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Campylobacterjejuni 81116 has two genes coding for flagellin,flaA andflaB. Fully motile wild-type C. jejuni
bacteria express the faA gene, with no flaB message being detected. A nonmotile flaA flaB+ mutant, Rl,
produced detectable levels of flagellin B which was incorporated into truncated flagella. After Rl had invaded
INT-407 cells, a variant with increased motility, R1-V2, was isolated. R1-V2 produced full-length flagella and
an increased amount of flagellin B. Transcriptional analysis showed that R1-V2 contained moreflaB mRNA
than its parental strain, Rl. TheflaB gene promoter sequence and primer extension experiments confirmed
that transcription of theflaB gene is initiated from a C54 promoter. Neither the promoter sequence nor the
coding sequence offlaB had changed in R1-V2. In contrast to Ri, R1-V2 no longer produced (truncated) flaA
mRNA. The 28flaA promoter sequence was not changed in R1-V2. We propose that expression of the two
flagellin genes in C.jejuni 81116 is regulated at the transcriptional level, in such a way that predominantly one
gene at a time is transcribed. We compared the levels of invasiveness of the wild-type strain, Rl, and R1-V2 for
INT-407 cells. The shift in expression fromjlaA toflaB occurred not only during invasion assays but also under
different conditions in the absence of eukaryotic cells.

Campylobacterjejuni is a gram-negative bacterium that is an
important enteropathogen of man and a number of animal
species. The mechanisms by which C. jejuni causes disease
involve colonization, attachment, invasion, and toxin produc-
tion. Functional flagella are important as virulence factors.
Aflagellate bacteria do not colonize in vivo (1, 19, 21), and
flagellar mutants are less invasive in vitro (9, 28). In addition,
human volunteers dosed with a mixture of motile and nonmo-
tile variants of C. jejuni excrete only motile bacteria (5).
The flagellin gene organizations in two strains of C. jejuni

and one Campylobacter coli strain have been determined, and
in all three cases two flagellin genes are present on the genome
(8, 11, 24). The complete nucleotide sequences of the two
genes of C. jejuni 81116 and C. coli VC167 have been deter-
mined (11, 24). In both species the two genes are arranged
head-to-tail in the same direction, separated by 174 bp. The
coding regions offlaA and flaB appear to be almost identical.
However, each gene contains its own, different promoter; a
recognition site for the alternative sigma factor a 8 is present
upstream offlaA, and a putative promoter consensus sequence
for sigma-54 has been identified upstream offlaB (11, 14, 24).
These features suggest that the two flagellin genes are subject
to differential regulation. Although antigenic variation of
Campylobacter flagella has been reported (2, 12), the func-
tional significance of flagellin gene duplication is not yet
understood.

Expression of the two flagellin genes in both Campylobacter
spp. has been studied by transcriptional and mutational anal-
ysis. In C. coli, transcripts of both genes are detected, but flaA
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is expressed at a higher level thanfflaB (11). Inactivation offlaB
leads to slightly less motile mutants of this species, while
inactivation of flaA results in mutants with reduced motility
and truncated flagella (10). Electron microscopic studies using
flagellin A-adsorbed antiserum show that flagellin B is incor-
porated in the flagellum of wild-type (WT) C. coli (10). In
flagellated WT C. jejuni bacteria, no transcripts of flaB are
detected (24) and flaB can be inactivated without a loss of
motility (28). flaA mutants of C. jejuni 81116 are relatively
nonmotile and produced truncated flagella composed of flagel-
lin B (28).
To date, it has remained unclear whether, and under what

conditions, the flaB gene of Campylobacter spp. can produce
functional full-length flagella composed only of flagellin B.
This study presents evidence that a flaA flaB+ mutant of C.
jejuni is able to synthesize such flagellin B flagella. The mutant
was isolated after invasion of INT-407 cells. We studied flaA
and flaB expression in this variant at the transcriptional level,
and we examined the effect of the flagellin B phenotype on
invasiveness in vitro.

