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The enterohepatic Helicobacter species Helicobacter hepaticus colonizes the murine intestinal and hepatobili-
ary tract and is associated with chronic intestinal inflammation, gall stone formation, hepatitis, and hepato-
cellular carcinoma. Thus far, the role of H. hepaticus motility and flagella in intestinal colonization is unknown.
In other, closely related bacteria, late flagellar genes are mainly regulated by the sigma factor FliA (¢2%). We
investigated the function of the H. hepaticus FliA in gene regulation, flagellar biosynthesis, motility, and murine
colonization. Competitive microarray analysis of the wild type versus an isogenic fli4 mutant revealed that 11
genes were significantly more highly expressed in wild-type bacteria and 2 genes were significantly more highly
expressed in the fliA mutant. Most of these were flagellar genes, but four novel FliA-regulated genes of unknown
function were identified. H. hepaticus possesses two identical copies of the gene encoding the FliA-dependent
major flagellin subunit FlaA (open reading frames HH1364 and HH1653). We characterized the phenotypes of
mutants in which fli4 or one or both copies of the fla4 gene were knocked out. flad_1 flad_2 double mutants
and fliA mutants did not synthesize detectable amounts of FlaA and possessed severely truncated flagella. Also,
both mutants were nonmotile and unable to colonize mice. Mutants with either fla4 gene knocked out produced
flagella morphologically similar to those of wild-type bacteria and expressed FlaA and FlaB. fla4A_I mutants
which had flagella but displayed reduced motility did not colonize mice, indicating that motility is required for

intestinal colonization by H. hepaticus and that the presence of flagella alone is not sufficient.

The Helicobacter species have been expanding during the
last few years as an important family of rather host-specific,
obligate host-associated e-proteobacteria in the gastrointesti-
nal tracts of mammals and birds. Phylogenetic analysis of 55
different helicobacters has revealed three different branches of
the genus that encompass gastric, enterohepatic, and un-
sheathed species (51). The gastric species mostly inhabit the
stomach, and the enterohepatic species colonize the enterohe-
patic tract and the biliary tree (9, 46). Helicobacter hepaticus,
which persistently colonizes the murine cecum and colon and
other parts of the intestinal tracts of mice and other small
rodents, is the best-studied species of the enterohepatic heli-
cobacters (46). All Helicobacter species possess flagella as
prominent motility organelles and are vigorously motile (42,
51). Flagellar motility of the gastric Helicobacter species, in
particular of H. pylori, has been intensively investigated (36).
Flagella of the gastric Helicobacter species H. pylori, H. muste-
lae, and H. felis are important or even essential for colonization
of and persistence in their natural niche, the stomach mucus
(2,7,19, 24, 36). The formation of the flagellar apparatus in H.
pylori is regulated in a particular manner, different from other
bacteria such as Enterobacteriaceae or Vibrio spp. (34), and the
structure of helicobacter flagella is characterized by complex
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flagellar filaments which consist of two highly divergent flagel-
lin subunits, FlaA and FlaB (19, 20).

Thus far, flagella of enterohepatic Helicobacter species have
not been investigated although flagellar morphological differ-
ences have been used as one hallmark of distinction between
Helicobacter species. H. hepaticus is the only enterohepatic
Helicobacter species whose complete genome sequence is
known (46). Therefore, it is available as a resource for com-
parative analysis of flagellar function, structure, and regulation
between gastric and enterohepatic Helicobacter species (8, 46).
Genetic evidence from H. hepaticus suggests that the flagellar
genes and components and flagellar regulatory genes are
closely related to those of gastric species such as H. pylori (45).
Furthermore, flagellar genes of H. hepaticus, as in H. pylori, are
scattered all over the bacterial chromosome, with few small
clusters of functionally linked genes visible. H. hepaticus is
able, during persistent colonization, to cause chronic intestinal
inflammation or cancer in susceptible murine hosts (9, 10, 51).
It is therefore widely used as a model to characterize the
immune status and the underlying potential of an infectious
etiology associated with chronic inflammatory bowel disease,
which, in humans, may become manifest as Crohn’s disease or
ulcerative colitis (3, 26). Each H. hepaticus bacterium carries
two flagella which are localized in a characteristic bipolar man-
ner and possess a flagellar sheath. It is unknown for any en-
terohepatic Helicobacter species whether motility and/or fla-
gella play a role in infection and persistent colonization. In H.
hepaticus, genes encoding the ¢*® (FliA) and ¢”* (RpoN) sub-
units of the RNA polymerase enzyme, which in H. pylori are
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central regulators that govern the ordered transcription of
flagellar genes, were identified by homology searches (46). In
various bacteria, including H. pylori and Escherichia coli, the
FliA sigma factor is predominantly responsible for the tran-
scription of late flagellar structural components such as the
filament subunits, the flagellins. Moreover, the fla4 and flaB
genes, which probably encode the major and minor flagellin
subunits that form the multimeric flagellar filament, are
present in the H. pylori and H. hepaticus genomes. One partic-
ular feature common to all of the H. hepaticus genomes ana-
lyzed is the occurrence of two identical copies of the flaA gene,
including its promoter region (fla4_I and flaA_2), which are
present in two distinct and separate locations within the ge-
nome (46). The complete sequence identity of the two promot-
ers and flaA copies indicates a very recent gene duplication in
this bacterial species.

The aim of our present study was to investigate the role of the
sigma factor FliA of H. hepaticus in gene regulation, motility, and
flagellum formation. Furthermore, by generating flid and flaA
single mutants and flaA_I flaA_2 double mutants of H. hepaticus,
we assessed how defects in motility and flagellar biosynthesis
affect the colonization and persistence of H. hepaticus in the
murine intestine. Notably, FliA proved to be the central regulator
of late flagellar genes in H. hepaticus. In addition, fliA and flaA
double and single mutants were not able to colonize mice, even in
short-term experiments, although fla4 single mutants possessed
flagella morphologically similar to those of the wild type. There-
fore, we suggest that functional and complete flagella and motility
are of prime importance for both the initial and persistent colo-
nization of the mouse intestinal tract by H. hepaticus. Moreover,
it is suggested that flagella and motility are as important in the
host-dependent life cycle of enterohepatic helicobacters as they
are in gastric helicobacters.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. hepaticus ATCC 51449 was grown
under specific microaerobic conditions by evacuating air-tight incubation jars
four times to —0.2 X 10° Pa and equilibrating with a gas mixture of 80% N,, 10%
CO,, and 10% H,. Bacteria were routinely cultured on blood agar plates
(Columbia agar base II; Oxoid, Wesel, Germany) supplemented with 10% horse
blood and antibiotics (10 mg/liter vancomycin, 2,500 Ulliter polymyxin B, 5
mg/liter trimethoprim, 4 mg/liter amphotericin B). For liquid cultures, bacteria
were grown in brain heart infusion (BHI) broth supplemented with 10% horse
serum and antibiotics as indicated above. For growth of mutants, the plates were
additionally supplemented with 20 mg/liter chloramphenicol (CM) or 10 mg/liter
gentamicin (GM).

Motility assays. Bacteria grown on blood agar plates for 24 h were stabbed into
swarm agar plates (0.28 g/liter brucella broth, 0.3% Bacto agar, 10% horse
serum, 10 mg/liter vancomycin, 2,500 Ulliter polymyxin B, 5 mg/liter tri-
methoprim, 4 mg/liter amphotericin B). The zone of motility within the agar
around the inoculated spot (motility halo) was examined and photographed after
a 5-day incubation period. Bacteria were also observed in wet mounts in BHI
broth for their swimming abilities.

