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The ability of Campylobacter jejuni to penetrate normally nonphagocytic host cells is believed to be a key
virulence determinant. Recently, Kinetics of C. jejuni intracellular survival have been described and indicate
that the bacterium can persist and multiply within epithelial cells and macrophages in vitro. Studies conducted
by Pesci et al. indicate that superoxide dismutase contributes to intraepithelial cell survival, as isogenic sod
mutants are 12-fold more sensitive to intracellular killing than wild-type strains. These findings suggest that
bacterial factors that combat reactive oxygen species enable the organism to persist inside host cells. Exper-
iments were conducted to determine the contribution of catalase to C. jejuni intracellular survival. Zymo-
graphic analysis indicated that C. jejuni expresses a single catalase enzyme. The gene encoding catalase (katA4)
was cloned via functional complementation, and an isogenic kat4 mutant strain was constructed. Kinetic
studies indicate that catalase provides resistance to hydrogen peroxide in vitro but does not play a role in
intraepithelial cell survival. Catalase does however contribute to intramacrophage survival. Kinetic studies of
C. jejuni growth in murine and porcine peritoneal macrophages demonstrated extensive Killing of both wild-
type and kat4 mutant strains shortly following internalization. Long-term cultures (72 h postinfection) of in-
fected phagocytes permitted recovery of viable wild-type C. jejuni; in contrast, no viable kat4 mutant bacteria
were recovered. Accordingly, inhibition of macrophage nitric oxide synthase or NADPH oxidase permitted
recovery of katA mutant C. jejuni. These observations indicate that catalase is essential for C. jejuni intramac-

rophage persistence and growth and suggest a novel mechanism of intracellular survival.

Campylobacter jejuni is a microaerobic, highly motile, gram-
negative bacterium and the primary agent of the most frequent
form of human bacillary gastroenteritis, campylobacteriosis (6,
32). Campylobacteriosis is an acute illness, the signs and symp-
toms of which vary with socioeconomic conditions. In under-
developed areas, the disease, which affects mainly infants and
young children (<2 years), is endemic and is observed as a
watery diarrhea suggestive of infection with a toxigenic organ-
ism (15). In developed areas, where the disease predominantly
affects young adults, campylobacteriosis is most often observed
as a dysentery suggestive of infection with an invasive organism
(15). Though C. jejuni is the leading cause of human gastro-
enteritis worldwide, little is known of its virulence determi-
nants. A number of studies in vivo have established that C.
jejuni is a facultatively intracellular bacterium (1, 5, 17, 19).
Electron microscopy studies have demonstrated the organism
residing within epithelial cells lining the gut lumen as well as
granulocytes and parenchymal cells located within the lamina
propria (1, 5). This intracellular existence provides the fastid-
ious, asaccharolytic, slow-growing organism an unoccupied
niche where microbial competition is relaxed or nonexistent.
Additionally, an intracellular lifestyle is thought to shelter or-
ganisms from immune surveillance; however, there is little
evidence to support this idea regarding campylobacteriosis.

Once inside, C. jejuni may be exposed to a variety of host
killing mechanisms, including various reactive oxygen species
generated by the respiratory burst oxidase as the bacterium
remains bound within an endosome (9, 17). These products
include superoxide, hydrogen peroxide, and halogenated oxy-
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gen molecules. Hydrogen peroxide, which is generated during
aerobic metabolism, has bacteriocidal activity, as suggested by
the ubiquitous presence of at least two catalase enzymes ex-
pressed in organisms which use oxygen as final electron ac-
ceptors. Furthermore, interaction of hydrogen peroxide with
myeloperoxidase, reduced iron, or products of nitric oxide syn-
thase may lead to formation of more toxic intermediates, such
as hypochlorous anion, hydroxyl radicals, hydroxide anions,
nitrogen dioxide, and peroxynitrite (11). Therefore, it has been
postulated that bacterial factors that inactivate hydrogen per-
oxide, such as catalase, may interrupt production of these toxic
species and aid persistence and survival within host cells and
tissues. Experiments have been conducted to examine the ef-
fect of oxygen radicals on the survival of bacteria (10). It was
found that the Salmonella enterica serovar Typhimurium sodC
mutant was more susceptible to killing in the presence of both
the respiratory burst and nitric oxide synthase. This killing was
reduced with the addition of N©-L-monomethyl arginine or
acetovanillone, and the attenuated virulence of the sodC mu-
tant was restored completely with the elimination of the re-
spiratory burst. These results suggest there are synergistic
antimicrobial properties resulting from the combination of
the phagocytic respiratory burst and NO synthase and that
the Cu-Zn Sod protects S. enterica serovar Typhimurium from
the products of both these phagocytic properties. Still other
studies have indicated that production of catalase and not
nitric oxide correlates to virulence of Staphylococcus aureus,
Neisseria meningitidis, Legionella pneumophila, Nocardia aster-
oides, and Mycobacterium tuberculosis (7).

