not restricted to the
cytoplasmic space and can be exported to the periplasm (Brun-
der, Schmidt and Karch 1996, Harris and Hazell 2003). At high
concentrations of H2O2, catalases are the major detoxifiers of
H2O2 (Alfonso-Prieto et al. 2009), do not display saturation even
at millimolar H2O2 concentrations (Imlay 2008) and are stable
under a variety of physiological conditions (Chelikani, Fita and
Loewen 2004).

Helicobacter pylori and C. jejuni express one small subunit
monofunctional tetrameric catalase, KatA, consisting of four
identical subunits each containing a haem b prosthetic group
(Grant and Park 1995; Odenbreit, Wieland and Haas 1996;
Zamocky et al. 2012). The haem catalyses a two-step oxidation–
reduction reaction to dismutate two molecules of H2O2 into O2

and two molecules of H2O (Alfonso-Prieto et al. 2009). Helicobac-
ter pylori KatA was shown to be enzymatically active in both the
cytoplasmic and periplasmic compartments (Harris and Hazell
2003). Deletion of katA inH. pylori and C. jejuni abolished catalase
activity and resulted in hypersensitivity of the mutant strains
to H2O2 when compared with the parental strain (Day et al.
2000; Harris et al. 2002; Bingham-Ramos and Hendrixson 2008;
Palyada et al. 2009). Moreover, C. jejuni �katA was attenuated
for macrophage survival (Day et al. 2000). Long-term survival as-
says revealed that the wild-type strain remains viable 72 h post-
infection, while the �katAmutant loses viability (Day et al. 2000;
Basu, Czinn and Blanchard 2004). In support of the role of ROS-
mediated bacterial killing in macrophages, the use of an NADPH
oxidase inhibitor facilitated survival of the �katAmutant within
macrophages (Day et al. 2000).

Despite the large amount of knowledge on catalase structure
and biochemical properties, the study of the catalase chaperone
proteins is still in its infancy. Indeed, Helicobacter and Campy-
lobacter are among the few bacterial organisms inwhich catalase
chaperons have been identified, namely KapA and Cj1386.

In H. pylori, the catalase-associated KapA does not exhibit
catalase activity and thus is not expected to be directly involved
inH2O2 detoxification. However, KapAhas been proposed to pro-
mote in the translocation of KatA to the periplasmic space and
therefore to play a role in hydrogen peroxide defence (Harris et al.
2002; Harris and Hazell 2003). The presence of a twin-arginine
translocation motif in the KapA protein sequence (Harris and
Hazell 2003) as well as the predicted KatA-KapA protein–protein
interaction (Rain et al. 2001) supports the role of KapA in KatA
translocation into the periplasmic space. In agreement, deletion
of kapA significantly lowered the catalase activity detected in the
periplasm but not in the cytoplasm (Harris and Hazell 2003). The
importance of KatA and KapA in the resistance to ROS in vivo has
been highlighted in murine gastric mucosa colonisation assays
(Harris et al. 2003). Initial colonisation of the mice was not found
to be attenuated in either �katA or �kapA deletion mutants rel-
ative to the wild-type strain. However, long-term colonisation
assays revealed a fitness defect in both the �katA and �kapA
deletion mutants relative to the wild-type (Harris et al. 2003).

Recent studies in C. jejuni have also identified a novel gene,
cj1386, encoded directly downstream from katA,which functions
in H2O2 defence (Flint, Sun and Stintzi 2012). Characterisation
of the Cj1386 protein revealed that it binds haem b at a 1:1 ratio
and that it interacts with KatA (Flint and Stintzi 2015). Similarly
to H. pylori KapA, Cj1386 did not show catalase activity, but was
found to indirectly contribute towards optimal catalase activity
within cells (Flint, Sun and Stintzi 2012). Indeed, immunopre-
cipitation of KatA from a C. jejuni �cj1386 mutant strain con-

tained a significantly lower amount of haem b bound to KatA,
suggesting a role for Cj1386 in haem trafficking to KatA (Flint,
Sun and Stintzi 2012). In vivo, KatA and Cj1386 proteins provide
important oxidative stress protection as assessed in a neonate
piglet Campylobacter pathogenesis model, in which �katA and
�cj1386 mutant strains were outcompeted by the wild-type C.
jejuni for colonisation of the gastrointestinal tract (Flint, Sun
and Stintzi 2012). Furthermore, the �katA and �cj1386 mutant
strains were significantly attenuated for colonisation of chick
ceca relative to the parental strain (Palyada et al. 2009; Flint, Sun
and Stintzi 2012).

Peroxiredoxins: AhpC, Tpx and BCP

Although bacteria use catalases as major detoxifiers of H2O2,
other peroxide detoxification enzymes also contribute to limit
oxidative damage. These enzymes include alkyl hydroperox-
ide reductase (AhpC), thiol peroxidase (Tpx) and bacterioferritin
comigratory protein (BCP). The peroxiredoxin enzymes can be
classified according to their mechanism into 1-Cys and 2-Cys
peroxiredoxins; both classes reduce H2O2 to H2O through an ac-
tive site cysteine that is oxidised to sulfenic acid. In the 2-Cys
subtype, the first conserved cysteine residue is oxidised by H2O2

to sulfenic acid and subsequently forms a disulphide bridge by
condensing with the second conserved cysteine residue. Both 1-
Cys and 2-Cys peroxidase enzymes are regenerated to their orig-
inal reduced state by NADH-dependent oxidoreductases (Wood
et al. 2003; Flohe et al. 2011; Nelson et al. 2011).

Helicobacter pylori encodes an AhpC that detoxifies a wide
range of peroxides including H2O2, t-butyl, cumene, ethyl and
linoleic acid hydroperoxides (Baker et al. 2001). In contrast to H.
pylori wild-type, strains lacking AhpC displayed growth inhibi-
tion and high sensitivity to oxygen under normal microaero-
bic growth conditions (12% O2 partial pressure) (Olczak, Olson
and Maier 2002). The �ahpC mutant was also found to have hy-
persensitivity to the superoxide radical producing compound,
paraquat (Olczak, Olson and Maier 2002). Moreover, DNA mu-
tation frequency assays done with the �ahpC mutant showed
that deletion of ahpC resulted in a significant 20-fold increase in
the frequency of rifampicin-resistant colonies when compared
with the wild-type strain, demonstrating the protective role of
AhpC against DNA oxidative damage (Olczak, Olson and Maier
2002). In vivo, ahpC-deficient H. pyloriwas completely attenuated
for colonisation of themurine stomach (Olczak et al. 2003). Inter-
estingly, in H. hepaticus the deletion of ahpC generated a strain
with increased resistance to H2O2, which was linked to a higher
KatA protein abundance (Hong, Wang and Maier 2007).

AhpC also shelters C. jejuni from oxidative stress. Stationary-
phase C. jejuni �ahpC mutants had increased sensitivity when
exposed to atmospheric O2 conditions and cumene hydroperox-
ide (Baillon et al. 1999; Palyada et al. 2009). Although Baillon et al.
(1999) found no significant difference in sensitivity of the �ahpC
mutant towardsH2O2, Palyada et al. (2009) observed the opposite.
However, the absence of a hypersensitive phenotype to H2O2 in
the �ahpC mutant may be due to compensation by other H2O2

detoxification enzymes such as KatA, as seen in H. hepaticus. In
vivo, the C. jejuni ahpCmutant had lower viability in colonisation
of chicks relative to the wild-type strain (Palyada et al. 2009).

Helicobacter pylori expresses two thioredoxin enzymes (Trx1
and Trx2) and a Trx reductase (TrxR). The TrxA1/TrxR enzymes
form a reductase system for the AhpC peroxiredoxin (Baker
et al. 2001). Additionally, Trx1 acts as a chaperone that assists
in the reactivation of denatured arginase, which is inhibited
by most reactive oxygen and nitrogen intermediates (Comtois,
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Gidley and Kelly 2003; McGee et al. 2006). Cells harbouring single
and double knockout mutations of trx1 and trx2 have increased
sensitivity not only to oxygen, H2O2, cumene hydroperoxide and
paraquat, but also to SNP and GSNO (Comtois, Gidley and Kelly
2003; McGee et al. 2006). Kuhns, Wang and Maier (2015) showed
that the two thioredoxins are important in protecting H. pylori
fromoxidative stress, with singlemutants having a higher abun-
dance of lipid peroxides and suffering more DNA damage and
protein carbonylation than the parental strain.