Electron microscopy. For the preparation of specimens for electron micros-
copy, bacteria were grown on blood agar plates for 24 h at low density. A copper
electron microscopy grid coated with Formvar and carbon was placed onto the
agar plate for 1 min. Afterwards, bacteria which became adherent to the grid
were lifted from the plate and fixed with 1% phosphotungstic acid (pH = 7.0) for
30 s. The specimens were viewed and photographed in a Zeiss EM10 electron
microscope.

Preparation of sheared flagellins and bacterial crude lysates. For the prepa-
ration of whole bacterial lysates, the bacteria were grown to the indicated optical
density at 600 nm (ODyy) in liquid cultures or on blood agar plates for 24 h.
Afterwards, bacteria grown in liquid cultures were centrifuged at 10,000 X g for
1 min at 4°C and resuspended in lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM
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NaCl, 2 mM EDTA, Complete protease inhibitor cocktail [Roche]). Bacteria
grown on plates were directly resuspended in lysis buffer. For lysis, bacteria were
sonicated for 2 to 3 min at 4°C at a power setting of 5 (Branson Sonifier). For the
preparation of flagellins, bacteria grown on plates for 24 h were resuspended in
1 ml of 0.9% NaCl and pelleted at 3,000 X g for 10 min at 4°C. The bacterial
pellet was then resuspended in 600 pl of 0.9% NaCl and the bacteria were gently
sheared by pushing the suspension 20 times through a 26-gauge syringe needle.
The intact bacteria were separated from the sheared-off material by centrifuga-
tion (9,000 X g at 4°C) for 20 min, and the supernatant was transferred to a fresh
tube. To pellet flagellins, the supernatant was afterwards centrifuged at 40,000 X
g at 4°C for 1 h in an ultracentrifuge. The pellet after ultracentrifugation, which
is predominantly composed of flagellar material as shown by electron micros-
copy, was resuspended in a suitable volume of phosphate-buffered saline.

Protein methods and Western blotting. Protein concentrations were com-
monly determined by a bicinchoninic acid test (Pierce, Rockford, IL) performed
according to the manufacturer’s instructions. Equal amounts of proteins were
separated in 11.5% Tris-glycine sodium dodecyl sulfate (SDS)-polyacrylamide
gels and then transferred onto BA83 nitrocellulose membranes with a 0.2-um
pore size (Schleicher & Schuell, Germany). The membranes were blocked with
5% skim milk in Tris-buffered saline supplemented with 0.05% Tween 20. The
membranes were then incubated overnight at 4°C or at room temperature for 2 h
with a rabbit polyclonal antiserum directed against H. pylori FlaA or FlaB (21) or
intact H. pylori flagellins (20) and afterwards with a peroxidase-conjugated goat-
anti-rabbit immunoglobulin G antibody (1:20,000 dilution; Dianova) at room
temperature for 1 h. Detection was performed by the chemiluminescence sub-
strate Enhanced SuperSignal West (Pierce).

Molecular biological methods. DNA purification, cloning, and PCR were
performed by standard methods.

RNA preparations. Bacteria were grown in liquid cultures and harvested by
centrifuging the cultures at 20,000 X g for 1 min at 4°C. The pellets were
flash-frozen in liquid nitrogen and afterwards stored at —80°C. For the preparation
of RNA, up to 3 X 10° bacteria were resuspended in 850 .l RLT buffer from the
RNeasy kit (Qiagen) supplemented with 10 pl/ml B-mercaptoethanol and mixed
with glass beads in 2 ml FastRNA tubes with lysing matrix B (MP Biomedicals).
The bacteria were then lysed in a FastPrep FP220 shaker (MP Biomedicals) for
45 s at a speed of 6.5 m/s. Further purification was performed according to the
protocol of the RNeasy kit (Qiagen). Residual DNA was digested with RNase-
free DNase I (Roche), and the RNA was again purified according to the RNeasy
kit RNA cleanup protocol. The RNA was tested for DNA contamination with
primers C97_Helil6S_fw and C05_Helil6S_rv (GCTATGACGGGTATCC and
ACTTCACCCCAGTCGCTG, respectively), amplifying a fragment of the H.
hepaticus 16S TRNA gene. The quality and quantity of the RNA were checked by
agarose gel electrophoresis and OD,q, and OD,g, measurement with a
GeneQuant photometric instrument (Bio-Rad).

Microarray experiments. Ten to 18 wg of total RNA of H. hepaticus ATCC
51449 and the isogenic fli4 mutant was reverse transcribed and labeled with Cy3
or Cy5 fluorescent dye with random primers, SuperScript I reverse transcriptase
(Invitrogen), and Cy3-dCTP- or Cy5-dCTP-labeled nucleotides (Amersham).
Afterwards, the RNA was hydrolyzed by alkaline lysis. The labeled cDNA was
purified with a PCR cleaning kit (Qiagen), dried, and solubilized in hybridization
buffer (50% formamide, 6 X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 0.5% SDS, 50 mM NaHPO; [pH = 8.0], 5X Denhardt’s solution). The
H. hepaticus whole-genome microarray (MWG Biotech GmbH, now available
from Ocimum Inc.) consists of specific 50-mer oligonucleotides (one for each
open reading frame) which allow the detection of 1,863 out of 1,875 open reading
frames of the H. hepaticus genome (46). The microarrays were blocked with 4x
SSC-0.1% SDS-1% bovine serum albumin, washed five times with double-
distilled H,O, and dried by centrifugation. The labeled samples were then ap-
plied to the microarray in a humid hybridization chamber (Corning, NY) and
incubated at 42°C for 16 to 20 h. Afterwards, the microarrays were washed
successively in 2X SSC-0.1% SDS and 1xX SSC-0.1% SDS and two times in 0.5X
SSC. The hybridized slides were scanned in a confocal fluorescence scanner
(Affymetrix 428). Fluorescence intensities were determined by the program
ImaGene 5.0 with the following settings: segmentation method, fixed circle;
signal low, 0.65; signal high, 0.95; background low, 0.05; background high, 0.95;
background buffer, 3.0, background width, 3.0; empty spot threshold, 3.0. Data
were normalized by the MAVI program (version Pro 2.5.1; MWG Biotech) (34).
In order to minimize bias due to labeling and dye differences, for all experiments,
the samples from each biological replicate were hybridized onto two microarrays
with a switch of the fluorescent dye between the two samples (dye flip). The
complete microarray data series (six arrays) is accessible at NCBI Gene Expres-
sion Omnibus in MIAME-compatible format (GEO series accession number
GSE12123).
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cDNA synthesis and semiquantitative PCR. Total RNA was transcribed into
c¢DNA by adding 3 ng/ul random primers (Invitrogen) to 0.5 pg or 1 pg RNA in
a total volume of 11 ul, denaturing at 65°C for 10 min, and annealing of primers
for 10 min at 20°C. Afterwards, 4 .l of Superscript buffer (Invitrogen), 2 wl of 0.1
M dithiothreitol, 1 pl deoxynucleoside triphosphates (10 mM each), 1 ul RNAse-
Out (Invitrogen), and 1 pl SuperScriptII (Invitrogen) were added to the reaction
mixture, which was incubated at 42°C for 2 h. The reaction was terminated by
heating the samples to 75°C for 15 min. To each reaction mixture, 30 ul H,O was
added to increase the total volume to 50 pl. For semiquantitative reverse tran-
scription-PCR (RT-PCR), 1.5 pl of cDNA per reaction mixture was amplified
with gene-specific oligonucleotides (oligonucleotide sequences and conditions
for PCRs are available on request).