These observations suggest that the ability to inactivate hy-
drogen peroxide contributes to survival in the host (2) and led
us to examine the role of catalase in C. jejuni hydrogen per-
oxide resistance and intracellular survival. In this report, we
demonstrate that catalase is required for C. jejuni hydrogen
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TABLE 1. Bacterial strains and plasmids used in these studies

Strain or plasmid Description Source or reference
Strain
C. jejuni
M129 Wild type; isolated from individual presenting frank dysentery 18
MI129N Spontaneous nalidixic acid-resistant strain, derivative of M129 This study
JD900 MI129N derivative, katA::kan, Kan" Nal" This study
JD9Y01 JD900 derivative, JD900::pJD107, Kan" Cm" Nal" This study
E. coli
DH5a F~ $80d lacZAM1S5 A(lacZYA-argF) U169 endA1 recA1 hsdR17 deoR thi-1 supE44 gyrA96 relA1, Nal" Bethesda Research
Laboratories
UM255 pro leu rpsL hsdM hsdR endI lacY recA katG2 katE12::Tnl0, Tet" 27
S17-1 thi thr leu tonA lacY supE recA::RP4-Z-Tc::(Mu kan"::sm") Sm" 20
Plasmid
pUOA20 E. coli-C. jejuni shuttle vector; source of cat gene (Cm") 36
pRY107 E. coli-C. jejuni shuttle vector; RP4 oriT aphA-3 (Kan®) Campylobacter ori 36
pRY107S pRY107 derivative lacking a 1.8-kb HindIII fragment of the Campylobacter ori, Kan* This study
pJD100 pRY107 derivative containing C. jejuni katA gene at BamHI site This study
pID107 pJD100 derivative containing the pUOA20 cat gene at the Xbal site, Cm" This study
pJD108 pRY107S derivative containing the 1.1-kb internal kat4 PCR product This study

peroxide resistance in vitro as well as persistence within mac-
rophages.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains and plasmids used in
these studies are described in Table 1. All strains of Escherichia coli were
routinely cultured at 37°C using Luria-Bertani (LB) agar media or LB broth in
an aerobic atmosphere. Broth cultures were incubated at 37°C with agitation
(250 rpm) in an orbital shaking water bath. All strains of C. jejuni were routinely
cultured at 37°C on Mueller-Hinton (MH) agar media containing 5% citrated
bovine blood in an atmosphere of 10% CO,-10% H,-80% N,. The following
antibiotics were used where appropriate: ampicillin (Amp) (100 pg/ml), ceph-
alothin (Cef) (100 pg/ml), chloramphenicol (Cm) (15 pg/ml), kanamycin sulfate
(Kan) (40 pg/ml), nalidixic acid (Nal) (20 pg/ml), streptomycin sulfate (Sm) (25
png/ml), and tetracycline hydrochloride (Tet) (12.5 pg/ml).

Molecular methods and strain construction. All restriction endonucleases, T4
DNA ligase, calf intestinal alkaline phosphatase, and Klenow fragment of DNA
polymerase I were purchased from Promega (Madison, Wis.) and used as di-
rected by the manufacturer. C. jejuni chromosomal DNA was extracted using
sodium dodecyl sulfate-proteinase K lysis and chloroform extractions as de-
scribed by Meade et al. (25). Plasmid DNA was extracted via alkaline lysis
extraction as described by Birnboim and Doly (4). Transformation of all E. coli
strains used in these studies was accomplished via heat shock of hexammineco-
balt-treated cells as described by Hanahan (14). Automated DNA sequencing
using an ABI 377 cycle sequencer was accomplished at the Arizona Macro-
molecular Structural Facility.

Construction of a katA mutant strain of C. jejuni was accomplished by insertion
mutagenesis. A katA internal sequence that excludes N- and C-terminal residues
and domains critical to catalase function amplified using PCR and primers
internal to the C. jejuni katA open reading frame. The 1.1-kb product was cloned
into a T-tailed EcoRV site of pBluescript KSII(+). Construction of a katA
mutagenic plasmid carrying the internal kat4 sequence required the generation
of a suicide vector encoding a Campylobacter selectable marker and oriT for
conjugative delivery of the construct to C. jejuni that would replicate in E. coli.
The E. coli-C. jejuni shuttle vector pRY107 encodes these factors as well as lacZa
complementarity via the pBluescript multiple cloning site (MCS); however, this
vector contains an E. coli ori and will exist as a plasmid in C. jejuni (36).
Labigne-Rousel et al. have demonstrated that deletion of any HindIII fragment
from the Campylobacter ori eliminates function (20). To generate a C. jejuni
suicide vector, pRY107 was completely digested with restriction endonuclease
HindIIl. The 4.0- and 1.4-kb fragments were gel purified and ligated, and the
products were introduced into E. coli DHS5a. Transformants were selected on LB
agar plates containing kanamycin and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside), permitting identification of clones harboring a C. jejuni sui-
cide vector, designated pRY107S, which retains the MCS and lacZa comple-
mentarity. To generate the kat4 mutagenic vector, the internal kat4 sequence
was excised on an EcoRI-Sall fragment and ligated to identically processed
pRY107S-generating plasmid pJD108, which was transformed into E. coli strain
S17-1 to direct conjugative delivery of the mutagenic construct to C. jejuni by
following methods described by Labigne-Roussel et al. (20). Recombinant C.
jejuni M129N exconjugants were harvested in MH broth and spread on MH
blood agar plates containing nalidixic acid, cephalothin, and additional antibiot-

ics whose resistance was encoded on the mobilized plasmid. Verification of the
katA locus as site of pJD108 integration was accomplished by Southern analysis
of kanamycin-resistant clones of C. jejuni.