MATERIALS AND METHODS

Bacteria and culture conditions. The origin of C. jejuni
81116 and the construction of mutants Rl and R3 have been
described previously (28). Unless otherwise specified, bacteria
were cultured on saponin plates at 42°C as described by
Nuijten et al. (23). Colony size was determined by culturing in
semisolid thioglycolate plates containing 0.4% agar (6). R1-V2
was isolated from Rl bacteria which had invaded INT-407
cells.

Invasion of INT-407 cells. The INT-407 cell line, derived
from human embryonal tissue of the jejunum and ileum, was
obtained from Flow Laboratories. The technique of Campy-
lobacter invasion has been described in detail elsewhere (28).
Briefly, monolayers (106 cells) were washed with Dulbecco's
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FIG. 1. Colony size and morphology of WT C. jejuni 81116, mutant Rl, and variant R1-V2 in semisolid thioglycolate-agar plates.

modified Eagle medium (DMEM) 30 min prior to inoculation
with bacteria (multiplication of infection of 103 bacteria per

cell). Infected monolayers were incubated at 37°C in 5%
C02-95% air. After several time intervals (see Fig. 6), mono-
layers were washed five times with DMEM and reincubated for
another 3 h with DMEM containing 250 ,ug of gentamicin per

ml. Then, cells were washed three times with phosphate-
buffered saline and lysed in 0.5% Triton X-100. Suspensions
were plated on saponin agar medium, and the numbers of CFU
were counted and calculated. After invasion of INT-407 cells
by Rl, the increased motility of R1-V2 (swarming colonies)
was only observed on freshly made saponin plates.
Western blots (immunoblots). Preparation of bacterial pro-

tein extracts, gel electrophoresis, blotting procedures, and
immunostaining were performed by the method of Wassenaar
et al. (28). The production and characterization of monoclonal
antibodies CF1 and CF17 have been described previously (20,
25).

Northern (RNA) blots. RNA was isolated from overnight
cultures of C. jejuni by using RNAzol (Cinna Biotecx Labora-
tories Inc.). Total RNA concentrations were measured by the
A260. RNA gel electrophoresis, Northern blotting, and hybrid-
ization were performed as described before (23). Hybond-N
filters were used, and the RNA was cross-linked to the filters by
UV irradiation. A mixture of the following three fragments was
used as a full-length flagellin-specific probe recognizing flaA
and flaB together: the 650-bp SspI-BglII fragment of pIVB3-
304, containing the first part offlaA, and the 1.2- and 1.27-kb
BglII-PstI fragments of clone pIVB3-300, containing the largest
parts of both genes (24). The fragments were radioactively
labelled by using random primers. Probes specific for flaA or

flaB were prepared by radioactive PCR (see below).
PCR and sequencing reactions. PCRs were performed on C.

jejuni DNA isolated according to the method of King et al.
(16). The following primers were used: primer Al (5'-CGTAT
TAACACAAATGTTGCAGCATTG-3'), which is identical to
nucleotides +10 to +36 of flaA (the initiating ATG codon
starts at +1); primer A2 (5'-AGCATCTAAACllAG
CATTAAG-3'), which is complementary to positions +60 to
+83 offlaA; primer Bl (5'-TTAATGTITAAAGCAGCAG-3'),
which is located within the coding region offlaA at nucleotide
positions -329 to -312 offlaB; primer B2 (5'-AGGATAAAC
ACCAACATCGGTGCATTA-3'), which is identical to nucle-
otides +10 to +36 offlaB; primer B3 (5'-CTTGTCAAGTTC
ATTAGAGTTAAC-3'), which is complementary to positions

+60 to +83 of flaB; and primer C (5'-ACCAACACCTA
TATCTCC-3'), which is complementary to both flagellin genes
at positions +931 to +948. All primers were purchased from
Pharmacia. PCRs were performed by using Taq DNA poly-
merase purchased from Promega with 35 cycles of 1 min at
90°C, 2 min at 55°C, and 3 min at 72°C.
PCR fragments were cloned into pBluescript II KS(+)