Tpx and BCP belong to the 2-Cys peroxiredoxin family and
are involved in oxidative stress defence in Helicobacter and
Campylobacter species (Nguyen et al. 2010).

Helicobacter pyloriTpx detoxifies awide range of peroxide sub-
strates including H2O2 and cumene hydroperoxide (Comtois, Gi-
dley and Kelly 2003; Olczak et al. 2003). The �tpxmutant exhibits
hypersensitivity to H2O2, cumene hydroperoxide, paraquat and
atmospheric O2 (Comtois, Gidley and Kelly 2003; Olczak et al.
2003) and reduced colonisation ability of a mouse stomach
(Olczak et al. 2003).

Helicobacter pylori �bcp has a moderate increase in the sen-
sitivity to paraquat, cumene hydroperoxide and tert-butyl hy-
droperoxide but not to H2O2 (Comtois, Gidley and Kelly 2003;
Wang et al. 2005b). Enzymatic assays with purified BCP showed
minor thiol peroxidase activity using H2O2 or tert-butyl hy-
droperoxide, which is in accordance with the in vitro growth sen-
sitivity assays (Wang et al. 2005b). Interestingly, H. pylori BCP has
a significant peroxidase activity in the presence of linoleic acid
hydroperoxide and is seems to be able to protect against lipid
peroxidation (Wang et al. 2005b). Despite the minor role of BCP
for in vitro ROS protection, in vivo murine gastric colonisation
studies revealed diminished long-term colonisation and lower
survival of the �bcpmutant relative to the wild-type (Wang et al.
2005b).

Campylobacter jejuni Tpx and BCP are cytoplasmic proteins
with distinct peroxide substrate specificities (Atack et al. 2008).
Purified Tpx was reported to specifically detoxify H2O2, whereas
BCP catalyses the detoxification of H2O2 as well as the organic
peroxides, cumene hydroperoxide and tert-butyl hydroperoxide,
but not linoleic acid hydroperoxide (Atack et al. 2008). Both �tpx
and �bcp single mutants are less resistant to organic peroxides
when compared with the wild-type, and also had elevated levels
of lipid peroxides (Atack et al. 2008). However, under H2O2 stress
conditions, the�tpx and�bcp singlemutants exhibited a growth
behaviour similar to that of the parental strain and only the
double mutant �tpx�bcp was significantly impaired (Atack et al.
2008). Furthermore, stationary phase assays with, microaerobi-
cally grown strains that were transferred to aerobic conditions
showed that the double mutant �tpx�bcp loses viability more
rapidly than either the wild-type or the respective single mu-
tants �tpx and �bcp (Atack et al. 2008). Taken together, these
findings suggest compensatory roles for Tpx and BCP in H2O2

defence and O2 survivability.
Overall, these results suggest that although C. jejuni and H.

pylori AhpC, Tpx and BCP enzymes have overlapping functions,
each individual protein still imparts protection against ROS and
provides a fitness advantage during host colonisation.

NADPH-specific quinone reductase MdaB

Liposoluble quinones (for example, in the form of ubiquinone or
menaquinone) are important components of the bacterial res-
piratory chains that conduct electron transfer between respira-
tory complexes (Soballe and Poole 1999). However, one electron
reduction of quinones produces semiquinone radicals, which

can subsequently reduce O2 to superoxide. Furthermore, sol-
uble cytosolic quinones and derivatives can be quite toxic to
cells. Two-electron reduction of quinones to quinols by cytoso-
lic NADPH:quinone oxidoreductase enzymes (distinct from the
respiratory type II NADH:quinone oxidoreductases) is one strat-
egy utilised by cells to reduce the toxicity of quinones (Dinkova-
Kostova and Talalay 2000).

Helicobacter pylori encodes a NADPH-specific quinone oxi-
doreductase, MdaB. Substrate specificity assays using purified
protein showed that MdaB reduces a broad range of water-
soluble quinones including coenzyme Q0, coenzyme Q1, mena-
dione and 1,4-naphthoquinone (Wang and Maier 2004; Hong,
Wang and Maier 2008). Deletion of mdaB resulted in augmented
sensitivity to O2, H2O2, organic peroxides and paraquat (Wang
and Maier 2004). Similar findings have also been reported for
a H. hepaticus �mdaB mutant, which presented hypersensitiv-
ity towards the same compounds (Hong, Wang and Maier 2008).
In vivo assays revealed that the H. pylori �mdaB mutant had di-
minished colonisation ability of the mouse stomach relative to
the wild-type strain (Wang and Maier 2004).

For C. jejuni, transcriptome analysis showed that the
pathogen expresses a mdaB homologue (Parkhill et al. 2000) that
is induced in response to oxidant exposure generated by H2O2

and cumene hydroperoxide (Palyada et al. 2009). However, dele-
tion ofmdaB did not result in aggravated sensitivity to any of the
oxidants assayed (Flint et al. 2014). Therefore, the role of MdaB
in C. jejuni oxidative stress defence remains unclear.

Other oxidative stress protective systems

In addition to themajor direct detoxifiers SodB, KatA, AhpC, BCP,
Tpx andMdaB active inHelicobacter and Campylobacter, other less
well-characterised proteins have been shown to be important
for oxidative stress defence, such as Dps-like proteins, DRbr and
Ccp.

The DNA-binding protein from starved cells (Dps) belongs
to a subgroup within the ferritin family (Ishikawa et al. 2003).
Dps consists of 12 identical subunits that form a dodecamer
and each monomer can store up to 500 iron atoms (Ishikawa
et al. 2003, Sanchuki et al. 2015). Dps binds Fe2+ ions that are
oxidised to Fe3+ by the Dps ferroxidase centre (Ishikawa et al.
2003, Sanchuki et al. 2015). Sequestration of free Fe2+ ions by Dps
helps prevent the formation of the hydroxyl radical through the
Fenton reaction that occurs during periods of cellular H2O2 ex-
posure (Ishikawa et al. 2003). In addition to scavenging free Fe2+

ions, Dps binds to DNA to protect it against oxidative damage
(Cooksley et al. 2003; Ceci et al. 2004; Wang et al. 2006).

Helicobacter pylori expresses a Dps-like protein, the
neutrophil-activating protein NapA, that also sequesters
iron and binds DNA (Zanotti et al. 2002). NapA has a positive
surface charge that is not present in other Dps proteins (Zanotti
et al. 2002). Interestingly, H. pylori NapA appears to have a dual
function as it binds to the outer membrane (Namavar et al.
1998) and is involved in the activation of host neutrophils.
It is speculated that the positive surface charge plays a role
in binding to and activating neutrophils (Evans et al. 1995;
Montecucco and de Bernard 2003). Although NapA is involved
in activating neutrophils, competitive mouse colonisation in
vivo assays using wild-type and a �napA strain revealed that
NapA is required for successful H. pylori pathogenesis (Wang
et al. 2006).

Similarly, H. hepaticus Dps was described to confer oxidative
stress resistance and protect from DNA damage. Purified H. hep-
aticus Dps binds both iron and DNA, and the iron-loaded form
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of the protein presented increased DNA-binding ability (Hong,
Wang and Maier 2006).

Campylobacter jejuni also encodes a Dps protein that was re-
ported to bind DNA (Huergo et al. 2013, Sanchuki et al. 2015),
protect cells from H2O2 stress (Ishikawa et al. 2003) and con-
tribute for successful colonisation of chicks and neonate piglets
(Theoret et al. 2011, 2012).

In C. jejuni, amultidomain protein from the family of rubrery-
thrins named desulforubrerythrin (Drbr) was isolated and char-
acterised; it contains a desulforedoxin-like domain fused to a
canonical rubrerythrin (Yamasaki et al. 2004). Drbr exhibits a sig-
nificant NADH-dependent hydrogen peroxide reductase activity
within the range of those observed for rubrerythrins from other
species (Pinto et al. 2011). Deletion of the Drbr coding gene in C.
jejuni resulted in a modest increase in sensitivity towards H2O2

andmenadione (Flint et al. 2014). Interestingly, themutant strain
was not significantly attenuated in chick colonisation studies
(Flint et al. 2014). Thus, although Drbr exhibits H2O2 detoxifica-
tion activity in vitro, it seems to play only a minor role (in con-
trast to KatA andAhpC) in cellular protection against host innate
immunity.