Catalase activity gels. Overnight cultures of C. jejuni and E. coli strains were
established on two MH agar plates containing no bovine blood and two LB agar
plates, respectively. Bacteria were harvested from the cultures by using phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, and
8 mM Na,HPO,, pH 7.4) containing phenylmethylsulfonyl fluoride (1 mM)
(Sigma, St. Louis, Mo.) and mixed with approximately one-third the volume of
0.1- to 0.15-mm-diameter glass beads. To produce a lysate, the mixture was
vortexed for 10 min and then centrifuged for 5 min (10,000 X g). Amounts of
proteins present in each clarified supernatant were determined using the bicin-
choninic acid protein assay (Pierce, Rockford, Ill.). One hundred micrograms of
each lysate was electrophoresed through an 8% nondenaturing polyacrylamide
gel overnight and stained for catalase activity as described by Woodbury et al.
(33).

Quantification of catalase activity. Kinetics studies of catalase activity made
use of C. jejuni lysates prepared for zymographic analysis (see above). At time
zero, 1.8 ml of each lysate (250 pg/ml) was mixed with 0.2 ml of a phosphate
buffer containing 10 mM hydrogen peroxide. One milliliter of the mixture was
immediately added to a disposable cuvette (0.1 cm) and placed into a spectro-
photometer (Beckman, Palo Alto, Calif.). Catalase activity was observed via
degradation of hydrogen peroxide as determined by a decrease in UV light (240
nm) absorbance over time. Measurements of absorbance were taken at 15, 30, 60,
and 120 s after addition of the lysate to the hydrogen peroxide buffer. Units of
catalase activity present in 1 ml of lysate were calculated as described by C. C.
Worthington (34). Experiments were completed in triplicate.

Determination of hydrogen peroxide sensitivity. Strains of C. jejuni examined
for hydrogen peroxide sensitivity were cultured overnight on MH agar plates
without bovine blood containing appropriate antibiotics at 37°C under the mod-
ified atmosphere (see above). Cells were harvested in MH broth and diluted to
an optical density of 0.3 (600 nm) in 7 ml. Precise numbers of viable bacteria in
each preparation were determined via dilutional plating on MH blood agar
plates. Hydrogen peroxide (Sigma) was added to the bacteria to a final concen-
tration of 1 mM. One-milliliter aliquots of the suspensions were dispersed into
17- by-100-mm culture tubes (VWR Scientific, West Chester, Pa.) and incubated
5, 15, 30, or 60 min under the modified atmosphere at 37°C. Viable numbers of
bacteria present in each aliquot were determined via dilutional plating on MH
blood agar plates containing appropriate antibiotics. Experiments were com-
pleted in triplicate.

Kinetics of intracellular survival. (i) Epithelial cell culture. Human epider-
moid tissue cells (HEp-2) were obtained from the American Type Culture
Collection (Manassas, Va.). The cells were cultured in modified Eagle’s medium
(MEM) supplemented with 10% fetal bovine serum (FBS) containing no anti-
biotics and were incubated at 37°C in a humidified, 5% CO, incubator. For
survival kinetic studies, each well of a 24-well tissue culture plate (Falcon) was
seeded with 5 X 10* cells and incubated 18 h as described above. Immediately
prior to use, the semiconfluent monolayers were washed once in MEM contain-
ing 1% FBS and no antibiotics.

(ii) Macrophage cell culture. Eight- to 12-week-old BALB/c mice (Jackson
Laboratories, Bar Harbor, Maine) were euthanatized using a Halothane cham-
ber. Peritoneal macrophages were harvested by peritoneal lavage with ice-cold
sterile 0.34 M sucrose. The peritoneal cells were washed three times in RPMI
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tissue culture media containing 15% FBS, diluted to 10* cells/ml in media
containing gentamicin (50 pg/ml), seeded into each well of a 24-well tissue
culture plate, and incubated overnight at 37°C in a humidified, 5% CO, incuba-
tor. The next day, nonadherent cells were removed by washing each well three
times in 15% FBS-RPMI without antibiotics. This procedure generated cultures
of >95% macrophages, as judged by differential staining (Difquik). Immediately
prior to use, the wells were washed once in 15% FBS-RPMI without antibiotics.

(iii) Intraepithelial cell survival assays. Strains of C. jejuni examined were
cultured at 37°C overnight on MH blood agar plates without antibiotics under
the modified atmosphere. Bacteria were harvested in MEM containing 1% FBS
and no antibiotics, washed once, and resuspended in the media to an optical
density of 0.2 (600 nm). Precise numbers of bacteria in each preparation were
determined by dilutional plating on MH blood agar plates containing the appro-
priate antibiotics. Each suspension was overlaid onto three wells containing
semiconfluent HEp-2 monolayers and incubated 3 h at 37°C in the tissue culture
incubator to allow bacterial adherence and internalization as described by
Konkel and Joens (18). After incubation, the infected monolayers were washed
three times with 1% FBS-MEM and then cultured in washing media containing
gentamicin sulfate (250 wg/ml) and incubated an additional 3 h to kill extracel-
lular bacteria. Following incubation in extracellular killing medium, the mono-
layers were either washed three times with PBS and lysed with 0.5% deoxy-
cholate to recover intracellular bacteria (6-h time point) or washed three times
with 1% FBS-MEM and cultured an additional 18, 42, 66, or 90 h in washing
media containing no antibiotics. Following prolonged incubation, the cultures
were washed three times with 1% FBS-MEM and PBS and then cultured 3 h in
washing media containing gentamicin sulfate (250 pg/ml). Following the final
incubation, the monolayers were washed three times with PBS and lysed with
0.5% deoxycholate to recover intracellular bacteria. Numbers of viable intracel-
lular bacteria were determined by dilutional plate counts on MH blood agar
medium containing the appropriate antibiotics. Experiments were completed in
triplicate.