Construction of mutants of H. hepaticus ATCC 51449. (i) fliA mutant. The fli4
gene of H. hepaticus ATCC 51449 was amplified by PCR with primers Hh_FIliA-1
and Hh-FliA-2 (TTAGGATCCGGATTGACATTTTCCATTACC and TATGG
ATCCTCTATATCAGCAGTATCGOC, respectively; amplified fragment of 1,096
bp containing BamHI restriction sites [underlined]) and cloned into pUCI18 cut
with BamHI. The resulting plasmid, pSUS2000, was reverse amplified with prim-
ers Hh_FliA-3 and Hh_FliA-4 (AATAGATCTCAAGCATTGCTCCATTCA
CTCG and ATAAGATCTGTCCTTTCTCGTGCTAATCG, respectively [BglII
sites underlined]). Thereby, a 21-bp deletion was introduced. A gene encoding a
CM acetyltransferase of Campylobacter coli mediating resistance to CM was
amplified from pBHcp8 (14) with primers pCAT_1 and pCAT_2 (AACAGCT
ATGACCATGATTACG and AGAGGATCCGATATCGCATGCCTGCA
GAG, respectively [BamHI site underlined]) and cloned into the BglIT site of the
inverse amplified PCR product. The resulting plasmid, pSUS2002, was used for
transformation into H. hepaticus ATCC 51449.

(ii) flaA_I mutant. A random mutagenesis approach, initiated to generate a
mutant bank of H. hepaticus genes in E. coli before the complete genome
sequence became available, was used to generate a CM acetyltransferase (cm)
cassette insertion mutation in flaA_I (HH1364). To accomplish this, mass exci-
sion of a genomic H. hepaticus lambda ZAP II library (53) was performed
according to the manufacturer’s recommendations with the ExAssist helper
phage (Stratagene). In vivo excision and recircularization yielded an H. hepaticus
genomic library in pBluescript SK(—). Plasmid DNA was isolated from this
library, digested with Hpal, and ligated to a HincII-digested cm cassette from
pBHpC8 (14). Ligated plasmid was used to transform E. coli DH5« by high-
voltage electroporation, followed by selection for CM resistance on LB agar
containing 20 pg/ml CM. Plasmid was isolated from individual clones, se-
quenced, and used to transform E. coli ER1793. Plasmid from a clone with flaA
homology was used to generate isogenic H. hepaticus flaA_I mutants after plas-
mid transformation of strain ATCC 51449, which were selected on CM-contain-
ing plates. The cm cassette insertion in flad_1 occurred at the very beginning of
the flaA_1I coding region, downstream of the first 30 coding nucleotides. Thus,
expression of FlaA_1 is virtually abolished in the mutant.

(iii) flad_2 mutant. A flaA_2 gene (HH1653) mutant was constructed by PCR
amplifying exclusively the fla4_1 gene and a region upstream of the fla4_1I gene
and including the cm cassette inserted in the 5’ coding region of flaA_1, from
genomic DNA of the flaA_I mutant (see above), with primers Hh_FlaA_3 and
Hh_FlaA_repeatl_reverse (TAGCCGATTTGTATTACAGCC and GTGATA
AGTCTAGCAAGTGOC, respectively). This longer PCR product was used as the
template in a subsequent nested PCR to amplify fla4_I, containing the cm
cassette but excluding any upstream sequences, with primers Hh_FlaA_3 and
Hh_FlaA_4 (TTACTTCAATTAGTTAAGTAACC), resulting in a PCR prod-
uct with 100% homology to the flaA_I and flaA_2 genes, with the exception of
the cm cassette. This final PCR product was used for transformation into H.
hepaticus ATCC 51449. The resultant clones were checked by PCR for whether
they had incorporated the cm cassette into the flad_1 gene or, as intended, into
flaA_2.

(iv) flad_1 flaA_2 double mutant. Mutagenesis was performed by a quick PCR
and ligation strategy without cloning. For this purpose, a fragment of 481 bp
including the 5’ part of flaA_2 and a part upstream of fla4_2 with no homology
to flaA_1 and with a Kpnl restriction site inserted (primers Hh_FlaA2_7 and
Hh_FlaA2_8 (CACTTGCAAGGTTACAACTGC and CGCGGTACCGATTG
TCCATCTTGAGCTGC, respectively [Kpnl restriction site underlined]) and a
fragment of 564 bp including the 3’ part of flaA_2 and a part downstream of
flaA_2 with no homology to flaA_1 and with a BamHI restriction site inserted
(primers Hh_FlaA2 9 and Hh_FlaA2_10 (CGCGGATCCTATAATGCTGTTA
TTGCATCTGG and CAATAAATCCTGCCACAAATGC, respectively [BamHI
restriction site underlined]) were amplified by PCR from genomic DNA of H.
hepaticus ATCC 51449. A GM resistance (gm) cassette was amplified from plasmid
pUCI18-Gm (5) with primers Gm_1 and Gm_2 (TATGGTACCCGGGTGACTA
ACTA and AGAGGATCCCCGTGTCATTA, respectively [KpnI and BamHI re-
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striction sites underlined]). The flaA4_2-specific PCR products were digested with
Kpnl and BamHI, respectively, and the gm cassette was digested with Kpnl and
BamHI. The three digested PCR products were afterwards ligated with each other,
and the ligation product was used as the template for a PCR with primers Hh_
FlaA2_7 and Hh_FlaA2 10, which anneal to the most 5" and 3’ parts of the two PCR
products obtained before from the genomic DNA of ATCC 51449. The product of
the desired length, containing the two sequences homologous to the genome of
ATCC 51449 surrounding the gm cassette (1,887 bp), was gel purified. The gm
cassette was oriented in the same direction as fla4_2 to minimize polar effects and
because the gm cassette does not possess its own promoter sequence. In this way, the
gm cassette was supposed to be cotranscribed as one mRNA from the promoter of
the disrupted fla4_2 gene after integration into the genome of H. hepaticus ATCC
51449. The purified PCR product was then used for transformation into the flad_1
mutant of H. hepaticus ATCC 51449 and resulted in the selection of several CM and
GM double-resistant clones.

Transformation of H. hepaticus. H. hepaticus was transformed by electropora-
tion as previously described (13). Briefly, bacteria grown for 24 h on plates were
harvested into 10% glycerol in distilled H,O and washed twice. An 80-ul volume
of bacteria was mixed with plasmid or PCR product and subjected to electropo-
ration in a 0.2-cm electroporation cuvette (Bio-Rad) at a voltage of 2.5 kV, a
resistance of 200 (), and a capacitance of 25 wF. Afterwards, 100 pl of BHI broth
was added and the bacteria were incubated for 24 h on nonselective plates. Then,
the bacteria were transferred onto selective plates containing CM or GM and
cultivated until resistant clones grew. Mutant clones were then characterized by
PCR, protein expression, and electron microscopy.