Campylobacter jejuni encodes two periplasmic cytochrome c
peroxidases (Ccp), namely cj0020c and cj0358 that detoxify H2O2

(Parkhill et al. 2000; Bingham-Ramos and Hendrixson 2008).
Characterisation of Cj0020c and Cj0358 in vitro has been car-
ried out in C. jejuni 81–176 (designated as DocA and Cjj0382,
respectively) which are periplasmic proteins with apparent
haem-dependent peroxidase activity (Bingham-Ramos and
Hendrixson 2008). However, deletion of docA or cjj0382 did
not significantly impaired the resistance of the strain to H2O2

(Bingham-Ramos and Hendrixson 2008), similar to what was
observed for the C. jejuni �cj0358 mutant (Flint et al. 2014).
In vivo, the �docA and �cjj0382 mutants were attenuated in
chick colonisation assays relative to the wild-type, but the
�cjj0382 mutant revealed lower infection ability only at low in-
oculumdoses (102 organisms) (Bingham-Ramos andHendrixson
2008). Thus, the actual role of Ccps in resistance to ROS dur-
ing C. jejuni colonisation remains unclear (Bingham-Ramos and
Hendrixson 2008).

Macromolecule repair

Bacteria use several molecular mechanisms to repair the ox-
idative damage that is inflicted to DNA, proteins and lipids. In
Campylobacter and Helicobacter, proteins such as MsrAB and Mut-
SHL have been identified and characterised for their roles in
macromolecule repair and shown to be important for colonisa-
tion of the host.

Methionine sulfoxide reductase MsrAB

Methionine residues are common targets of oxidative damage
due to the presence of an oxidisable sulphur atom (Moskovitz
2005). Two isomers of methionine are produced from oxida-
tion, R- and S-methionine sulfoxide (R- and S-MetSO), which im-
ply conformational changes that may result in loss of function
(Ciorba et al. 1997; Gao et al. 1998; Sigalov and Stern 1998). Bacte-
ria contain methionine sulfoxide reductase MsrA and MsrB that
reduce the oxidised S- and R-MetSO residues to methionine, re-
spectively (Boschi-Muller, Gand and Branlant 2008).

In H. pylori, the msrA and msrB genes are fused to encode
a single Msr enzyme (Alamuri and Maier 2004). Helicobacter py-
lori Msr is reported to be specific for the R-isomer of sulfox-
ide and unable to reduce the S- isomer form (Alamuri and Maier

2006). Msr plays an important role in repairing protein oxidation
by protecting key cellular proteins that are rich in methionine
residues including KatA, AhpC, GroEL, Trx1 and urease matura-
tion protein (UreG) (Alamuri and Maier 2006; Benoit et al. 2013;
Kuhns et al. 2013). Accordingly, the �msr mutant had increased
levels of protein oxidation relative to the wild-type (Alamuri and
Maier 2004). Moreover, deletion ofmsr or inactivation of only the
msrB domain conferred hypersensitivity to H2O2 and paraquat
(Alamuri and Maier 2004). The H. pylori �msr strain was de-
scribed to be more susceptible to killing by neutrophils than the
wild-type (Mahawar et al. 2011). Furthermore, �msr was shown
to be attenuated for colonisation ofmice stomachs at 7 days post
inoculation, and no mice could be colonised by �msr at later
time points (14 and 21 days post inoculation) in contrast to the
parental strain (Alamuri and Maier 2004).

Campylobacter jejuni has both MsrA and MsrB which exhibit
methionine reductase activity (Parkhill et al. 2000). Deletion of
these genes resulted in aggravated sensitivity towards H2O2,
cumene hydroperoxide and paraquat (Atack and Kelly 2008).

DNA repair

Under oxidative or chemical stress, bacteria use the SOS re-
sponse to halt bacterial cell division and induce DNA enzymes
that repair harmful modifications (Eisen and Hanawalt 1999).

Some bacteria contain a set of gene products MutSHL for
methyl-directed mismatch repair. MutL along with MutS, which
recognises and binds to the misincorporated nucleotide, acti-
vates MutH that cleaves specific unmethylated daughter strand
DNA and allows access for single-strand exonucleases that re-
move the defectiveDNA region (Harfe and Jinks-Robertson 2000).
Helicobacter pylori and C. jejuni lack the classical SOS system, and
mutL and mutH genes, but do encode a mutS homologue (Wang
et al. 2005a; Gaasbeek, van derWal et al. 2009). However, theMutS
protein is not thought to be functionally involved in methyl-
directed mismatch repair. In H. pylori, the �mutS strain had in-
creased sensitivity to oxygen, H2O2 and paraquat. Furthermore,
upon exposure to oxidative stress, the �mutS mutant exhibited
a higher 8-hydroxyguanine mutation rate (a base mutation that
usually occurs during periods of oxidant exposure (Wang et al.
2005a; Imlay 2008). Recent structural and mechanistic studies
of H. pylori MutS have demonstrated that the protein is a bi-
functional single-strand specific nuclease with both DNA nick-
ing and RNA nuclease activity; however, how MutS recognises
8-hydroxyguaninemutations is still unknown. In vivo, MutS con-
tributes to survival and colonisation as inactivation of mutS
made H. pylori less efficient for colonisation of the mouse in-
testine (Wang et al. 2005a). On the contrary, the same deletion
did not significantly changemutation rates in C. jejuni (Gaasbeek
et al. 2009).

The base excision repair system of DNA repair involves
glycosidases that recognise mismatched DNA and specifically
cleave the N-glycosylic bond to remove the mismatched base.
Helicobacter pylori and C. jejuni encode DNA repair-related gly-
cosidases including the G/U and A/U glycosidase Ung (Gaasbeek
et al. 2009) and A/G or A/8-hydroxyguanine glycosidase MutY
(Parkhill et al. 2000). The later was shown to participate in oxida-
tive DNA damage repair (Huang, Kang and Blaser 2006; Eutsey,
Wang andMaier 2007). Interestingly,H. pyloriMutY presented ac-
tivity specifically against A/8-hydroxyguanine mismatches, but
not for A/G mismatch repair. Although a �mutY deletion strain
did not have any observable sensitivity towards H2O2, cumene
hydroperoxide, t-butyl hydroperoxide or paraquat, it did ex-
hibit an increased mutation rate in the presence of atmospheric
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oxygen (Eutsey, Wang and Maier 2007). Furthermore, the �mutY
strain was attenuated for colonisation of the stomach of mice,
indicative of the protective role that MutY plays against inflam-
matory induced DNA damage (Eutsey, Wang and Maier 2007).

Helicobacter pylori expresses endonuclease III, a DNA-
repairing enzyme that removes oxidised pyrimidine and
contributes to ROS resistance. In the absence of the gene, H.
pylori presents elevated spontaneous and induced mutation
rates and higher sensitivity to killing by exposure to oxidative
agents or activated macrophages. Furthermore, endonuclease
III potentiates the colonisation capacity of H. pylori (O’Rourke
et al. 2003).

NITRIC OXIDE STRESS DEFENCES OF
HELICOBACTER PYLORI AND CAMPYLOBACTER
JEJUNI

Bacteria submitted to nitrosative stress activate responsive
genes that encode enzymes involved in detoxification, export,
repair as well as other homeostatic functions. The prokary-
otic responses include at least five distinct types of en-
zymes/proteins: (i) enzymes that directly remove NO and S-
nitrosothiols; (ii) enzymes that detoxify ROS, which also avoid
indirectly the formation of RNS due to blockage of the reac-
tion of ROS with NO; (iii) enzymes that regenerate reduced pyri-

dine nucleotides; (iv) DNA-repairing enzymes; and (v) regulators
of iron homeostasis that by controlling the formation of iron-
nitrosyl species hinder their catalytic role in nitrosylation re-
actions. In the following sections, the systems currently known
to contribute to nitrosative stress resistance in Helicobacter and
Campylobacter spp. will be described (Fig. 2, Tables 1 and 2), with
major emphasis on two of the most prominent members of this
family, namely H. pylori and C. jejuni.