(iv) Intramacrophage survival assays. C. jejuni strains examined were pre-
pared and enumerated as described above with the following modifications.
Bacteria were harvested in 15% FBS-RPMI without antibiotics and then were
diluted to an optical density of 0.05 (600 nm), corresponding to roughly 5 X 10°
bacteria/ml. Precise numbers of bacteria in the suspension were determined by
dilutional plate counts on MH blood agar plates containing appropriate antibi-
otics. The suspension was applied to wells with macrophages to establish a
multiplicity of infection of roughly 50 bacteria per macrophage. The cocultures
were incubated 3 h at 37°C in the humidified incubator to allow phagocytosis of
~50% of the inoculated bacteria as reported by Kiehlbauch et al. (17). Following
incubation, the infected cells were either washed three times with PBS and lysed
with 0.5% deoxycholate (3-h time point) or washed three times with 15% FBS-
RPMI without antibiotics and incubated an additional 9, 18, 42, or 66. Following
prolonged incubation, the cells were washed three times with PBS and lysed in
0.5% deoxycholate to recover intracellular bacteria. Viable intracellular bacteria
were enumerated using dilutional plate counts on MH blood agar medium
containing the appropriate antibiotics. Experiments were completed in triplicate.

(v) Porcine peritoneal macrophages. Colostrum-deprived newborn piglets
were obtained from sows at farrowing, rinsed with Betadine, and transported to
the laboratory. The piglets were sacrificed with Beuthanasia-D, cleaned, and
rinsed in alcohol. An area of the lower abdomen was scrubbed with Betadine, the
skin was separated by incision, and the incision was bathed in alcohol. A 0.34 M
sucrose solution was injected into the peritoneum through the exposed facia, the
abdomen was massaged, and peritoneal macrophages were aspirated from the
peritoneum by using a 50-ml syringe and a 16-gauge needle. The harvested cells
were counted and plated at 10* per well in a 24-well plate containing RPMI
medium supplemented with 15% fetal bovine serum, 50 pg of gentamicin/ml, 1
mg of vancomycin/ml, and 250 U of polymyxin B/ml. Following a 24-h incubation
period, the peritoneal macrophages were washed to remove the antibiotics and
used in the endocytic experiments. Macrophages were infected with either M129
(3 X 10° bacteria/well) or JD900 (4 X 10° bacteria/well), resulting in a multi-
plicity of infection of approximately 10 bacteria per macrophage. After incuba-
tion for 24, 48, or 72 h in a 37°C humidified 5% CO, incubator, the infected cells
were washed three times with PBS and lysed with 0.5% sodium deoxycholate to
recover intracellular bacteria. The viable intracellular bacteria were quantified
using plate counts on MH agar supplemented with 5% FBS. Experiments were
completed in triplicate.

(vi) J774A.1 cell line. J774A.1 cells, a murine macrophage-like cell line, were
obtained from the American Type Culture Collection. These macrophage-like
cells have retained the ability to display a respiratory burst. The ability of the
katA mutant to survive intracellularly in macrophages was determined with the
use of C. jejuni strain JD900 (kat4 mutant) and parent strain M129. J774A.1 cells
were cultured in RPMI tissue culture media containing 10% FBS and incubated
at 37°C in a humidified 5% CO, incubator. For survival studies, each well of a
24-well tissue culture plate was seeded with 107 cells and incubated overnight as
previously described. Following incubation and immediately prior to use, semi-
confluent monolayers were washed three times with 10% FBS-RPMI. Bacterial
cells were grown as described above, harvested, and inoculated into wells at a
concentration of 10° cells/well. For inhibitor experiments, N-L-monomethyl
arginine, which competes for nitric oxide synthase, was added to wells as de-
scribed above at a concentration of 400 wm to inhibit nitric oxide production.
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FIG. 1. Zymographic analysis of C. jejuni catalase activity. Lane 1, C. jejuni
strain M129; lane 2, E. coli UM255; lane 3, E. coli UM255 containing the plasmid
pJD100; lane 4, E. coli DH5a.

Apocynin, which inhibits NADPH oxidase, was added to wells at a concentration
of 400 wm to inhibit the respiratory burst. Control wells were maintained without
the use of inhibitors. The plates were then incubated as mentioned above for 24,
48, and 72 h. At each respective time point, cells were washed three times and
lysed by 0.5% deoxycholate. Viable plate counts were done to determine the
number of surviving bacteria. The assay was repeated five times.