Murine infection experiments. C57BL/6 mice were obtained from Charles
River (Wilmington, MA) from certified Helicobacter-free breeding colonies and
were again tested in our laboratory to be free of any Helicobacter species, by PCR
from feces with the following primer pairs: Helicobacter genus-specific
C97_Helil6S_fw and C05_Helil6S_rv (11) and H. hepaticus-specific B38 and
B39 (GCATTTGAAACTGTTACTCTG and CTGTTTTCAAGCTCCCC, re-
spectively) (41). All animal experiments were conducted in accordance with the
German Animal Welfare Law and with European Communities Council Direc-
tive 86/609/EEC for the protection of animals used for experimental purposes.
All experiments were approved by the local institutional animal care and re-
search advisory committee and authorized by the local district authority. Mice
were fed a sterile pellet diet and water ad libitum and were housed in microiso-
lator cages. For colonization experiments, animals were infected on 3 successive
days with 2 X 10® bacteria or were mock infected (by application of BHI medium
only). Colonization levels were monitored by regular detection of H. hepaticus by
PCR with H. hepaticus-specific primers as indicated above on genomic DNA
prepared from feces. Genomic DNA from feces was prepared after homogeni-
zation of the feces in S.T.A.R. buffer (Roche) supplemented with 10% chloro-
form, by using the Qiagen QiaAmp DNA Stool Kit Mini as indicated by the
manufacturer. At the end of the experiments, animals were euthanized and serial
dilutions of tissue homogenates prepared from the tip of the cecum were plated
on blood agar plates supplemented with antibiotics (see above) to obtain colony
counts of H. hepaticus. Furthermore, genomic DNA was prepared from the
cecum tip and the proximal colon (Qiagen QiaAmp Tissue Kit) and examined for
H. hepaticus-specific DNA content by PCR with the primer pairs mentioned
above. The limit of detection by PCR, assessed with appropriate control DNA
dilutions used for spiking, was about 10 genomic copies of H. hepaticus. Detec-
tion by PCR was less sensitive than detection by colony counting after plating.

For all experiments, six animals per experimental group were employed, with
three male and three female mice in each group (see Table 2). In a first set of
experiments, animals were infected with wild-type H. hepaticus or the fliA mutant for
4 and 8 weeks. This experiment was repeated once with an infection duration of 4
weeks. In a second set of experiments, animals were infected with wild-type H.
hepaticus, the flaA_1 flaA_2 double mutant, and the fla4_I gene mutant for 4 weeks.

Statistical analyses. Statistically significantly regulated genes in the microarray
experiments were determined with the program Significance Analysis of Mi-
croarrays (SAM; Stanford University, Palo Alto, CA) (49) and the following
settings: delta = 0.364, leading to a false discovery rate of 0 (g value of <0.05;
for settings and algorithms, see the SAM manual at http://www-stat.stanford.
edu/~tibs/SAM/). Data on the colonization levels of H. hepaticus in mice were
examined for statistical significance with Fisher’s exact test.

RESULTS

Construction of H. hepaticus fliA, flaA_1, and flad_2 mutants
and flad_I flaA_2 double mutants. For the analysis of flagellar
regulation and the role of motility in H. hepaticus in coloniza-
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FIG. 1. Electron microscopic pictures of H. hepaticus ATCC 51449 and flagellar mutants. Electron microscopic pictures of wild-type (wt) H.
hepaticus ATCC 51449, the fli4 and flaA_1 (clone 1) single mutants, and the fla4_1 flaA_2 double mutant were prepared. A representative picture

of each strain is shown. Black arrows indicate truncated flagella.

tion, first a knockout mutation in the gene encoding the o
factor FliA or o*® (HH1146) was constructed by disruption
with a CM resistance cassette in the direct orientation (see
Materials and Methods).

Since FliA was assumed to strongly affect transcriptional
regulation at the same time as flagellar biosynthesis, we also
constructed several different mutants with only structural de-
fects in late flagellin genes, which are not involved in transcrip-
tional regulation. Interestingly, H. hepaticus possesses two cop-
ies of the gene encoding the main subunit of flagellin, FlaA
(HH1364 and HH1653 [flaA_I and flaA_2, respectively]), with
identical sequences including the promoter region. To further
examine the possible role of this gene duplication, mutants
lacking the expression of either one (flaA_1 or flaA_2 single
mutant) or both (flad_I1 flaA_2 double mutant) of the flaAd
genes were generated by allelic exchange mutagenesis (for
details, see Materials and Methods). The fla4_1 disruption
mutant contained a CM resistance marker inserted after the
first 30 coding nucleotides of flad_1. A flaA_2 knockout mu-
tant was constructed by amplifying the flad_I gene including
the inserted CM resistance cassette from the already existing
flaA_1 mutant. This PCR product was used for transformation
into H. hepaticus ATCC 51449, and several flad_2 insertion
mutants were identified among the resulting clones by PCR.

A second selective marker had not been established for H.
hepaticus before. For the construction of a mutant in which
both copies of flaA were knocked out, a promoterless gm
cassette (5) was successfully established as a novel resistance
marker for H. hepaticus (for details, see Materials and Meth-
ods). Mutagenesis of flaA_2 for constructing the double mu-
tant was performed by a quick PCR and ligation strategy (see
Materials and Methods). The final PCR product was used for
transformation of the previously generated fla4_I mutant of
H. hepaticus ATCC 51449, and three resulting colonies, which
were both GM and CM resistant, were tested and verified to
carry the correct integration of the gm cassette in the flad 2
gene.

Flagellar and motility phenotype of H. hepaticus fliA and
flagellin mutants. The mutants deficient in the flagellar ¢*®
factor FliA and the flaA single and double mutants were first
characterized phenotypically by light and electron microscopy.
Wild-type H. hepaticus bacteria possess one flagellum at each
pole (9). In contrast, the fli4 mutants did not display complete
flagellar structures (Fig. 1). Some bacteria possessed no fla-
gella at all, while most bacteria (79 of 100 counted bacteria)
exhibited a short, truncated flagellum at one or both poles.
Otherwise, the fliA mutant bacteria did not show any obvious
morphological differences compared to wild-type bacteria. The
motility of the fliA mutant was impaired, as demonstrated by
motility agar stab assays (Fig. 2), and no translational motility
was observed in wet mounts (not shown), in contrast to wild-
type bacteria, which displayed strong motility in both assays. In
order to determine the expression of flagellins in the different
mutants, Western blot assays with various antisera raised

flaA_1/flaA_2

FIG. 2. Plate motility assays of wild type and flagellar mutant H.
hepaticus ATCC 51449. Wild-type H. hepaticus; the flid, flaA_1, and
flaA_2 single mutants; and the flaA_I flaA_2 double mutant were
inoculated into motility agar and incubated for 5 days. A representa-
tive picture of each strain from at least three independent assays is
shown. For the fladA_I mutant, where different motility was observed
with different clones, representative experiments with two different
clones (cl. 1 and cl. 2) are depicted. The white bars equal 1 cm.
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FIG. 3. Expression of FlaA and FlaB by H. hepaticus ATCC 51449
and flagellar mutants. Ten micrograms of lysate of wild-type or mutant
H. hepaticus was separated by SDS-polyacrylamide gel electrophoresis
and Western immunoblotted with an antibody (AK179; 1:2,000 dilu-
tion) raised against native purified H. pylori flagella (A) or against
recombinantly expressed H. pylori FlaB (1:1,000 dilution) (B). Lanes:
1, wild-type H. hepaticus; 2, fliA mutant; 3, flaA_1 flaA_2 double mu-
tant; 4, flaA_I mutant; 5, flaA_2 mutant. The values on the left are
molecular masses in kilodaltons.
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against recombinant or native H. pylori flagellins were per-
formed. All of these sera also recognized H. hepaticus flagellins
with high sensitivity. According to our Western blot analysis
(Fig. 3), the fliA mutant did not synthesize detectable amounts
of FlaA protein, while similar amounts of the minor flagellar
filament subunit, FlaB, were present in the fli4 mutant com-
pared to wild-type bacteria.