(Stratagene) which had been digested with EcoRV and de-
phosphorylated by using calf intestine alkaline phosphatase
(Boehringer). Three clones of each fragment were sequenced
by using the AutoRead Sequencing Kit and the Automated
Laser Fluorescent DNA Sequencer (Pharmacia LKB).
To prepare a radioactive probe specific forflaA, primers Al

and A2 were used, and for a flaB-specific probe, primers B2
and B3 were used. The PCRs were performed in the presence
of 0.2 mM deoxynucleoside triphosphates (dNTP) supple-
mented with 10 mCi of [cx-32P]dATP (3,000 Ci/mmol).
Primer extension. To map the 5' ends of the flagellin

messengers, primers A2 (complementary to the flaA mRNA)
and B3 (complementary to the flaB mRNA_ were used. The
primers were radioactively labelled with [y- 2P]ATP by using
T4 polynucleotide kinase. Thirty nanograms of labelled primer
(600 cpm/ng) was annealed to 10 ,ug of denatured bacterial
RNA at 42°C for 1 h in 100 mM Tris-HCl (pH 8.3)-140 mM
KCl. Reverse transcriptase (10 U of Superscript RT; Bethesda
Research Laboratories) and 0.5 mM each dNTP were added,
and the reaction was continued for 30 min at 42°C.

RESULTS

Isolation of the motility variant R1-V2 from mutant Rl. C.
jejuni 81116 mutant R1 (flaAflaB+) is relatively nonmotile and
is 100-fold less invasive for INT-407 cells than the motile WT
strain (24). Ten to twenty percent of the colonies obtained
from those Rl bacteria that had nevertheless invaded INT-407
cells appeared as swarming colonies on fresh saponin plates.
Figure 1 shows the motility of these phenotypic variants in
semisolid thioglycolate-0.4% agar plates. The motility of the
variant was intermediate between that of the WT strain and
that of Rl (Fig. 1), and the variant was designated R1-V2.
Four distinct R1-V2 colonies were selected for further inves-
tigation. After these colonies were subcultured or stored at
-80°C, 30 to 60% of the offspring colonies from these selected
bacteria reverted back to the Rl motility phenotype. Repeated
selection of R1-V2 colonies from thioglycolate plates resulted
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FIG. 2. Western blots of total bacterial protein extracts reacted
with monoclonal antibodies CF1, specific for flagellin A (A), and
CF17, recognizing both flagellin A and flagellin B (B). Panels A and B
contain total protein profiles from the WT strain, Rl, and R1-V2.

in a clonal population that was stable upon culture, and this
population was used for further experiments. R1-V2 bacteria
possess long flagella, which appeared to be more fragile than
those of WT bacteria but were otherwise undistinguishable
when observed by electron microscopy (data not shown).

Since bacteria with the R1-V2 phenotype had to be subcul-
tured several times before they remained stable, there was a
possibility that we selected for a mutant having the R1-V2
phenotype. Therefore, Rl and the stable form of R1-V2 were
maintained in Luria-Bertani broth for 72 h at 42°C without
shaking and then plated in thioglycolate plates. Incubation in
Luria-Bertani broth is completely different from incubation
under the conditions that we use to grow C. jejuni 81116.
Although the frequency of switching was highly variable from
experiment to experiment, the R1-V2 bacteria previously
considered stable changed into Rl, and vice versa. Cultivation
of Rl under standard conditions had no effect on the pheno-
type. Thus, we believe that stable R1-V2 is not a mutant but
rather is a variant. In addition, a variant with an R1-V2
phenotype (WT-V2) was isolated from WIT bacteria by using
this Luria-Bertani broth-induced shift. However, this variant
was still unstable after several in vitro passages and was not
used for further studies.