Detoxification

In a large number of bacteria, two major families of pro-
teins promote the enzymatic removal of NO, namely the flavo-
haemoglobins and flavodiiron NO reductases (Saraiva, Vicente
and Teixeira 2004; Forrester and Foster 2012; Stern and Zhu
2014; Romao et al. 2016). Although H. pylori is able to thrive
in NO-enriched environments (Park et al. 2003), such enzymes
are apparently absent in the Helicobacter and Campylobac-
ter genomes. These pathogens also lack homologues of other
bacterial NO detoxification/reduction systems like the respira-
tory membrane-bound NO reductases and c-type cytochromes.
Recently, it was shown that H. pylori contains a new type
of NO-reducing enzyme, NorH reductase (Justino et al. 2012),
which is encoded in a large number of Helicobacter and Campy-
lobacter species. RNS detoxification in Campylobacter is also

Figure 2. Biological targets damaged by ROS and RNS, regulators, direct detoxification defences and indirect protective systems against RNS and ROS in Campylobac-

ter and Helicobacter species. RNS and ROS species damage important biological molecules such as DNA, lipids, haem and Fe-S clusters. Transcriptional and post-

transcriptional regulators important for ROS/RNS defence are shown. Fur, AcnB and CrsA are present in H. pylori and C. jejuni; ArsRS, HsrA, CrsRS and Hp110 are
expressed in H. pylori and regulators indicated in the right column are active in C. jejuni. Detoxification and repair enzymes of H. pylori (white), C. jejuni (blue) and
common to both pathogens (white-blue gradient) that protect against oxidative and nitrosative stress are indicated in black and blue, respectively. ETC, respiratory

electron transfer chain.
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dependent on haemoglobin-like and nitrite reductase enzymes,
as described below.

Globins: flavohaemoglobin (FHb), single domain
haemoglobins (SDHb) and truncated haemoglobins
(TrHb)

In several bacteria, resistance to NO and RNS has been at-
tributed to haemoglobins (Hbs), a diverse group of proteins that
belong to the myoglobin superfamily and that include flavo-
haemoglobins (FHb), single domain haemoglobins (SDHb) and
truncated haemoglobins (TrHb) (Vinogradov et al. 2013). One
of the best-studied enzymes is flavohaemoglobin (also known
as Hmp), which is composed of two domains: a N-terminal
globin domain that is fused with a C-terminal NAD(P)H and
FAD-binding reductase domain (Bonamore and Boffi 2008). The
role of flavohaemoglobin in mediating NO protection is well es-
tablished for a wide range of bacteria, and its NO-detoxifying
activity may occur under aerobic or anaerobic conditions, al-
beit through different enzymatic mechanisms (Justino et al.
2005; Goncalves et al. 2006; Forrester and Foster 2012). Al-
though homologues of flavohaemoglobins seem to be miss-
ing in the Campylobacter and Helicobacter genomes, ∼50% of the
Campylobacterales species express single domain and trun-
cated haemoglobins (Vinogradov et al. 2013).

In C. jejuni and C. coli, a single domain haemoglobin desig-
nated cgb was described to be induced by nitrosative stress, ni-
trate and nitrite, via the NssR regulator (see Section Nitrosative-
stress response regulator NssR). In a periplasmic nitrate re-
ductase (nap) C. jejuni-deficient mutant, cgb expression was
upregulated in response to nitrite (Pittman et al. 2007). While a
C. jejuni �cgb mutant displayed no major differences relative to
the wild-type when exposed to oxidative stress agents, it was
hypersensitive to the NO donor spermine NONOate and GSNO
(Elvers et al. 2004). Furthermore, GSNO-treated C. jejuni express-
ing higher levels of Cgb had increased NO consumption and aer-
obic respiration activities, and consequently was relatively in-
sensitive to NO (Elvers et al. 2004; Kern,Winkler and Simon 2011;
Smith et al. 2011; Vinogradov et al. 2013). Expression of C. jejuni
cgb in an Escherichia coli �hmp mutant strain abolished the RNS-
sensitive phenotype of the E. coli hmpmutant under aerobic con-
ditions (Smith et al. 2011; Tinajero-Trejo et al. 2013). However,
data suggest that Cgb has no role in NO resistance when C. jejuni
is under oxygen-limited conditions (Avila-Ramirez et al. 2013).

Campylobacter jejuni also expresses a truncated haemoglobin
protein (Ctb), which is induced by treatmentwithNOdonors and
GSNO (Wainwright et al. 2005, 2006). However, the �ctb mutant
did not have augmented sensitivity to nitrosative or oxidative
stress-generating compounds neither restore the RNS-sensitive
phenotype of the E. coli hmp mutant strain. Ctb was shown to
bind O2 under normoxic growth conditions and NO under hy-
poxic conditions (Smith et al. 2011), which is thought to influence
NssR regulation and downstream expression of cgb. Specifically,
Ctb-NO binding under low oxygen conditions would limit NssR
sensing of NO and decrease the NssR-dependent expression of
cgb (Smith et al. 2011). Given that Cgb utilises O2 for activity, Ctb
would play a role in reducing expression of cgb under conditions
where it would be less enzymatically active. Thus, Ctb is consid-
ered to have an indirect role in nitrosative stress defence.

Although apparently absent from H. pylori, other Heli-
cobacter species such as H. hepaticus and H. pullorum express
haemoglobin-like proteins.Helicobacter hepaticus encodes a trun-
cated haemoglobin (Nothnagel et al. 2011) while H. pullorum
relies on haemoglobin-like proteins such as HPMG 00979 and

HPMG 00954 to survive nitrosative stress exposure (Saraiva,
Vicente and Teixeira 2004, unpublished results). More work is
still required to establish the function of these proteins in
Helicobacter spp.

Nitric oxide reductase NorH

Recent studies have shown that the H. pylori hp0013 gene en-
codes a novel type of nitric oxide reductase that was named
NorH. Inactivation of norH generated H. pylori cells that had re-
duced ability to resist nitrosative stress conditions and exhibited
a significantly reduced NADPH-dependent NO reductase activ-
ity (Justino et al. 2012). Consistent with these results, the recom-
binant NorH displayed significant NO reductase activity. Under
NO stress conditions, heterologous expression of H. pylori NorH
rescued the growth of the E. coli NO reductase-deficient strain
(�norV) to resistance levels similar those of the wild-type. In vivo
studies showed that deletion of norH renders H. pylori more vul-
nerable to nitric oxide synthase-dependent macrophage killing,
and decreases the ability of the pathogen to colonisemice stom-
achs (Justino et al. 2012). Extensive amino acid sequence compar-
isons indicated that NorH, which shares no significant amino
acid sequence similarity to other known microbial NO detoxi-
fiers, belongs to a novel family of proteins that are widespread
in the microbial world (Justino et al. 2012).

Nitroreductase FrxA

Treatment of H. pylori infection is achieved by double or triple
antibiotic-based therapies that include the prodrug metronida-
zole. This prodrug belongs to the nitroimidazole family of antibi-
otics, which are activated by microbial nitroreductases (Mendz
and Megraud 2002). Helicobacter pylori contains at least two ni-
troreductases: the oxygen-independent NADPH nitroreductase,
RdxA, and the NADH-flavin oxidoreductase, FrxA (Han et al.
2007). While it is well established that RdxA activates metron-
idazole, the in vivo role of FrxA has remained obscure due the
rare occurrence of frxA mutations in metronidazole-resistant
clinical strains (Bereswill et al. 2003; Llanes et al. 2010; Tanih,
Ndip and Ndip 2011). Recent work has shown that frxA tran-
scription is induced by nitrosative stress. Helicobacter pylori frxA
mutant was hypersensitive to GSNO and had decreased survival
during macrophage infection and mouse colonisation (Justino
et al. 2014). Although retaining the ability to activate nitrofu-
rans, recombinant FMN-binding FrxA was also able to reduce
GSNO. This first GSNO reductase identified in H. pylori is one of
the few examples of nitroreductases with a role in nitrosative
stress (Justino et al. 2014). Analysis of the available Campylobac-
ter genomes predicts that homologous gene products are ex-
pressed in thesemicroorganisms (Ribardo, Bingham-Ramos and
Hendrixson 2010); however, studies remain to be performed to
confirm a stress-related function.