RESULTS

Zymographic analysis of C. jejuni catalase activity. Our
strategy to determine the role of catalase in C. jejuni intracel-
lular survival involved the production of isogenic strains of
C. jejuni which differ only in their ability to produce catalase.
Therefore, the first step was determination of the number of
catalases expressed by this bacterium, as it is known that
numerous enteric bacteria, as well as others, produce two cata-
lases which would confound efforts to generate isogenic C. je-
juni catalase mutants deficient in catalase production. Ex-
amination of the number of catalases produced by C. jejuni
employed zymographic analysis via catalase activity gels. To
this end, a lysate was prepared from C. jejuni cells cultured on
MH agar plates without blood under microaerophilic condi-
tions. Lysate produced from E. coli strain DH5a cultured on
LB agar plates grown overnight in an aerobic atmosphere
served as control for the experiment. Constituents in the ly-
sates were electrophoretically separated through a nondena-
turing polyacrylamide gel and stained for catalase activity.
Clear bands in the stained gel correspond to areas of catalase
activity (Fig. 1). Three bands, indicative of the activity of KatE
and KatG catalases (top and bottom bands, respectively) ex-
pressed by E. coli are consistent with previous zymographic
reports (Fig. 1, lane 4) (27). In contrast, a single clear band,
resultant of catalase activity, was identified from the C. jejuni
lysate, indicating the expression of one catalase protein (Fig. 1,
lane 1). No additional clear bands were apparent from C. jejuni
treated with 1 to 10 mM hydrogen peroxide, indicating that no
other catalases are induced upon exposure to peroxide (data
not shown). Consequently, we believe that C. jejuni expresses a
single catalase enzyme.

Cloning and sequence analysis of the C. jejuni catalase gene.
To clone the C. jejuni catalase gene, genomic DNA was ex-
tracted from strain M129, partially digested with restriction
endonuclease Sau3Al, size fractionated (4 to 7 kb), and used
to construct a genomic library in the C. jejuni-E. coli shuttle
vector pRY107. A library of 6,000 recombinant clones was
generated in E. coli DH5«, ensuring 99.9% probability of com-
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FIG. 2. Catalase activity of C. jejuni strains M129N (wild-type katA) and JD900 (katA::kan). Decreased absorbance corresponds to breakdown of hydrogen peroxide
due to catalase activity. Error bars indicate confidence level (95%); P values were determined using the Student ¢ test (see text).

plete representation of the 1.712-Mb C. jejuni chromosome (8,
28). To isolate recombinant plasmids containing the C. jejuni
catalase gene, the library was pooled and the plasmids were
extracted via alkaline lysis and transformed into E. coli strain
UM255 (catalase negative). Clones harboring plasmids encod-
ing catalase were identified using the bubble assay. A solution
of 0.3% hydrogen peroxide in PBS was poured onto the colo-
nies. Clones that produced bubbles, the result of catalase-
mediated breakdown of hydrogen peroxide to water and oxy-
gen gas, were immediately subcultured on fresh LB agar plates.
Six clones with catalase activity were identified. Zymographic
analysis of lysates derived from these clones demonstrated
the production of a single catalase enzyme that comigrates
with the C. jejuni catalase (Fig. 1, lane 3). Verification of
C. jejuni as the origin of the catalase gene contained within
plasmid pJD100 was accomplished using Southern analysis
(data not shown). Sequence analysis of the pJD100 insert iden-
tified a single complete open reading frame of 1,524 bp 99%
homologous to the reported C. jejuni katA gene (GenBank
accession no. X85130). A putative ribosomal binding site con-
taining six of seven bases of the E. coli consensus sequence and
that is complementary to the 3’ end of the C. jejuni 16S rRNA
gene product is present six bases upstream of the open reading
frame start codon ATG. A putative promoter containing 23 of
27 bases defining the —10, —16, and —35 elements of the re-
ported C. jejuni o’° promoter consensus sequence was identi-
fied 26 bp upstream of the ribosomal binding site (35). Align-
ment analysis of the 58-kDa protein by using the BLASTp
algorithmic search program revealed high homology to numer-
ous eubacterial and eukaryotic heme-containing catalases (13).

Generation and characterization of an isogenic kat4 mutant
strain. To evaluate the role of catalase in C. jejuni intracellular
survival, an M129N isogenic strain containing an insertion mu-

tation in the kat4 gene was constructed and designated JD900.
The inability of JD900 to produce a functional catalase was
immediately obvious, as colonies did not produce gas upon
addition of hydrogen peroxide. The inability of strain JD900 to
produce a functional catalase was further demonstrated using
spectrophotometric analysis as described by Beers and Sizer
(3). This assay exploits the absorption spectra of hydrogen
peroxide to provide an indirect method of observation and
quantification of catalase activity. Absorption of UV light (240
nm) corresponds to levels of hydrogen peroxide present in the
sample. Lysates derived from the wild-type katA4 strain M129N
produced catalase activity corresponding to 190 U/mg degrad-
ing the hydrogen peroxide in the cuvette in a time-dependent
manner (Fig. 2). Lysates derived from the kat4 mutant strain
JD900 demonstrated no catalase activity over the period ex-
amined (Fig. 2). Low-level degradation of hydrogen peroxide
observed in the presence of this lysate likely reflects spontane-
ous breakdown or interaction with cellular targets, such as
nucleic acids and proteins. This absence of catalase activity was
statistically significant relative to strain M129N at 60 and 120 s
(P < 0.05).