Identification of the R1-V2 flagellin. The nature of the
flagellin produced by R1-V2 was determined by using mono-
clonal antibodies. A Western blot containing total bacterial
protein extracts of the WT strain, Rl, and R1-V2 was reacted
with monoclonal antibody CF1, which is specific for flagellin A
of C. jejuni 81116 (25). Flagellin A was detected only in the
lane containing protein extract of WIT bacteria (Fig. 2A).
Monoclonal antibody CF17 recognizes a different epitope,
which is present on both flagellins, A and B, and this antibody
detected flagellin in the WT strain and R1-V2, but it detected
only minor amounts of flagellin in Rl (Fig. 2B). These results
show that R1-V2 contained flagellin B only and contained
larger amounts of it than Rl did.

In order to determine whether the changed phenotype of
R1-V2 always coincided with increased expression of flaB, six
independent stable R1-V2 isolates were obtained from Rl
bacteria that had invaded INT-407 cells. Total protein extracts
were analyzed by Western blotting, and in all six isolates
flagellin B exclusively was detected, at a level comparable to
that for R1-V2 and higher than that for Rl (results not shown).
For all further experiments, one of these isolates was used.
To investigate whether other proteins are coregulated with

flagellin B in R1-V2, total soluble protein extracts of WT, Rl,
and R1-V2 bacteria were analyzed by two-dimensional elec-

f-A J7B CZ
FIG. 3. Northern blots of total bacterial RNA isolated from the

WT strain, R3, Rl, and R1-V2. Each lane contains 10 ,ug of total RNA.
The position of the full-length flagellin mRNA is shown (fla mRNA),
and the position of the truncatedflaA mRNA of Rl is indicated by the
arrow. Blots in panel A were hybridized with a full-length probe
specific for flagellin genes A and B, and blots in panels B and C were
hybridized with 5'-proximal probes specific for flagellin A and flagellin
B, respectively.

trophoresis. The results (data not shown) did not reveal
detectable differences in protein profiles.

Differential expression of flaA and flaB in Rl and R1-V2.
The mRNA levels of flaA and flaB were determined by
Northern blotting of total bacterial RNA using three probes.
The first probe was specific for bothflaA andflaB mRNA (Fig.
3A), the second probe was specific for the 5' end of flaA
mRNA (Fig. 3B), and the third probe was specific for the 5'
end offlaB mRNA (Fig. 3C). Mutant R3 contains a kanamycin
resistance gene inserted in the flaB gene (flaA + flaB) (28) and
was included as a control. The probe detecting both messages
hybridized to RNA isolated from WT, R3, and R1-V2 bacteria
and in lower amounts to RNA isolated from Rl bacteria (Fig.
3A). When the same RNA was hybridized with a 5'-proximal
probe specific for flaA mRNA (Fig. 3B), no hybridization was
observed in the R1-V2 lane and no full-lengthfla message was
seen in the Rl lane. A truncated flaA mRNA was detected in
Rl (Fig. 3B). This truncation offlaA mRNA is caused by the
insertion of the kanamycin resistance gene into the flaA gene
of Rl. Both the probe recognizing flaA and flaB mRNA and
the flaA-specific probe showed degradation of the flaA mes-
sage. A 5'-proximal probe specific for flaB (Fig. 3C) detected
mRNA in R1-V2, and in minor amounts in Rl, but not in the
WI strain or R3. These results indicate that R1-V2 differs
from Rl by an increased level offlaB mRNA concomitant with
a decrease in the (truncated) flaA mRNA level.

Primer extension experiments confirmed that the flaB gene
in R1-V2 is transcribed from a sigma-54-type promoter (Fig.
4). The flaB-specific primer produced an elongated product
with RNA isolated from R1-V2; little product was detectable
in Rl. Promoters recognized by sigma-54 have a highly con-
served sequence motif with a consensus TGGCAC-N5-TTGC
around positions -26 to -12 (18). This motif, differing in only
one nucleotide, is present upstream of flaB (Fig. 4).