Other nitrosative stress protective systems

Some of the oxidative stress protective proteins previouslymen-
tioned also contribute to nitrosative stress defence in Helicobac-
ter and Campylobacter, namely AhpC and Msr.

Helicobacter pylori AhpC reduces peroxynitrite to nitrite and is
proposed to contribute toH. pylori resistance to RNS killing (Bryk,
Griffin and Nathan 2000). The C. jejuni methionine sulphoxide
reductases are also involved in NO protection as mutation of
msrA andmsrB generated a strain with reduced resistance to ni-
trosative stress (Atack and Kelly 2008).
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Campylobacter jejuni constitutively expresses the periplasmic
pentahaemnitrite reductase NrfA (cj1357c) that detoxifies nitrite
as well as NO (Pittman et al. 2007), and protects the bacterium
from nitrosative stress (Sellars, Hall and Kelly 2002; Pittman and
Kelly 2005). Although the �nrfA mutant was not found to be at-
tenuated for chick colonisation, it has been suggested that the
constitutive expression of nrfA might confer significant protec-
tion against initial exposure to NO during host colonisation until
the NssR-dependent induction of cgb (Pittman et al. 2007). Given
its periplasmic location, NrfA could shield from exogenous NO
diffusing across the outer membrane into the cell.

Arginase modulation of the host NO production

Helicobacter pylori arginase (RocF) catalyses the hydrolysis of argi-
nine to urea (and to ornithine), which is then hydrolysed by
urease to carbon dioxide and ammonium; the latter guards
the pathogen by neutralising the stomach acidic environment.
Moreover, H. pylori arginase competes for the same L-arginine
substrate of mammalian iNOS (Fig. 1), therefore lowering the
amount of toxic NO produced by the immune system (Wu and
Morris 1998). Macrophages infected with rocF-inactivated H. py-
lori had augmented NO levels and increased ability to kill the
pathogen (McGee et al. 1999; Gobert et al. 2001; Wang, Alamuri
and Maier 2006; Das et al. 2010). Mutation of the rocF in H. py-
lori was reported to hamper survival and attenuate colonisation
in a mouse model (Gobert et al. 2001; Chaturvedi et al. 2007).
Interestingly, H. pylori arginase activity has been proposed to
be post-translationally stimulated by the chaperone activity of
thioredoxin Trx1 that promotes renaturation of actively dam-
aged arginase (Baker et al. 2001; Comtois, Gidley and Kelly 2003;
McGee et al. 2006).

Mammals express two isoforms of arginase, namely arginase
I produced in the liver and arginase II (Arg2) formed in the kid-
ney (Li et al. 2001; Nissim et al. 2005). Infection by H. pylori has
also been reported to induce the Arg2 expression in murine and
peritoneal macrophage cell lines, and in the gastric mucosa of
mice and humans, which leads to decreased intracellular levels
of L-arginine (Gobert et al. 2001, 2002; Lewis et al. 2010, 2011). A
chronicH. pylori infectionmicemodel showed an augmented ex-
pression of Arg2 and impaired host response, while Arg2 defec-
tive mice had higher levels of iNOS and NO, and lower bacterial
counts (Lewis et al. 2010).

Helicobacter pylori modifies the polyamine levels, such as
putrescine, spermidine and spermine (which are polycationic
amino acids synthesised along the arginase–ornithine decar-
boxylase (ODC) pathway) that attenuate host immune responses
by inhibiting proinflammatory cytokine expression and modu-
lating apoptosis (Gobert et al. 2002; Lewis et al. 2011; Chaturvedi
et al. 2012, 2014; Hardbower, Peek and Wilson 2014). One
of the products of the H. pylori-induced Arg2 activity within
macrophages is L-ornithine that is used by the ODC pathway
to form putrescine, which can be converted to spermidine and
spermine (Pegg and McCann 1992). Macrophages infected by H.
pylori had higher expression levels of spermine oxidase (SMO)
that back-converts spermine to spermidine. Also, in murine
macrophages the knockdown of SMO elevated the spermine
level, and lowered the iNOS expression and NO content. More-
over, the results indicated that during H. pylori infection the
polyamine catabolism by SMO generates oxidative damage in
gastric epithelial cells and causes cell apoptosis (Gobert et al.
2002; Lewis et al. 2011; Chaturvedi et al. 2012, 2014; Hardbower,
Peek and Wilson 2014).

STRESS DEFENCES OF OTHER HELICOBACTER
AND CAMPYLOBACTER SPP.

Helicobacter hepaticus was first isolated in the 1990s from the
liver, colon and caecum of mice. It is associated with chronic
intestinal infection that in susceptible mice can lead to hepati-
tis and colonic and hepatic carcinomas (Falsafi and Mahboubi
2013; Segura-Lopez, Guitron-Cantu and Torres 2015). Helicobacter
hepaticus is resistant to cephalothin and nalidixic acid but sen-
sitive to metronidazole (Tanaka et al. 2007). Helicobacter cinaedi,
formerly named Campylobacter cinaedi, infects the intestine of
humans and is transferred from animals as a zoonosis. The first
casewas identified in 1984 in homosexualmen and several cases
have been reported to date in patients suffering from several dis-
eases, such as AIDS, haematological malignancy, diabetes melli-
tus, chronic liver and renal insufficiency (Kamimura et al. 2015).

In H. hepaticus, two proteins have been identified as protec-
tive against ROS, namely catalase KatA and the alkyl hydroper-
oxide reductase TsaA. Helicobacter hepaticus katA mutant strain
proved to be impaired by H2O2 and exhibited a higher degree of
DNA fragmentation (Hong, Wang and Maier 2007). The H. hep-
aticus tsaA mutant was also less resistant to paraquat, cumene
hydroperoxide and t-butylhydroperoxide, but more resistant to
hydrogen peroxide. It was proposed that a compensatory re-
sponse of the bacterium upon loss of TsaA may led to an in-
crease of the catalase expression and activity. Yet, the wild-type
and tsaA mutant strains exhibited comparable colonising abili-
ties and caused similar lesions in themice hepatic tissue (Mehta
et al. 2007).

The H. hepaticus NADPH quinone reductase (MdaB) was also
reported to contribute to oxygen and oxidative stress tolerance.
The mdaB mutant had increased sensitivity to oxidative stress-
generating molecules, and expressed higher levels of other ox-
idative stress-combating enzymes, such as superoxide dismu-
tase (Hong, Wang and Maier 2008). Also, the H. hepaticus dpsmu-
tant strain shows higher sensitivity to peroxides than the wild-
type strain, and the mutant cells present a higher percentage of
coccoid or lysed cells when exposed to oxidative stress (Hong,
Wang and Maier 2006).

Helicobacter cinaedi expresses an ahpC- like gene, and the
knockout strain was less resistant to hydrogen peroxide and
more rapidly killed by macrophages. Furthermore, in vivo mice
experiments indicated that deletion of ahpC generated a H.
cinaedi strain with reduced caecal colonising ability and di-
minished ability to induce bacterial-specific immune responses
(Charoenlap et al. 2012).

WhileC. jejuni is the primary cause of human gastrointestinal
diseases, C. coli is responsible for the second highest number of
intestinal infections (Skarp, Hanninen and Rautelin 2016). Like
C. jejuni, C. coli encodes two of themajor detoxification enzymes,
namely SodB and KatA (Grant and Park 1995; Purdy et al. 1999).
Deletion of sodB impaired the ability of C. coli to colonise the ceca
of chicks, and had a significantly attenuated ability to survive O2

exposure.
Despite the importance of KatA for oxidative stress resis-

tance in C. jejuni and C. coli, catalase is absent in several other
species of Campylobacter, including C. concisus, C. mucosalis, C.
sputorum, C. helveticus, C. curvus, C. rectus, C. upsaliensis and C. ho-
minis (Bourke, Chan and Sherman 1998; Lawson et al. 2001). Fur-
thermore, these catalase-negative strains lack homologues of
the haem-trafficking protein, cj1386 (Flint and Stintzi 2015). Re-
cently, Koolman et al. have investigated the presence of sodB and
katA by PCR in 24 Campylobacter isolates obtained frompoultry or
human origin belonging to the C. jejuni, C. coli and C. lari species.
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Of the isolates, sodB was present in all samples whereas katA
was identified in 19 samples (Koolman et al. 2015). The isolates
lacking katA were identified in both C. jejuni and C. coli species
(Koolman et al. 2015). Thus, sodB appears to be indispensable to
Campylobacter strains, while other H2O2 detoxification enzymes
are expected to compensate for the absence katA, such as those
present in C. jejuni NCTC11168 or 81–176 (i.e. ahpC and tpx).