Catalase is essential for C. jejuni hydrogen peroxide re-
sistance in vitro. To determine the role of KatA in C. jejuni
hydrogen peroxide sensitivity in vitro, survival curves were
determined for strains M129N and JD900 cultured in 1 mM
hydrogen peroxide (Fig. 3). Viability of strain M129N re-
mained over 50% throughout the assay period. In contrast,
strain JD900 was sensitive to the 1 mM hydrogen peroxide, as
more than 98% of the bacteria were nonculturable within 15
min. The viability of the katA mutant strain was significantly
decreased relative to that of the wild-type strain and the com-
plemented strain (JD901) at all times examined (P < 0.05).
This sensitivity was not due to sensitivity of strain JD900 to the
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FIG. 3. Hydrogen peroxide sensitivity of C. jejuni strains M129N (wild-type katA), JD900 (katA::kan), and JD901 (katA::kan::pJD106). Bacteria were incubated in
1 mM hydrogen peroxide; at times indicated, numbers of surviving bacteria were determined using dilutional plate counts. Numbers of surviving bacteria are
represented as the percentage of the original inoculum. Error bars indicate confidence level (95%); P values were determined using the Student 7 test (see text).

culture conditions, as bacteria cultured in MH broth without
hydrogen peroxide remained viable (>99%) over the assay
period (data not shown). To verify that the effects associated
with the katA insertion mutation were due to changes in katA4
alone and not the result of polar effects on adjacent gene
expression, plasmid pJD107, encoding the wild-type katA gene,
was introduced into strain JD900 via conjugation to generate
strain JD901. This strain was less sensitive to 1 mM hydrogen
peroxide than the wild-type strain M129N (P < 0.05 at 30 min),
as more than 80% of the bacteria remained viable throughout
the assay period. This phenomenon may result from high KatA
levels in strain JD901 being a consequence of the high copy
number of plasmids harboring the Campylobacter replicon
(20). Whatever the case, these results demonstrate that hydro-
gen peroxide sensitivity of strain JD900 is due to mutation of
katA alone and indicate that catalase plays a central role in
C. jejuni hydrogen peroxide resistance in vitro.

Catalase role in C. jejuni intracellular survival. A recent
report by Pesci et al. described the role of superoxide dis-
mutase in intraepithelial cell survival in vitro (29). Their find-
ings, such as sod4 mutants being 12-fold less viable than an
isogenic wild-type sodA strain, suggest that reactive oxygen
molecules, such as superoxide anion, hydrogen peroxide, and
products of myeloperoxidase, have a critical role in killing
intracellular C. jejuni. To determine the role of catalase in
C. jejuni intraepithelial cell survival in vitro, HEp-2 cells were
infected with strains M129N and JD900 and survival kinetics
were analyzed over a 96-h period. Both strains exhibited sim-
ilar survival characteristics undergoing an initial death phase

(6- to 48-h postinfection), as approximately 90% of the intra-
cellular bacteria were killed (Fig. 4). Seventy-two hours postin-
fection, both strains were able to multiply intracellularly (Fig.
4). Neither strain was present in high numbers at 96-h postin-
fection (Fig. 4). This lack of viability is likely due to cytopathic
effects imposed by the growing bacteria upon the host cell ra-
ther than killing of intracellular C. jejuni, as microscopic anal-
ysis of the infected monolayers revealed rounded refractory
vacuolated and dead cells. These results suggest that catalase
plays a minor role, if any, in intraepithelial cell survival. Of
note, the growth kinetics and observed changes in infected host
cell morphology are consistent with those described for wild-
type C. jejuni by Konkel et al. (19).

To determine the role of catalase in C. jejuni survival within
professional phagocytes in vitro, cultured murine peritoneal
macrophages were infected with strains M129N, JD900, and
JD901 and survival kinetics were analyzed over a 72-h period.
Within 30 min postinfection, the macrophages appeared lacy
and highly vacuolated. These observations, which have been
correlated to production of a respiratory burst and killing of
intracellular C. jejuni, are consistent with those described by
Kiehlbauch et al. (17). Twenty-four hours postinfection, few
catalase mutant C. jejuni JD900 cells were recovered (<99.9%
killed), indicating extensive killing by the macrophages. Viable
wild-type and complemented strains were recovered in higher
numbers over the same period; however, these results are not
significantly different relative to those of the katA mutant
strain. Forty-eight hours postinfection, no viable kat4 mutant
JD900 bacteria were recovered (detectable limit, 5 bacteria)
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FIG. 4. Intraepithelial cell survival of C. jejuni strains M129N (wild-type katA) and JD900 (katA::kan) within cultured HEp-2 epithelial cells was determined using
dilutional plate counts. Numbers of surviving bacteria are represented as CFU. Error bars indicate confidence level (95%).

(Fig. 5). Comparable results were obtained for the wild-type
and complemented strains, as an average of 10 and 5 bacteria
were recovered, respectively (Fig. 5). Seventy-two hours
postinfection, strain JD900 remained unculturable (detec-
tion limit, 5 bacteria) (Fig. 5). In contrast, both catalase-
producing strains, M129N and JD901, were recovered in sig-
nificantly higher numbers (P < 0.05), indicating that each
strain was able to persist and eventually multiply within the
peritoneal macrophages.

Survival studies with porcine peritoneal macrophages yield-
ed results similar to those of the murine macrophage studies.
Porcine peritoneal macrophages were infected with M129 and
JD900, and survival kinetics were analyzed over a 72-h period.
C. jejuni JD900 (katA mutant) was not detected 24 h postin-
fection (detection limit, 5 bacteria). Conversely, the catalase-
producing wild-type strain M129 was cultured in significantly
higher numbers, indicating that this strain was able to multiply
and persist within porcine peritoneal macrophages (Fig. 6).
Similarly, after 24 h postinfection in J774A.1 cells, C. jejuni
JD900 bacteria were not recovered, while the wild-type M129
persisted (Fig. 7). The survival kinetics plotted for wild-type
C. jejuni are consistent, albeit at significantly reduced numbers,
compared to those reported by Kiehlbauch et al. (17). The
disparity of intramacrophage survival exhibited by kat4 mutant
and wild-type bacteria is not due to differences in numbers of
infecting bacteria, as inocula for all strains examined were ap-
proximately equal (data not shown) or equivalent to cell num-
bers, as in the case of the J774A.1 experiments. These results
suggest that catalase plays a significant role in C. jejuni intra-
macrophage survival, allowing the bacteria to persist and mul-
tiply within these cells in vitro.