Organization of the flagellin genes and the nucleotide
sequences of their promoter regions in R1-V2. Southern
analysis of chromosomal DNA digests of R1-V2 and Ri,
hybridized with probes specific for flagellin or kanamycin
sequences, resulted in identical patterns, indicating that the
kanamycin resistance gene in R1-V2 was still inserted in flaA
(data not shown). To determine whether the increased level of
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FIG. 4. Determination of the 5' ends of flagellin mRNAs by primer
extension. RNA isolated from the WvT strain and a labelled primer

specific forflaA mRNA were included as controls. RNAs isolated from

the WIT strain (lanes 1 and 3), R1-V2 (lanes 2 and 4), and Rl (lanes 5

and 6) were hybridized with primer A2, specific forflaA mRNA (lanes
1, 2, and 5), or with primer B3, specific forflaB mRNA (lanes 3, 4, and

6). Straight arrows indicate the positions of the transcription start sites

of fiaA (at the left) and flaB (at the right). The consensus sigma-54

recognition sequence is indicated. DNAs derived from the WIT strain

(on the left) and R1-V2 (on the right) were first amplified by PCR and

then sequenced with primers A2 and B3, respectively, and are included

on the gel for comparison.

flaB transcripts was the result of a recombinational event

within the flagellin genes of Rl-V2, this region of the genome

was amplified by PCR and sequenced. Two PCRs were carried

out on DNA isolated from Rl-V2, the WI7 strain, Rl, and R3.

The results (Fig. 5) show that a PCR with primers specific for

flaA amplifies a 2.5-kb fragment in Rl and Rl-V2, in contrast

to the 0.95-kb fragment obtained from the WT7 strain and

mutant R3. This 2.5-kb fragment is of the expected size in view

of the kanamycin resistance gene insertion in the flaA genes of

Ri and Rl-V2. The PCR products obtained with primers

specific for flaB are identical in length for the WI strain, Rl,
and Rl-V2. The flaB PCR product of R3 is 2.4 kb long, as

expected on the basis of the strategy that was used to construct

the R3 mutant (i.e., the partial deletion of an internal part of

the flaB gene and the insertion of the kanamycin resistance

gene).
The PCR products obtained with primers Bi and C were

used to determine the nucleotide sequence of the promoter

and the 5' end of flaB; the sequences of Rl and R1-V2 are

identical to the WI sequence, including its putative sigma-54-

dependent promoter (24) (see Fig. 4). Thus, the change in the

flaB mRNA level of R1-V2 is not caused by DNA rearrange-

ments or mutations in the flaB promoter region.
In order to exclude possible mutations within the flaB gene

that could be the cause of a more stable mRNA, a more stable

FlaB protein, or a more stable flagellar filament, the entireflaB

coding region of R1-V2 was amplified by PCR and sequenced.
The flaB sequences of Ri, Rl-V2, and the WIT strain were

identical (data not shown).
Since flaA transcription is decreased in Rl-V2, the nucle-

otide sequence of theflaA promoter of R1-V2 was determined.

A DNA fragment was amplified from positions -330 to +948

(the ATG codon being at position + 1). This PCR product was

FIG. 5. Flagellin gene organization in R1-V2. (A) Schematic rep-

resentation of the flagellin genes of the WI strain, Rl, R1-V2, and R3.
Primers Al, Bi, and C are indicated by arrowheads according to their
orientations. PCRs using these primers result in fragments I to IV,
which are represented as solid lines. (B) Ethidium bromide-stained
agarose gel containing PCR products obtained with WT, R3, Rl, and
R1-V2 chromosomal DNAs by using oligonucleotides Al and C (left
side) and Bi and C (right side). Fragments I to IV correspond to the
fragments in panel A. Lengths are given in kilobase pairs.

sequenced from positions + 1 to +85 by using the flaA-specific
Al primer. In this region, including the u28 promoter consen-
sus sequences (24), no changes were observed.