GLOBAL RESPONSES TO STRESS IN
HELICOBACTER PYLORI AND CAMPYLOBACTER
JEJUNI

Several works have investigated the global effects of oxidative
and nitrosative stresses by whole transcriptomic and proteomic
studies.

Global transcriptional profiling of H. pylori treated with sper-
mine NONOate (20μM, 4 h) revealed upregulation of 145 genes
that belong to a wide variety of categories (Hung et al. 2015).
The classes with the highest number of differentially expressed
genes were those of the cell envelope (n = 17), followed by
transport and binding (n = 13), cellular processes (n = 11) and
DNA metabolism (n = 5). Under nitrosative stress, the genes of
the iron(III) dicitrate transport protein (fecA), cytosine-specific
DNAmethyltransferase (hp0051) and ABC transporter-permease
(glnP) had the highest levels of expression. Among the several
knockout strains examined, namely hp0351 (fliF), hp0751 (flaG),
fecA, hp0916 (frpB), glnP and hp1326 (crdA), the strains lacking flag-
ellar proteins, �fliF and �flaG,were the strains most susceptible
to nitrosative stress (Hung et al. 2015). Nevertheless, it was unex-
pected that the gene products that are known to be related with
nitrosative stress defences were not detected in this study.

To identify genes that contribute to stomach colonisation,
Salama and co-workers (Baldwin et al. 2007) used microarray-
based tracking of transposon mutants of two mouse-adapted
strains,H. pyloriNSH79 andNSH57, tomonitor 758 different gene
loci in a C57BL/6 mouse infection model. Approximately 29% of
themutant strains showed colonisation defects, including those
lacking the ferric uptake regulator fur, sodB, catalase and per-
oxiredoxin genes confirming the importance of oxidative stress
resistance genes in colonisation (Baldwin et al. 2007).

In 2005, Chiou and co-workers (Chuang et al. 2005) anal-
ysed proteome alterations due to oxygen stress in H. pylori
clinical isolates from patients with duodenal ulcers and gas-
tric cancer. When exposed to 20% O2, the cells acquired a
coccoid morphology and exhibited lower urease activity. Inter-
estingly, the formation of coccoid-shaped cells was also ob-
served in H. pylori cells exposed to NO donors (Tecder-Unal
et al. 2008). The whole protein expression profiling revealed
11 differentially expressed proteins in response to high oxy-
gen levels, which included AhpC, NapA and urease-related pro-
teins UreE and urease β-subunit (Chuang et al. 2005). In a sub-
sequent study, a clinical strain of H. pylori HC28 treated with
10 mM H2O2 exhibited increased expression of the follow-
ing proteins: cytotoxin-associated protein A (CagA), vacuolat-
ing cytotoxin (VacA), adherence-associated protein (AlpA), two
antioxidant enzymes (AhpC and KatA), serine protease (HtrA),
aconitate hydratase (AcnB) and fumarate reductase (FrdA)
(Huang and Chiou 2011).

Proteomic analysis was also used to explore the impact of
SNP on H. pylori 26695 (0.5 mM SNP for 6 h) (Qu et al. 2009). Ap-
proximately 38 proteins were differentially expressed, includ-
ing proteins involved in cell division and central metabolism.
In particular, TrxR, SodB, TsaA and NapA were highly induced.

Notably, the protein with highest elevated expression was flavo-
doxin (FldA), a protein essential to H. pylori viability that acts
as an electron acceptor for pyruvate: flavodoxin oxidoreductase
during the oxidative decarboxylation of pyruvate (Hughes et al.
1995; Freigang et al. 2002; Cremades et al. 2005). The downreg-
ulation of the major virulence cytotoxin-associated protein A
(CagA) and the flagella protein PflA was also observed (Qu et al.
2009).

Another proteomic study of H. pylori treated with GSNO
(100μM for 20 min) detected five differentially expressed pro-
teins including the chaperone and heat shock protein (GroEL),
urease alpha subunit (UreA), alkyl hydroperoxide reductase
(designated as TsaA), sialic acid-specific adhesion protein
HP0721 and a protein of unknown function HP0129 (Qu et al.
2011). Consistent with these results, deletion of tsaA in H. py-
lori increased the sensitivity of the bacterium to RNS. Addition-
ally, the urease activity was found to be inhibited by GSNO (Bryk,
Griffin and Nathan 2000).

Exposure of C. jejuni to cumene hydroperoxide induced ex-
pression of genes coding for detoxification enzymes and genes
involved in general cellular stress response. In particular, sig-
nificant upregulation of one of the major regulators of the heat
shock response, hrcA, and the nucleotide exchange factor grpE
was observed (Palyada et al. 2009). Several genes involved in DNA
replication and repair were found downregulated in response
to cumene hydroperoxide including dnaA (chromosomal repli-
cation initiator protein), urvC (exonuclease ABC subunit C) and
cj1669c (ATP-dependent DNA ligase) (Palyada et al. 2009). There-
fore, it seems that in contrast to other bacteria which display
induction of DNA repair mechanisms as a protective measure
against stress (Chang et al. 2006; Wolf et al. 2008), C. jejuni may
slow growth and replication as a strategy to avoid accumulation
of DNAmutations and to providemore time for DNA repair to oc-
cur (given the absence of an SOS response and smaller number
of DNA repair genes in C. jejuni). Additional global responses to
oxidant exposure included up-regulation of themultidrug efflux
pump, cmeABC. The induction of these genes, which are involved
in pumping out toxic substances such as bile salts and antimi-
crobial compounds, is also thought to be a cross-protective re-
sponse of C. jejuni when encountering unfavourable conditions
during virulence.

Based on the microarray data of C. jejuni under oxidative
stress as well as from a �perR mutant strain, several genes (pu-
tative guanosine-3′,5′-bis[diphosphate]3’pyrophosphohydrolase
spoT, dihydropteroate synthase folP and tRNA pseudouridine
synthase B (truB)) displaying meaningful changes in their
gene expression patterns were targeted for further character-
isation (Flint et al. 2014). Surprisingly, the �spoT, �folP and
�truB mutants did not reveal different sensitivity towards
the oxidants relative to the parental strain (Flint et al. 2014),
suggesting that they likely play a role in cross-protection against
nutrient stress (spoT), sulphonamide resistance (folP) and poten-
tial osmotic/temperature resistance (truB).

STRESS-RELATED REGULATORS OF
HELICOBACTER PYLORI AND CAMPYLOBACTER
JEJUNI

A great wealth of knowledge on transcriptional regulation of
bacterial oxidative and nitrosative stress systems has been
generated over many decades of research. However, C. je-
juni and H. pylori lack many typical key regulatory proteins
found in other Gram-negative bacteria, including homologues of
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stress-related regulators such as SoxRS, OxyR, Crp and FNR
(Hillion and Antelmann 2015; Miller and Auerbuch 2015). Nev-
ertheless, it has been shown that several global transcriptional
regulators such as Fur, PerR and NssR sense and respond to
changes in environmental conditions and are important for host
colonisation and pathogenesis of C. jejuni (Butcher et al. 2012;
Carpenter et al. 2013; Kim et al. 2015), as described below. Inter-
estingly, H. pylori seems to contain only the Fur regulator and to
rely in less common regulators to sense ROS and RNS stresses
(see below).

Ferric uptake regulator Fur

The ferric uptake regulator (Fur) is a widely spread intracellular
iron-sensor regulator that controls expression of iron acquisi-
tion and storage systems, and that has been shown to contribute
to oxidative and nitrosative stress resistance of bacteria.