Similar to the fliA mutant, the flaA_I flaA_2 double mutant
had only very short truncated flagella (85 bacteria out of 100
possessed short flagella) at one or, predominantly, both poles
but otherwise appeared to be morphologically similar to wild-
type bacteria (Fig. 1). Like the fliA mutant, the fla4 double
mutant did not show any motility halo when incubated in
motility agar (Fig. 2) and swimming was not observed in wet
mounts. In Western blot assays, as expected, no FlaA was
detected (Fig. 3). An antibody raised against recombinant H.
pylori FlaB detected very low levels of FlaB in lysates of the H.
hepaticus flaA_1 flaA_2 double mutant (Fig. 3B), while an
antibody directed against native Helicobacter flagella detected
some, although less, FlaB in lysates of the fla4 double mutant
compared to lysates of wild-type bacteria (Fig. 3A). In addi-
tion, a slight gel migration change was observed for FlaB in the
double mutant. These findings suggested that FlaB was differ-
ently posttranslationally modified in the fla4 double mutant
compared to wild-type bacteria. In contrast, there was no ob-
vious difference in the detection of FlaB in wild-type bacteria
with both antisera (Fig. 3A). In fli4 mutants, differential im-
munodetection of FlaB with the two different antisera was
observed in some experiments (not shown), although less than
in the flaA_1 flaA_2 double mutant.

Both flaA_1 and flaA_2 single mutants were morphologically
similar to wild-type bacteria, possessing long flagella at both
poles (Fig. 1). In motility agar plates, four different clones of
the flaA_2 mutant showed slightly reduced motility compared
to wild-type bacteria (Fig. 2). On the other hand, different
clones of the flad_1I single mutant displayed motility to differ-
ent extents in motility plates. Of seven clones tested, one
(clone 2) was almost as motile as the wild type (swimming
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ability in wet mounts and in agar motility tests [Fig. 2]) while
the other six were strongly impaired in motility in agar (Fig. 2)
and did not swim in wet mounts. Sequence determination of
flaA_1 including the noncoding upstream sequences from all
different flaA_1 clones did not reveal any nucleotide differ-
ences between those clones or from the wild-type strain that
could explain the different motility phenotype. Different clones
of flaA_2 mutants or wild-type bacteria, in contrast, all dis-
played similar motility within each group. In all fla4 single
mutant clones, the amounts of FlaA and FlaB detected by
Western immunoblotting with antibodies directed against re-
combinant or native flagellins appeared to be similar (Fig. 3A
and B). Also, all fla4 single mutants had similar amounts of
FlaA and FlaB compared to wild-type bacteria.

Definition of the FliA regulon of H. hepaticus by microarray
analysis. The transcriptional regulon, which is under the
control of the o® transcription factor (FliA) in H. hepaticus,
was determined with microarrays. An oligonucleotide-based
whole-genome microarray by MWG Biotech was used that can
detect 1,863 of the proposed 1,875 open reading frames of H.
hepaticus ATCC 51449 (46). Wild-type H. hepaticus ATCC
51449 and the isogenic fliA mutant were grown in liquid culture
to an ODyg, of 0.7 to 0.8 (mid-logarithmic growth phase). Cy3-
or Cy5-labeled cDNA synthesized from these two bacterial
preparations was competitively hybridized onto the microar-
rays. Three independent biological experiments were per-
formed (six microarrays, including dye flip experiments). In the
subsequent data analysis, overall 11 transcripts were found to
be significantly more highly expressed in wild-type bacteria
than in the fliA mutant by the microarray statistics program
SAM (see Materials and Methods). These genes were pre-
dicted to belong to seven operons due to their genomic ar-
rangements (Table 1 and Fig. 4) (46). Among the transcripts
which were more abundant in wild-type bacteria were the late
flagellar genes flaA, figM, fliD, and fliS. Also downregulated in
the fliA mutants in comparison to wild-type bacteria were tran-
scripts of fliM and fliY, which probably are organized in an
operon together with fliA. Additionally, the transcripts
HHO0789 (flaG) and HH0792 (a presumed f7i7 homolog), which
are in the same proposed operon as fliD and fIiS, and genes
HHO0643, HHO0725 (putative methyl-accepting chemotaxis pro-
tein), and HH1742, which is of unknown function (see Discus-
sion), showed significantly higher expression in wild-type bac-
teria than in the fli4 mutant (Fig. 4). Transcript amounts of
HH1008, which encodes an NH;-dependent NAD* synthetase
(nadE), and the open reading frame HH1743, which is of
unknown function, also were, on average, more than twofold
reduced in the fli4 mutant than in wild-type bacteria, although
due to a high standard deviation, their differential expressions
were not significant at the SAM settings used (see Materials
and Methods). Regulation of selected downregulated genes in
the fliA mutant (HH0643, HHO789, figM, fliM, fliY, and flaA)
was confirmed by semiquantitative RT-PCR assays performed
with the same total RNA samples (Table 1). Differential reg-
ulation of two transcripts, HH0725 and HH1008 (nadE), could
not be validated by semiquantitative RT-PCR, whereas for all
of the other genes the pattern of regulation indicated by the
microarray data could be confirmed (Table 1). Two genes were
significantly more highly expressed in the fli4A mutant than in
wild-type bacteria (HHO185 and flgB; Fig. 4), which were ver-
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TABLE 1. Microarray analysis of transcripts differentially regulated between wild-type H. hepaticus and the fliA mutant”

Group and open reading frame(s) Gene(s) I\iii)?e\;/siig;yr};ii/f’@ SD regiilirtl;gcﬁggll/\/l)" Semiquantitative RT-PCR?
Proposed o?®-dependent genes
HHO0643 12.8 9.47 Yes Confirmed
HHO0724 NP¢ No ND/
HHO0725 1.9 0.69 Yes Not confirmed
HHO0789 flaG 6.3 4.54 Yes Confirmed
HHO0790 fliD 34 1.66 Yes ND
HHO0791 fiS 6.9 4.08 Yes ND
HHO0792 43 2.07 Yes ND
HHO0874 flsM 2.6 1.09 Yes Confirmed
HH1008 nadE 2.4 1.09 No Not confirmed
HH1009 IpxK 13 0.43 No ND
HH1010 bep 12 0.26 No ND
HH1144 0.8 0.40 No Not regulated
HH1145 0.7 0.32 No Not regulated
HH1146 fliA 1.8 0.85 No ND
HH1147 fiM 4.0 3.17 Yes Confirmed
HH1148 iy 3.4 1.74 Yes Confirmed
HH1364, HH1653 flaA_1, flaAd_2 12.8 9.47 Yes Confirmed
HH1742 6.6 2.43 Yes Confirmed
HH1743 22 1.17 No ND
Proposed o>*-dependent genes
HHO0140 0.9 0.35 No ND
HHO0141 0.7 0.25 No ND
HHO0142 figl 0.6 0.31 No Confirmed
HHO0183 flgE 0.6 0.22 No ND
HHO0184 flsD 1.0 0.28 No ND
HHO0185 0.4 0.22 Yes Confirmed
HHO0186 0.7 0.60 No ND
HHO0501 motA 0.5 0.17 Yes Not confirmed
HHO0502 motB 0.8 0.25 No ND
HHO0503 1.1 0.21 No ND
HHO0504 0.7 0.33 No ND
HH1407 flgB 0.4 0.17 Yes Confirmed
HH1408 flsC 0.8 0.39 No ND
HH1409 fiE 1.1 0.29 No ND
HH1410 1.0 0.20 No ND
HH1411 1.0 0.44 No ND
HH1796 flaB 0.7 0.24 No Confirmed

“ Gene groups belonging to proposed operons are grouped together. All genes belonging to each of the proposed operons had the same predicted transcriptional
orientation. The upper part of the table lists the genes with higher transcript amounts in the wild type, and the lower part shows the genes with higher transcript amounts

in the fliA mutant.