Invasiveness of R1-V2 in vitro. The invasive properties of
Campylobacter spp. can be studied in vitro by using monolayers
of INT-407 cells. In this assay, invasion is the combined process
of bacterial attachment to and penetration into cells. Previous
studies demonstrated that the mutant Rl is less invasive than
the WIT strain and that invasion is partly dependent on motility
(9, 28). It seemed likely, therefore, that the poor invasiveness
of Ri was a reflection of the truncated flagella. Since Rl-V2
was isolated from Rl after the invasion of INT-407 cells, it was
of interest to determine whether Rl-V2 was more capable of
invading these cells. Therefore, the levels of invasiveness of the
WIT strain, Rl, and Rl-V2 were compared. As shown in
previous experiments, the number of WT organisms reached a

maximum of about 5 x 105 invading bacteria per 106 cells after
3 h. In contrast, Rl and R1-V2 invaded to maximum levels of
only 1.2 x 103 and 2.5 x 103 bacteria per 106 INT-407 cells,
respectively (Fig. 6). These results indicate that the increased
motility conferred by the full-length flagella of Rl-V2 had only
a minor positive effect on invasiveness. Nevertheless, the
invasiveness of both of these mutants can be enhanced 10-fold
(Fig. 6) by centrifugation of the bacteria onto the monolayer,
presumably because of the improved contact between the
bacteria and the cells. However, the levels of invasiveness still
remained 10-fold lower than that of the WT strain. Centrifu-
gation had no effect on the invasiveness of the WT strain.

In a control invasion assay with Rl the INT-407 cells were
omitted; in this case no Rl-V2 was detected. In addition,
Rl-V2 was never found to be present in Rl cultures grown
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FIG. 6. Invasion of INT-407 cells by the WT strain, Rl, and R1-V2.
Bacteria were added to the cells (open symbols) or were added to the
cells and also centrifuged onto the cells (closed symbols). For the latter
case the sample taken directly after centrifugation is plotted at 0 h. nr,

number.

under standard growth conditions (at least 107 bacteria exam-
ined) prior to inoculation of INT-407 cells.

DISCUSSION

Flagella are known to have a significant role in the patho-
genicity of the thermophilic Campylobacter spp. The discovery
of flagellin gene duplication in C. jejuni 81116 suggests that
either recombinational events between the two genes (4) or

differential expression of the two genes, each one having its
own, different promoter, may lead to production of different
types of flagella. These mechanisms may provide the bacterium
with the ability to respond to an environment changing, for
example, with regard to pH, concentrations of salts, viscosity of
the medium, or neutralizing antibodies in a host. Prior to this
study, only expression of flagellin A and the concomitant
synthesis of FlaA flagella in C. jejuni 81116 had been shown to
be essential for invasion of INT-407 cells (28). flaB expression
had been observed only at low levels in a flaA flaB+ mutant
that produced truncated flagella (9, 28). In this study a variant
expressing full-length flagellin B flagella (R1-V2) has been
isolated from tissue culture cells after invasion by the flaA
flaB+ mutant Rl. R1-V2 provided a suitable mutant for study
of the expression of flagellin A and flagellin B and for study of

the roles of the two flagellins and the two flagellum types in
motility and invasion.
R1-V2 has motility intermediate between that of the WT

strain and that of Rl. Apparently, flagellin B flagella confer
less motility on the bacteria than flagella composed of flagellin
A. This suggests that the decreased motility is an intrinsic
property of flagellin B. Analysis of Salmonella flagellin mutants
having a changed motility or flagellar morphology indicated
that mutations causing these effects are located within the C-
and N-terminal regions of the flagellin (15). The differences
between the FlaA and FlaB amino acid sequences are primar-
ily within these terminal regions. Differential expression offlaA
and flaB may give rise to the formation of either FlaA or FlaB
flagella, each one having its own optimal function under
specific, yet different, environmental conditions. R1-V2 may be
more motile than was observed in this study under other
circumstances, provided that FlaB is still expressed at a level
high enough to allow formation of full-length flagella. Differ-
ent degrees of motility within one C. jejuni strain, dependent
upon the viscosity of the medium (7), have been described.