Campylobacter jejuni and H. pylori Fur regulons include over
50 genes, some of which are related to stress protection (Ernst
et al. 2005a,b; Danielli et al. 2006; Miles et al. 2010; Butcher et al.
2012, 2015; Butcher and Stintzi 2013). Therefore, H. pylori Fur is
described to have both features of iron-sensing (Fur function)
and oxidation-sensing (PerR-like function) (Pelliciari et al. 2015).
Specifically, Fur induces katA expression under iron-replete con-
ditions (Harris et al. 2002), and apo-Fur regulates sodB (Ernst
et al. 2005a,b). Additionally, iron-inducible, apo-Fur represses
genes, such as pfr (iron storage gene) and hydA (hydrogenase
(NiFe) small subunit), which are expressed shortly after oxida-
tive stress, while holo-Fur represses genes, such as frpB1 (iron-
regulated outer membrane protein) and fecA1 (iron(III) dicitrate
transport protein), that vary modestly in response to oxidative
stress. Therefore, Pelliciari et al. (2015) considered that Fur ex-
erts an allosteric regulation to enable transduction of oxidative
stress signals in H. pylori, and propose that apo-Fur-repressed
genes can be considered oxidation-inducible Fur regulatory
targets.

Since H. pylori strains mutated in the fur gene are less sensi-
tive to NO, derepression of iron-regulated genes is considered an
important physiological response of H. pylori to nitrosative dam-
age. Furthermore, Fur contributes to successful colonisation of
H. pylori in both murine and Mongolian gerbil models of infec-
tion (Danielli et al. 2006; Miles et al. 2010).

Peroxide-sensing regulator PerR

PerR, a member of the Fur family, is a peroxide-sensing reg-
ulator that controls oxidative stress-related genes (Dubbs and
Mongkolsuk 2012).

Helicobacter pylori does not encode perR and the understand-
ing of H. pylori oxidative stress regulation is still limited. On the
contrary, H. hepaticus expresses a perR gene, which when inacti-
vated results in a high expression level of katA and ahpC (Belzer
et al. 2011).

Campylobacter jejuni PerR represses several peroxide resis-
tance genes (e.g. katA, ahpC, trxB, dps and cj1386) and the perR
mutation generates a strain hyperresistant to hydrogen perox-
ide (due to depression of H2O2 detoxification enzymes) (Palyada
et al. 2009; Butcher et al. 2015). Iron was shown to downregulate
perR transcription,which is suggested to occur by a PerR autoreg-
ulatory mechanism (Kim et al. 2011). Furthermore, deletion of
perR lowered the C. jejuni chick colonisation ability relative to the
parental strain indicating that PerR regulation reinforces coloni-
sation (Palyada et al. 2009).

Nitrosative-stress response regulator NssR

Although Campylobacter and Helicobacter spp. are equipped with
regulators that induce expression of oxidative stress-related
proteins, nitrosative-sensing regulators seem to be scarce or
have not yet been identified.

NssR is a global transcription factor that belongs to the
Crp−Fnr superfamily of bacterial regulators. The protein con-
tains an N-terminal sensory domain that uses a Fe-S clus-
ter as sensor of nitrosative and oxidative stresses, and a C-
terminal DNA-binding domain that recognises target sequences
by means of a helix–turn–helix motif. In C. jejuni, NssR (Cj0466)
controls a small regulon that includes the two NO-inducible sin-
gle domain and truncated haemoglobins, Cgb and Ctb. For cgb,
NssR regulation occurs via a cis–acting motif located in the pro-
moter region of the gene (Elvers et al. 2005; Monk et al. 2008).

In Helicobacter species, NssR homologues are apparently ab-
sent from the genomes. However, proteomic studies indicate
that H. pylori Fur plays a role in RNS stress resistance. The tran-
scription of fur is induced by nitrosative stress and the fur mu-
tant is more sensitive to nitrosative stress than the wild-type
strain (Qu et al. 2009).

Copper resistance determinant CrdRS

Helicobacter pylori CrdRS is a two-component sensor for copper
and acid. Yet, the role of CrdRS in acid sensing remains less
clear as it has been demonstrated for H. pylori J99 but not for
H. pylori 26695 (Waidner et al. 2005; Loh and Cover 2006). The
crdS gene is upregulated by RNS, and single and double crdR/crdS
deletion mutants display reduced viability under NO (Hung
et al. 2015). In vivo studies reported that CrdRS facilitates H.
pylori stomach colonisation in amurine infectionmodel (Panthel
et al. 2003). Moreover, a global transcriptional profiling analysis,
which defined the CrdR regulon as including circa 100 genes, in-
dicated that CrdS may regulate the ABC transporter permease
glnP protein. The glnP gene is induced under stress conditions
and its deletion resulted in a strain that grows deficiently when
exposed to NO (Waidner et al. 2005; Loh and Cover 2006).

Aconitase

One of the few and notable examples of post-transcriptional reg-
ulation of genes involved in oxidative stress defence has been
described in Escherichia coli. That is the case of the E. coli aconi-
tase proteins AcnA and AcnB that have a dual function, acting
both as enzymes and as post-transcriptional regulators in re-
sponse to oxidative stress (Tang et al. 2002). During oxidant expo-
sure or low intracellular iron levels, demetallation of the active
site [4Fe-4S]2+/1+ clusters of AcnB renders the enzyme catalyt-
ically inactive (Gardner and Fridovich 1992). Upon inactivation,
the apo-AcnB and apo-AcnA proteins act as post-transcriptional
regulators by binding to the 3′ UTR of their cognatemRNAs (Tang
and Guest 1999). Binding of apo-AcnA or apo-AcnB to the acnA
and acnB mRNA increases transcript stability and synthesis of
the AcnA and AcnB proteins during periods of Fe-S cluster inac-
tivation due to exposure to oxidative stress (Tang et al. 2002).

Helicobacter pylori AcnB has also been shown to be a bi-
functional protein with both catalytic (Pitson et al. 1999) and
post-transcriptional regulatory roles (Austin and Maier 2013).
Included in H. pylori’s repertoire of oxidative stress responsive
systems is a peptidoglycan deacetylase (pgdA), which is in-
volved in peptidoglycan modification and bacterial cell-wall in-
tegrity (Wang et al. 2009). PgdA protects H. pylori during host
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colonisation by modifying peptidoglycan constituents to re-
sist cleavage by host lysozyme and prevent subsequent cell
lysis (Wang et al. 2009). Specifically, PgdA deacetylates N-
acetylglucosamine residues (Wang et al. 2009), which along with
N-acetylmuramic acid form β-1,4 bonds between these residues
in peptidoglycan that are targeted for lysozyme-induced hydrol-
ysis (Dziarski 2003). PgdA is induced by ROS (Wang et al. 2009)
and during macrophage contact, and is important for survival
within the murine stomach (Wang et al. 2010). Deletion of acnB
in H. pylori significantly decrease the pgdA transcript levels in
the presence or absence of oxidative stress. Oxidative conditions
trigger binding of apo-AcnB to the mRNA 3′UTR of pgdA increas-
ing the transcript stability and consequently elevating the PgdA
expression levels (Austin and Maier 2013).

Additional regulatory targets of AcnB have been recently
identified by mass spectrometry through examining changes to
the H. pylori proteome in a �acnB mutant strain. In particular,
the abundance of AhpC was significantly lower in the �acnB
strain compared to thewild-type (Austin,Wang andMaier 2015).
The �acnB mutant also displayed decreased survival during ex-
posure to atmospheric O2 as well as hypersensitivity towards
cumene hydroperoxide (Austin, Wang and Maier 2015). Binding
of apo-AcnB to the 3′UTR of the ahpC transcript was confirmed
by electrophoreticmobility shift assay (EMSA) (Austin,Wang and
Maier 2015).