’ Ratios higher than 2 indicate increased transcript levels in the wild type, and ratios lower than 0.5 indicate reduced transcript levels in wild-type bacteria.

¢ Genes significantly regulated according to a SAM analysis.

@ For genes whose regulation was validated by semiquantitative RT-PCRYs, it is indicated whether the microarray results were or were not confirmed.

¢ NP, not present on array.
IND, not determined.

ified by semiquantitative RT-PCR (Table 1). Transcript
amounts of the two flagellar genes figl and flaB, which ap-
peared to be slightly more highly expressed in the fli4 mutant
than in wild-type bacteria according to the microarrays (al-
though the difference was not significant by SAM analysis),

were additionally examined and confirmed to be upregulated
in the fli4A mutant by semiquantitative RT-PCR.

o*® promoter consensus sequences, which are recognized by
FliA, are well established for the closely related H. pylori bac-
teria or for other bacteria such as E. coli. Therefore, we ana-
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FIG. 4. Results of the microarray analyses of wild-type and fli4
mutant H. hepaticus. H. hepaticus whole-genome microarrays were
competitively hybridized with cDNAs of both wild-type (wt) and fli4
mutant H. hepaticus. The ratio of the mean spot intensity of the wild
type versus the fliA mutant is depicted for selected genes. The mean
ratio and standard deviation were calculated from six independent
experiments (three biological experiments with two arrays each).
Shown are the two groups of genes which are differentially regulated
between the wild-type and fli4A mutant bacteria and, as a control, five
tryptophan metabolism housekeeping genes. Asterisks indicate genes
that are significantly differently regulated according to statistical anal-
ysis with the SAM software package (see Materials and Methods).

lyzed the promoter sequences of putative operons with genes
downregulated in the fli4 mutant for the existence of ¢
promoter-like sequences. Upstream of HHI1364 (flaA_I),
HH1653 (flaA_2), HH0789 (flaG), HHO0874 (flgM), and
HHO0643, sequences were detected which corresponded to the
o*® promoter consensus sequences of H. pylori or E. coli (Fig.
5). In H. pylori, the spacer between the —35 and —10 boxes has
predominantly a length of 13 bp (21, 52). In contrast, the
length of the o*® promoter spacers in H. hepaticus appeared to
be less conserved since it varied between 15 and 19 bp. No o2®
promoter-like sequences were detected upstream of the genes
HH1008 and HH1742. Upstream of the gene HH0724, which
is not present on the microarray and is probably in one operon

HH1364 (flaA):
HHO0789 (flaG):
HHO0874 (flgM):
HHO643:

HHep28

EC028:

HPy128:

CJej28

AAAAACAK
AAACTCARC
TAAATCTE

-35
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with HH0725, a ¢*® promoter-like sequence was also identi-
fied, although it was less conserved than for the other FliA-
dependent genes.

FliA is required for H. hepaticus colonization in experimen-
tal infections of C57BL/6 mice. As described above, a flid
knockout mutant yielded nonmotile bacteria that possess ei-
ther no or strongly truncated flagella. It is not known which
role flagella or motility may play in intestinal colonization by
enterohepatic Helicobacter species. Therefore, we asked
whether fliA mutant bacteria are still capable of colonizing
C57BL/6 mice. In a first colonization study, 12 mice in each
group were sham infected or infected with wild-type H. hepati-
cus ATCC 51449 or with the isogenic fliA mutant. The mice
were euthanized after 4 and 8 weeks (Table 2), respectively.
Colonization was examined by bacterial culture from homog-
enates of the cecum tip and by PCR on genomic DNA pre-
pared from homogenates of cecal tissue and the proximal co-
lon. Mice colonized with wild-type H. hepaticus yielded high
bacterial counts with, on average, 1.4 X 10° bacteria per g
cecum after 4 weeks and 6.8 X 10 bacteria per g cecum after
8 weeks (CFU count differences are not statistically signifi-
cant). In contrast, none of the mice which were inoculated with
the fliA mutant tested positive for H. hepaticus in culture and
PCR at 4 and 8 weeks after the initial inoculation (Table 2). To
follow the course of infection at early time points in live ani-
mals, fecal pellets were collected at 1 and 2 weeks postinfection
and examined for the presence of H. hepaticus by PCR. While
all of the mice infected with wild-type H. hepaticus tested
positive in the fecal PCR at all times, none of the mice inoc-
ulated with the fli4 mutant were positive for the presence of H.
hepaticus at any time point. All of the sham-infected mice were
negative for the presence of H. hepaticus at all time points,
except for one mouse which was probably cross-contaminated
because it was colonized with wild-type H. hepaticus at 4 weeks.

In a second set of in vivo experiments, mice were sham
infected or infected with wild-type H. hepaticus and the fliA
mutant and their infection status was analyzed at 4 weeks
postinfection (Table 2). Three mice in the fli4 mutant group
died of unrelated causes before and during the experiment, so
that only three mice could be evaluated. All of the mice in-
fected with wild-type bacteria tested positive for H. hepaticus in
culture and for H. hepaticus DNA in PCR. In contrast, none of
the mice inoculated with the fliA mutant became successfully
infected with H. hepaticus according to PCR assay of DNA
from fecal pellets at 1 week postinoculation, and negative re-

N TAAANOYY TINYSY TGS C CGATNT
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FIG. 5. Alignment of proposed ¢*® promoter sequences of H. hepaticus. The highly conserved —10 and —35 boxes are white on a black
background. Other highly conserved nucleotides are highlighted with gray. Consensus ¢® promoter sequences of H. hepaticus (Hhep28) and E.
coli (ECO28) are shown, and C. jejuni (CJej28) and H. pylori (HPyl28) sequences are given for comparison. Less conserved residues in the
consensus sequences are indicated by lowercase letters. The upstream distance to the transcriptional start of the respective gene is shown at the

right side of the alignment.
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TABLE 2. Experimental infection of C57BL/6 mice by wild-type H. hepaticus and flagellar mutant bacteria®
ngeéugﬁfg fliA mutant flaA_1 mutant (clone 1) flaA_1 flaA_2 mutant
Duration
Expt K P value P value P value
(wWk) No. of No. No. of No. No. of No. No. of No.
animals colonized/total animals colonized/total animals  colonized/total animals  colonized/total

la 4 6 6/6 6 0/6 0.002
1b 8 5 5/5 6 0/6 0.002
2 4 6 6/6 3 0/3 0.012
Overall 17 17/17 15 0/15 <0.001
3 4 6 6/6 6 0/6 0.002
4 4 6 6/6 6 0/6 0.002

“ For each experiment, the duration of the experiment, the number of animals per group, and the number of colonized animals/total number of animals are indicated.
The P values were calculated by Fisher’s exact test between animals inoculated with wild-type bacteria and those inoculated with the respective flagellar mutants.

sults when using culture and PCR assay of DNA from cecal
and colonic tissues at 4 weeks postinoculation.