Differential flagellin gene expression in Campylobacter spp.
has not been described previously. Alm et al. (3) reported that
the activity of theflaB promoter in C. coli VC167 is affected by
environmental conditions, but they demonstrated no effect on
flaA transcription or the presence of full-length FlaB flagella.
In this study we showed that flaB mRNA is not detectable in
the WT strain but is present in R1-V2 and thatflaA (truncated)
mRNA is absent in R1-V2 while it is abundantly present in the
WT strain. A significant change in messenger stabilities could
account for these differences in RNA levels, but a more likely
explanation is a change in transcriptional regulation. Flagellin
gene expression seems to be regulated in such a way that one
gene is transcribed at a time. Only the R1 (flaA flaB+) mutant
produces some flaB mRNA, which may be due to the absence
of FlaA protein. The standard laboratory culture conditions
for growing and maintaining C. jejuni 81116 appear to induce
flaA expression and repressflaB expression. A variant with the
R1-V2 phenotype, expressing the flaB gene, was induced
during the invasion assay. R1-V2 was not present in Rl
cultures prior to invasion. R1-V2 was not observed when an
invasion experiment without INT-407 cells was performed.
This strongly suggests that the microenvironment of the eu-
karyotic cell in tissue culture causes a change in expression
leading to flaB transcription and a shutdown offlaA transcrip-
tion. The finding that this shift also occurred under other
conditions in the absence of eukaryotic cells indicates that the
bacterium is responding to a stimulus or stimuli in the micro-
environment and not to the eukaryotic cell itself. Therefore,
the stability or instability of the R1-V2 variant also seems to be
a direct result of the culture conditions.
We have shown here that, in contrast to the flagellar switch

described for Salmonella spp. (26), the altered flaA and flaB
expression in C. jejuni 81116 (Ri and R1-V2) does not result
from DNA rearrangement in the flagellin genes or their
promoters. Our data indicate that the flaB messenger in C.
jejuni 81116 is produced from a sigma-54-dependent promoter
similar to that found in C. coli (11). Besides Campylobacter
spp., several other bacteria contain flagellin genes that are
regulated by sigma-54-dependent promoters (13), e.g., Cau-
lobacter crescentus (22) and Pseudomonas aeruginosa (27). Such
promoters are usually dependent on, in addition to the sig-
ma-54 protein, a trans-acting factor (such as NIFA or NTRC)
which in turn can be facultatively expressed or activated under
certain conditions (17). Changes in expression or properties of
such trans-acting factors in Rl may have led to the appearance
of R1-V2 by inducing flaB transcription. Simultaneously, flaA
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expression was reduced, a process which might be directly or
indirectly linked to regulation of flaB expression. Since the
R1-V2 phenotype is not caused by a simple (point) mutation,
we assume the existence of a complex molecular mechanism
causing the events observed in flagellin gene expression.
Although two-dimensional gel electrophoresis of total protein
extracts of Ri, WT, and R1-V2 bacteria did not reveal
significant differences among these strains, regulatory proteins
that are present in minor amounts could be undetectable by
such procedures.

C. jejuni isolates or mutants expressing either FlaA or FlaB
flagella do not differ only in motility but also in invasiveness in
vitro: R1-V2 is 50-fold less invasive than the WT strain,
regardless of the full-length flagella of R1-V2. Invasiveness is
the combination of adherence and penetration, and it is
dependent on motility. The contact between bacteria and cells
can be enhanced in vitro by centrifugation, but this improves
the invasiveness of Rl and R1-V2 to only a limited extent.
Thus, if flagella play a role in adherence or penetration, then
flagellin A flagella are more effective in these processes than
flagellin B flagella. Colonization experiments using chickens, a
natural host of C. jejuni, also showed that C. jejuni mutants
having inactivated flaA genes were 100 to 1,000 times less
efficient than WT strains, regardless of the motility conferred
by truncated or full-length FlaB flagella (29). On the basis of
these data and with the help of these flagellin mutants,
investigations into the role of differential flagellin gene expres-
sion in infection of a susceptible host can now begin.
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