Like in H. pylori, the C. jejuni �acnBmutant revealed lower re-
sistance to H2O2 and O2

•− (Flint et al. 2014). However, whether
the C. jejuni acnB gene has a post-transcriptional regulatory role
for its own transcript or other oxidative stress protective genes,
such as sodB, remains to be proved. Given that apo-AcnA in-
creases SodA levels in E. coli in the presence of oxidative stress
by post-transcriptional regulation (Tang et al. 2002), it is tempting
to speculate that the absence of AcnB in the C. jejuni could lead
to lower SodB production due to the loss of post-transcriptional
regulation of the sodB transcript. Consequently, the decreased
expression levels of SodB would explain the hypersensitivity to-
wards superoxide observed in the C. jejuni �acnB mutant. Fur-
thermore, the increased sensitivity towards H2O2 of the �acnB
strain suggests post-transcriptional regulation of ahpC and/or
katA. The established post-transcriptional regulatory function of
apo-AcnB for the ahpC transcript in the closely related pathogen
H. pylori (Austin and Maier 2013) supports this hypothesis. Alto-
gether, these results demonstrate the important regulatory role
of AcnB in oxidative stress resistance in H. pylori and C. jejuni.

Other regulators

Other C. jejuni regulators have been associated with oxidative
stress control, namely CosR, Cj1000, RrpA and RrpB.

The C. jejuni oxidative stress sensor CosR is an OmpR-type
regulator shown to be important for the viability of the bac-
terium. Microarray studies of a cosR knockdown strain defined
the cosR regulon to consist of approximately 90 genes involved in
various cellular functions. In particular, CosR was shown to bind
the katA promoter and activate katA transcription, and knock-
down of cosR led to reduced catalase activity of cell-free ex-
tracts (Garenaux et al. 2008; Hwang et al. 2012). The CosR regulon
was also analysed by two-dimensional gel electrophoresis and
shown to repress the expression of sodB and dps and to induce
ahpC (Hwang et al. 2011).

Campylobacter jejuni cj1000 encodes a LysR-type regulator that
controls O2 consumption (Dufour et al. 2013). Microarray anal-
ysis of the �cj1000 mutant revealed several targets, including
katA, ahpC and trxB. Although the �cj1000 mutant did not show

lower viability under oxidative stress, it had attenuated ability
to colonise and was outcompeted by the wild-type strain during
colonisation of the piglet intestine (Dufour et al. 2013).

RrpA and RrpB are two MarR family transcriptional regula-
tors with roles in regulating C. jejuni’s oxidative stress response
(Gundogdu et al. 2011, 2015). RrpA has recently been shown to
regulate oxidative stress defence genes (Gundogdu et al. 2015).
The �rrpA mutant displayed increased sensitivity to H2O2, re-
duced katA expression and catalase activity in cell extracts, and
decreased virulence during Galleria mellonella infection relative
to the wild-type (Gundogdu et al. 2015). Microarray analysis indi-
cated that rrpB is negatively autoregulated and induces expres-
sion of katA, perR and hspR (Gundogdu et al. 2011). The �rrpB
mutant strain had lower resistance to H2O2 and oxygen stress,
and diminished ability to adhere, invade and survive within
Caco-2 human intestinal epithelial cells, reduced survivability
in murine macrophages and lower virulence in the Galleria mel-
lonella infection model (Gundogdu et al. 2011). Helicobacter pylori
CrsA, ArsRS and HsrA proteins have been reported to regulate
expression of oxidative stress-related genes.

Helicobacter pylori CrsA is an homologue of the E. coli global
carbon starvation regulator CrsA; the crsA deletion strain exhib-
ited significantly attenuated survival under H2O2 stress (Fields
and Thompson 2008). However, the genes under the control of
this transcription factor remain to be identified.

Helicobacter pylori also contains the two-component signal
transduction system ArsRS that responds to acid stress. Protein
expression studies revealed that the ArsRS system regulates the
thioredoxin reductase gene trx1 (Loh et al. 2010).

Helicobacter pylori HsrA is a homeostatic global regulator
that represses sodB and controls the cellular SOD activity
(Olekhnovich et al. 2014). Autoregulation was suggested on the
basis of the specific binding of HsrA-enriched protein fractions
to the hsrA promoter (Roncarati et al. 2007).

Bacterial histone-like proteins regulate gene expression by
binding to target DNA promotor sequences (Grainger et al.
2008). In H. pylori, the hp119 gene coding for a putative histone
was shown, by EMSA, to bind DNA (Chen, Ghosh and Grove
2004; Wang, Lo and Maier 2012; Wang and Maier 2015). Two-
dimensional gel analysis of an hp119 inactivated strain exposed
to oxic conditions showed that the abundance of SodB, Tpx,
TrxR, NapA, and PgdA in the mutant cells is lower than in the
wild-type. Conversely, the AhpC levels were increased in the
hp119 mutant (Wang and Maier 2015). Furthermore, the �hp119
mutant exhibited decreased viability when grown under atmo-
spheric O2, attenuated survival in murine macrophages and re-
duced colonisation of murine stomachs. Hence, Hp19 is pro-
posed to be involved in stress tolerance (Wang and Maier 2015).

CONCLUSION

The success of bacterial pathogens in host colonisation and
virulence is highly dependent on circumvention of innate im-
munological responses. Helicobacter and Campylobacter are both
equippedwith a repertoire of systems that enable survival under
the toxic effects of oxidative and nitrosative compounds from
innate immune cells, such asmacrophages and neutrophils, and
also present in the gastrointestinal tract (Fig. 2).

Characterisation of the oxidative stress protectors of He-
licobacter and Campylobacter has revealed that, in contrast to
other bacterial pathogens such as E. coli and Salmonella, these
bacteria contain fewer direct detoxification enzymes. Never-
theless, the data show that reliance on only a key number of
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oxidant protectors confers Helicobacter and Campylobacter the
ability to survive exposure to harsh conditions and be highly
effective at inducing illness and chronic disease. The ma-
jor oxidant detoxification enzymes include AhpC, KatA, SodB,
Tpx, BCP and MdaB (Helicobacter specific), which respond to a
wide range of oxidative compounds and have been demon-
strated to be critical for in vivo colonisation. Indirect oxi-
dant defences are also equally important for surviving the
oxidative burst imposed by mammalian host immune cells.
Macromolecule repair systems (MsrAB), DNA repair systems
(MutS, MutY), iron sequestration and DNA-binding proteins
(Dps, NapA) and chaperone/biogenesis proteins (KapA/Cj1386)
all play a significant role in oxidative stress resistance in vitro and
in vivo.

In Campylobacter jejuni, the fine-tuning of the gene expres-
sion by transcriptional regulators may provide an explanation
for the success of a pathogen that encodes for a relatively small
number of oxidative stress responsive systems and lacks an SOS
response. In particular, katA has been shown to be controlled
by more than one regulator (e.g. Fur, PerR and CosR). Clearly,
C. jejuni is able to sense and respond to numerous environ-
mental stimuli leading to differential expression of katA. This
may enable C. jejuni to upregulate katA during periods of H2O2

stress while maintaining iron homeostasis during other phases
of growth and/or infection.

When compared with the oxidative stress, the systems
directly protecting Campylobacter and Helicobacter against NO
are less well characterised. Genomic analyses indicate that
these bacteria lack homologues of the major detoxifiers such
as flavohaemoglobin and flavodiiron enzymes. However, these
pathogens are exposed to bursts of RNS when establishing
colonisation as well as throughout the infectious process within
the host, and are clearly well adapted at surviving harsh
gastrointestinal conditions. Our current understanding of NO
detoxification in C. jejuni, Helicobacter pullorum and H. hepaticus
consists of haemoglobins, which are absent in H. pylori. Indeed,
H. pylori employs unique strategies for protection against an NO-
rich environment by depleting one of the substrates specifically
required by the host to generate RNS, namely arginine. Heli-
cobacter pylori also utilises a novel nitroreductase system (NorH)
and uses the prodrug-activating nitroreductase FrxA protein to
detoxify GSNO. The identification of nitrosative-related sensors
and regulators also remains in its infancy. To date, only two reg-
ulators, NssR in C. jejuni and CrdRS in H. pylori, have been linked
to NO sensing.

It is expected that future next-generation sequencing experi-
ments in Campylobacter andHelicobacter species would help drive
novel discoveries aimed at identifying and characterising the
ROS/RNS regulatory and defence systems in these pathogens,
and provide new potential targets to use for therapeutics against
these pathogens.
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