Effects of nitric oxide inhibitor and respiratory burst inhib-
itor on survival of the kat4 mutant. (i) Nitric oxide inhibitor.
To look at the role of nitric oxide in the killing of the C. jejuni
katA mutant cells by macrophages, N®-L-monomethyl arginine
was added to J774A.1 cells during survival assays in order to
prevent the formation of nitric oxide synthase. After 72 h,
JD900 harvested from the treated cells and the wild-type M129
strain appeared to have similar survival kinetics, while in un-
treated J774A.1 cells, the kat4A mutant was not detected past
48 h. Control M129 cells treated with N©-L-monomethyl argi-
nine were unaffected (Fig. 7).

(ii) Respiratory burst inhibitor. High levels of hydrogen
peroxide formed during the respiratory burst in macrophages
are lethal to bacteria. In order to determine if hydrogen per-
oxide produced during the respiratory burst has a role in killing
of the katA mutant, apocynin, a respiratory burst inhibitor, was
added to J774A.1 cells during intracellular survival assays. Sur-
vival kinetics for the C. jejuni katA mutant were similar to those
of the wild-type strain M129 over the course of the 72-h incu-
bation period while the mutant failed to survive past 48 h when
incubated with untreated J774A.1 cells. M129 cells treated
with apocynin were unaffected (Fig. 8).

DISCUSSION

Catalase, which catalyzes the breakdown of hydrogen per-
oxide to water and oxygen, is produced by most, if not all,
aerobic organisms, including humans and bacteria, as well as
many microaerophilic and aerotolerant species. This broad
distribution reflects the toxic nature of hydrogen peroxide,
which can induce single- and double-stranded breaks in DNA
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FIG. 5. Intramacrophage survival of C. jejuni strains M129N, JD900, and JD901. Survival of C. jejuni strains M129N (wild-type katA), JD900 (katA::kan), and JD901

(katA::kan::pJD107) in cultured peritoneal macrophages was determined using dilutional plate counts. Numbers of surviving bacteria are represented as CFU. Error
bars indicate confidence level (95%); P values were determined using the Student ¢ test (see text).

and oxidize biological membranes and proteins (31). Our stud-
ies indicate that C. jejuni expresses a single heme-containing
catalase which is highly homologous to other heme catalases
produced by many eukaryotic and prokaryotic organisms. Data
indicating the presence of a single catalase were provided using
established biochemical assays. Genetic evidence of the exis-
tence of a single catalase was provided using BLASTp searches
of the nearly completed C. jejuni chromosome employing pri-
mary sequences of a number of eubacterial and eukaryotic
proteins found no significant homologies other than the KatA
reported herein and elsewhere (data not shown) (13).
To examine the role that catalase plays in C. jejuni hydrogen
peroxide resistance and intracellular survival, mutants were
constructed using insertional mutagenesis. Consistent with find-
ings in other organisms, disruption of catalase production gen-
erates bacteria which are hypersensitive to hydrogen peroxide
relative to wild-type strains. These findings, which indicate that
KatA is central to C. jejuni hydrogen peroxide resistance in
vitro, do not address or dispel the existence of other factors
which may also contribute to peroxide resistance, such as glu-
tathione and peroxidases (24, 31).

Our findings suggest that catalase does not contribute to
survival within human epithelial cells in vitro, as kat4 mutant
strain JD900 exhibited intracellular growth kinetics nearly
identical to those of the wild-type strain. These results do not
rule out the possibility that reactive oxygen species play roles in
epithelial cell killing of intracellular C. jejuni. Recent work by
Pesci et al. determined that superoxide dismutase contributes
to C. jejuni intraepithelial survival, as isogenic sod mutants
were 12 times more sensitive to host killing than the isogenic

wild-type strain (29). The apparent disparity between the two

studies findings may be explained by the potential interaction
of superoxide with nitric oxide. Numerous investigators have
indicated that nitric oxide generated by the inducible nitric
oxide synthase isozyme, which is activated in the presence of
proinflammatory cytokines, is a key mechanism employed by
human epithelial cells to combat bacterial infections (16, 21,
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FIG. 6. Survival of C. jejuni strains M129 (wild type) and JD900 (katA mu-
tant) in porcine peritoneal macrophages. Survival of C. jejuni was determined us-
ing dilutional plate counts. Numbers of surviving bacteria are represented as CFU.
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FIG. 7. Survival of C. jejuni strains M129 (wild-type) and JD900 (katA mu-
tant) in J774A.1 cells treated with and without a nitric oxide inhibitor. Survival
of C. jejuni was determined using dilutional plate counts. Numbers of surviving
bacteria are represented as CFU.