Role of motility in the colonization ability of H. hepaticus. As
demonstrated in the experimental mouse infections, H. hepati-
cus fliA mutants were not able to colonize C57B/L6 mice. This
raised the question of whether this effect was indeed due to the
lack of flagella and impaired motility observed in this mutant
or, in addition, may be due to or enhanced by differential
regulation of other o®%-dependent genes. To answer this ques-
tion, C57B/L6 mice were inoculated with wild-type H. hepati-
cus and the flaA 1 flaA_2 double mutant, which does not
express any FlaA and therefore exhibits a severe flagellar struc-
ture defect (Fig. 1) and loss of motility (Fig. 2). For each group,
six mice were inoculated and monitored for infection until 4
weeks postinoculation. While all of the animals inoculated with
wild-type bacteria were successfully colonized, none of the
mice infected with the fla4_1 flaA_2 mutant tested positive for
H. hepaticus in both PCR and culture from cecal tissue homog-
enates. To assess the effect of the lack of a single copy of flaA4
on colonization, we also inoculated a group of mice with a
flaA_1 mutant clone (see above) which possessed flagella with
a morphology similar to that of the wild type but showed
diminished motility (clone 1; Fig. 2). Like the fla4 double
mutant and the fli4 mutant, fla4_1 clone 1 bacteria did not
colonize mice (Table 2). Fecal monitoring for H. hepaticus by
PCR, starting at 1 week postinfection and at any further sub-
sequent week, and CFU counting in cecal tissue homogenate
at 4 weeks after inoculating the mice detected no infection with
either the flaA double mutant or the flaA_1 clone 1 mutant
(Table 2).

DISCUSSION

Aims of the present study were to gain insight into transcrip-
tional control by the H. hepaticus sigma factor FliA and to
investigate the role of motility and of FliA-dependent genes in
murine intestinal colonization. We first analyzed the transcrip-
tional regulation of fliA-dependent genes. Overall, 11 genes
exhibited significantly higher transcript levels in wild-type bac-
teria than in the FliA mutant. Most of these genes (flaA, figM,
flaG, fliD, fliS, and HHO0792/fliT) were well-known flagellar
genes which had also been reported before to be dependent on
the FliA sigma factor in H. pylori (21) and Campylobacter jejuni
(4). Upstream of most of the above genes, including the two

copies of flaA, highly conserved o**-like promoter sequences
were detected (Fig. 5). flaA transcription was exclusively de-
pendent on ¢*® in other bacteria (21). However, in the H.
hepaticus ¢*® mutant, small amounts of flad transcript were
observed by semiquantitative RT-PCR (not shown). This may
indicate residual transcriptional activation of flaA indepen-
dently of ¢?® by a different weakly transcribed unidentified
promoter. Also upstream of flgM, a 0>® promoter sequence was
detected, which explained the flgM downregulation seen in the
H. hepaticus fliA mutant. In other bacteria such as Enterobac-
teriaceae, Pseudomonas, or H. pylori, transcriptional activation
of flgM is dependent on more than one transcription factor (6,
21, 34). At 46 bp upstream of the small open reading frame
HHO0873 of unknown function preceding H. hepaticus flgM, an
additional o”*like promoter sequence (TTGGTA-N,-TTG
CAT) was indeed identified. A proposed operon encoding
FlaG and the flagellar accessory genes and chaperones FliD
(flagellar cap), FliS, and FIiT (34) was downregulated in the
fliA mutant. These genes were shown to be partially dependent
on both FliA and RpoN in C. jejuni and H. pylori (4, 21, 34).
For H. hepaticus, no predicted promoter sequences other than
that for o*® could be identified upstream of this operon.

The flagellar genes figl, figE, figB, and flaB were expressed at
higher transcript levels in the fliA mutant than in wild-type
bacteria. Upstream of all of these genes, highly conserved o>
promoter sequences were identified. The upregulation of these
genes in the fliA mutant was probably indirect, dependent on
factors other than FliA. It is assumed that a feedback repres-
sion loop of active FliA on o>*-dependent genes is inactivated
in fliA mutants, since similar effects on o>*-dependent genes
were previously reported in H. pylori and C. jejuni (4, 34, 43).

Besides genes encoding proteins directly involved in the
biosynthesis or function of flagella, some novel genes were
dependent on H. hepaticus o*® (Table 1). HH0725, which was
downregulated in the fli4 mutant, possesses a methyl-accepting
chemotaxis protein domain and is therefore very likely related
to motility functions. No complete o*® promoter consensus was
found upstream of this gene. The product of another proposed
FliA-dependent gene, HH0643, may include a methyltrans-
ferase domain according to HHpred. In addition, the predicted
protein HH0643 contains a domain of unknown function re-
lated to glycosyltransferases (DUF1975/COG2849 family). Ho-
mologs of this protein are present in various Enterobacteria-
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ceae. A novel proposed ¢*-dependent operon is composed of
the genes HH1742 and HH1743. The encoded proteins are
predicted to be secreted or membrane proteins because they
contain high-scoring signal peptides for secretion (SignalP).
Homologs of HH1742 of unknown function have been identi-
fied in the &-proteobacterium MLMS-1 and in Wolinella suc-
cinogenes, while homologs to HH1743 are present in H. pylori
and Helicobacter acinonychis. HH1742 contains a large domain
similar to a bacterial outer membrane porin (PorB; HHpred,
probability of 99.6%). HH1743 possesses a domain belonging
to the family of YfaZ precursors (Pfam P value, 0.059) of
unknown function. YfaZ was recently characterized in E. coli
as an outer membrane protein (29).

Novel nonflagellar genes regulated by o= could, for in-
stance, represent novel virulence-associated genes, possibly se-
creted by the flagellar type III secretion system. In C. jejuni,
novel o?5-dependent virulence factors were identified via a
regulatory screen, some of which were secreted in a flagellum-
dependent manner (4, 17, 38). Therefore, we asked whether
the novel o*%-regulated genes of H. hepaticus might be involved
in virulence. HH0725- and HH0643-like genes are widespread
in other bacteria, and HH0725 contains a methyl-accepting
chemotaxis protein domain. HH1742 and HH1743 are proba-
bly secreted or membrane proteins. We performed compara-
tive DNA sequence analysis of HHO0643, HHO0725, and
HH1742 PCR products from all 13 different H. hepaticus iso-
lates from our strain collection (not shown) and found only low
interstrain sequence diversity, while the genes were present in
all strains. Taken together, these analyses indicate that the
proteins are more likely associated with signaling, protein
modification, or transport and motility functions rather than
being candidates for pathogen-specific novel virulence factors.

FliA-dependent regulons have been investigated by microar-
ray analysis in two other members of the closely related
Campylobacterales, H. pylori (21) and C. jejuni (4, 18, 23).
Well-characterized FliA-dependent flagellum-related genes in
H. pylori and C. jejuni largely overlap genes detected by the
present analysis of H. hepaticus. The complement of FliA-
dependent genes in C. jejuni was surprisingly much larger
(roughly 140 genes downregulated in fli4 mutants) (23) than
the regulons found in both H. hepaticus and H. pylori (of which
H. pylori had the smallest set of 5 clearly FliA-dependent genes
(21). Part of this divergence in the number of FliA-dependent
genes may be due to differences in methodology, since the
microarray analyses of C. jejuni (4, 23) and H. hepaticus
(present study) were performed later during the growth phase
than for H. pylori (21). FliA-dependent transcriptional activity
is presumed to be most active in late exponential growth (35).
Regulation of flagellar modification genes by FliA was more
obvious in C. jejuni than in the two other species. Roughly
one-fifth of the genes whose transcript abundance was influ-
enced in C. jejuni fliA mutants (4, 23) were associated with
posttranslational glycosylation functions and included genes of
the known peb protein glycosylation gene cluster, which com-
prises approximately 27 genes (32). In the intestinal pathogen
C. jejuni, in addition, several novel FliA-regulated genes of
unknown function were found to be involved in host inter-
action, two of which were secreted by the flagellar type III
apparatus (FspA, FlaC, and nonsecreted protein Cj0977)
(17, 38).
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The major flagellin genes flaA_I and flaA_2 were the dom-
inant genes controlled by H. hepaticus FliA. Previously, a du-
plication of the flaAd gene in H. hepaticus was described (46).
The two flaA copies are located in entirely different regions of
the H. hepaticus genome with different neighboring genes of
unknown function and appear to be monocistronic operons in
both cases. Since the two flad gene copies, including their
noncoding upstream regions, are 100% identical and contain
no point mutations, we speculate that the gene duplication
occurred quite recently. This duplication was present in all of
the isolates in our strain collection. However, since all of those
strains were derived from laboratory-housed mouse colonies,
which are currently the only source of H. hepaticus isolates, the
duplication may be restricted to a particular strain of H. he-
paticus. A role for this gene duplication in vivo is not clear,
since H. hepaticus isolates from wild rodents are not available
and niche requirements in laboratory-kept mice are not well
defined. Inactivation of either one of the two flaA copies ap-
peared to have a minor impact on flagellar morphology and
FlaA protein expression; inactivation of flaA_1 seemed to have
a larger impact on motility than the mutation of fla4_2. Pos-
sibly, the influence of either fla4 copy on other motility-rele-
vant genes differs. One role for the duplicated flaA genes could
be to provide a complement for functional replacement and
also intergenic recombination, in case one flad gene is acci-
dentally inactivated.

Interestingly, the inactivation of both fla4 genes in the dou-
ble mutant or, under some conditions, lack of FliA seemed to
affect the posttranslational modification of the FlaB protein
and possibly other proteins, as assessed by Western immuno-
blotting with antibodies of different specificities and by migra-
tion in SDS-polyacrylamide gel electrophoresis. Very likely,
the proposed flagellin modification in H. hepaticus is, at least in
part, associated with glycosylation events, as has been reported
for the flagellin proteins of H. pylori (21, 40), H. felis (19), and
Campylobacter sp. (47, 48). FlaB appeared to undergo in-
creased posttranslational modification in particular in doubly
FlaA-deficient mutants. Potentially, the almost complete lack
of the very abundant, probably glycan-modified, FlaA protein
in double flaA mutants might lead to hypermodification of
other posttranslationally modified proteins such as FlaB.

In some bacterial species, flagella are crucial for successful
colonization of the host. Mutants of H. pylori (7, 24, 36), C.
jejuni (33), or C. coli (37) deficient in flagella and motility were
deficient in persistent colonization. Lack of flagella and motil-
ity appeared to impair gastrointestinal colonization less dras-
tically in some infection models by some other intestinal patho-
genic bacteria (22) which are less restricted to a specific host or
niche, such as V. cholerae (12, 39) or Salmonella enterica sero-
var Typhimurium (28). Thus, we asked whether the presence of
flagella or motility is required for successful colonization of H.
hepaticus in the intestinal tracts of mice and found that mu-
tants deficient in FliA were not able to colonize mice. Even at
very early time points (3 days after inoculation), fliA mutant
bacteria could not be detected in the feces, while the wild-type
strain was detected in all of the infected mice, suggesting that
the fliA mutant is not only deficient in long-term colonization
but lacks the capacity of initial colonization. In order to ad-
dress the issue of whether the colonization deficiency of the
FliA mutant could be due to functions missing in fli4 mutants
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other than only the almost complete lack of flagella or im-
paired motility, we challenged mice with either a flad_1 flaA_2
flagellin double mutant that did not express any FlaA or with
a flaA_1 single mutant with morphologically normal flagella
but strongly diminished motility. fla4_1 flaA_2 double mutants
were not detectably colonizing, demonstrating that either the
presence of flagella or motility is crucial for the infection. Also,
mice challenged with the H. hepaticus flaA_1 single mutant
were not colonized, indicating that reduced motility rather
than structural impairment of flagella was the crucial factor
which prevented the successful colonization of mice. flad_2
mutants, which displayed only slightly reduced motility, colo-
nized mice at 4 weeks postinoculation (T. Sterzenbach and C.
Josenhans, unpublished data); however, colonization was
slightly reduced in comparison with the wild type. For H. pylori,
it was reported that a deletion mutant in the flagellar motor
protein MotB that affects motility but not the assembly of
complete flagellar structures leads to a deficiency in murine
colonization (36). Hence, our present study revealed that FLiA
and FlaA expression and motility are essential prerequisites for
intestinal colonization of H. hepaticus, whereas the presence of
flagella was not sufficient to ensure even initial colonization.
Whether other factors regulated by FliA are crucial for the
ability to colonization could not been shown.

Flagella are major antigenic targets both for the innate and
adaptive immune systems. Infection with various bacterial spe-
cies, including H. pylori (31), P. aeruginosa (1), C. jejuni (50),
and C. coli (30), produces host immunoglobulins that are di-
rected against flagellar proteins. Furthermore, for H. hepaticus,
the flagellar hook protein FIgE represents a dominant T-cell
antigen (25). It was therefore surprising to find that in the
intestinal tract, where immune functions are highly active, in-
tact flagella and motility are absolutely required for coloniza-
tion by H. hepaticus. Flagella of H. pylori and H. hepaticus are
encased by a sheath (16), which probably offers some protec-
tion from the action of host immune functions. In addition,
flagellins and lipopolysaccharide of both species possess low
activation potential for Toll-like receptors TLRS and TLR4
(27, 44), which minimizes the common innate responses of the
host to flagella and flagellar sheath. Both of these evasion
strategies could compensate in vivo for the necessity of main-
taining flagella and motility, which appear to be very important
during H. hepaticus infection. In addition to motility, cytolethal
distending toxin was the only other factor that has been shown
so far to play an important role in the persistent colonization
of Swiss Webster or A/JCr mice by H. hepaticus (13, 15).
Whether H. hepaticus motility and related functions are nec-
essary only for initial colonization or also for long-term colo-
nization could not be determined in this study. Motility and
chemotaxis could very likely play dominant roles in enabling
the bacteria to find their appropriate intestinal habitat, in par-
ticular during the initial steps of colonization.
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