22, 23, 26). Interaction of superoxide and nitric oxide may
produce highly toxic products, including nitrogen dioxide and
peroxynitrite (11). Evidence of this synergy was recently pro-
vided by studies using S. enterica serovar Typhimurium sodC
mutants (10). Elimination of copper-zinc Sod production yield-
ed strains which were sensitive to peritoneal macrophage kill-
ing. Bacteriocidal activity was exacerbated with agents that
block superoxide or nitric oxide production (10). Although
these studies were conducted in a different cell type and a
different sod allele, the potential for similar synergistic actions
provide a mechanism by which the iron-containing C. jejuni
Sod may function to eliminate half of the cogeners involved.
We next sought to determine the role of catalase in C. jejuni
survival within cells which exhibit a respiratory burst. Perito-
neal macrophages from the murine and porcine species were
chosen as host cells for these studies, as previous reports have
demonstrated that C. jejuni survives long-term (>72 h) within
these cells (17). In addition, immunohistological studies of gut
tissue infected with C. jejuni suggest that intramacrophage sur-
vival occurs in vivo (1, 5). Our studies demonstrate that cata-
lase contributes to intramacrophage survival. The data indicate
that the kat4 mutant was more sensitive to killing than the
wild-type strain, as JD900 was uniformly recovered in lower
numbers than the wild-type strain. We speculate that the de-
tection base of the assay (>5 bacteria) limited its sensitivity
and may not allow accurate statistical representation of viable
bacteria present at 24 and 48 h postinfection. Nevertheless,
strain JD900 remained nonculturable 72 h postinfection while
wild-type and complemented strain JD901 survived and mul-
tiplied to significantly higher numbers. Kinetics of growth with-
in the macrophages suggest that the absence of catalase pro-
duced bacteria which were hypersensitive to killing by reactive
oxygen molecules produced in the respiratory burst which was
observed shortly after infection. Alternatively, due to restric-
tions inherent in the assay’s sensitivity, we cannot rule out
possibility that both JD900 and the catalase-producing strains
were present 24 and 48 h postinfection and that catalase con-
tributes to conditions permitting bacterial growth in the phago-
cyte. Whichever is the case, these results support the hypoth-
esis that catalase contributes to C. jejuni intramacrophage
survival. As reported by Fang (11), the reactive species derived
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from NO synthesis are important in the antimicrobial action of
host cells, especially against intracellular pathogens. NO is
thought to work in conjunction with reactive oxygen species to
damage microbial DNA, proteins, and lipids. The microbicidal
activity of phagocytic cells resulting from NO synthase is L-
arginine dependent and can be inhibited by N®-L-monomethyl
arginine. NO is thought to protect mammalian cells against
oxidative damage while enhancing the antimicrobial activity of
the respiratory burst. Additionally, inducible NO synthase and
NADPH oxidase are thought to be costimulated by inflamma-
tory stimuli resulting in the formation of reactive nitrogen and
oxygen intermediates which may in turn lead to the formation
of distinct antimicrobial species. An example of this would be
the interaction of NO with superoxide, forming peroxinitrate.
NO, may also be formed by the auto-oxidation of NO or the
oxidation of NO,- by myeloperoxidase and hydrogen peroxide.
With the use of nitric oxide synthase and nitric oxide produc-
tion inhibitor N®-L-monomethyl arginine, the kat4 mutant was
able to survive within J774A.1 cells at a rate analogous to that
of the wild-type strain M129. In addition, use of apocynin, an
NADPH oxidase-respiratory burst inhibitor, also resulted in
the increased survival of the katA mutant within macrophages.
This data supports the hypothesis that catalase is an important
factor in C. jejuni intramacrophage survival by counteracting
the effects of nitric oxide synthesis as well as the respiratory
burst.

These results contrast to those observed in other facultative
intracellular pathogens. Disruption of catalase production in
S. enterica serovar Typhimurium does not affect virulence in
macrophages cultured in vitro or in infected mice (7). Similar
results have been described for Shigella flexneri and Listeria
monocytogenes in similar models (12, 22). Recent insights into
the biology of these organisms may provide an explanation for
the disparate observations. Work by Rathman has demon-
strated that Salmonella, like many other intracellular patho-
gens, modifies its vacuole inside host cells and may inhibit
entry of bacteriocidal factors, including products of the respi-
ratory burst oxidase (30). Several investigators have observed
that both Shigella species and L. monocytogenes escape the
phagosome gaining entry to the host cell cytosol, where hydro-
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FIG. 8. Survival of C. jejuni strains M129 (wild type) and JD900 (katA mu-
tant) in J774A.1 cells treated with and without a respiratory burst inhibitor.

Survival of C. jejuni was determined using dilutional plate counts. Numbers of
surviving bacteria are represented as CFU.
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gen peroxide concentrations are low (2, 31). These activities
suggest that catalase activity may not be required for intracel-
lular survival, as these organisms are not subjected to hydrogen
peroxide and its derivatives. To date, studies of C. jejuni inter-
action with its endosomal compartment have not been de-
scribed.

Kinetics of intracellular growth in both cell types examined
are consistent with previous reports by Konkel et al. and Kiehl-
bauch et al. which describe C. jejuni growth in cultured epi-
thelial cells and peritoneal macrophages, respectively, in vitro
(17, 19). Interestingly, striking similarities are observed in
growth kinetics for organisms cultured within each cell type.
This phenomenon suggests that following a signal transmitted
in both cell types, the bacterium may express factors which
promote growth. These studies as well as those reported herein
indicate that many important issues await examination, includ-
ing intracellular trafficking and constitution of the C. jejuni-
containing vacuole and role of macrophages in development of
campylobacteriosis.
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