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The complex flagellar filaments of the LIOS serogroup member Campylobacter coli VC167 are composed of
two highly related subunit proteins encoded by the flad4 and flaB genes which share 92% identity. Using
oligonucleotide primers based on the known DNA sequence of botb the fla4 and flaB genes from C. coli VC167
in the polymerase chain reaction, we have shown ¢onservation of both fla genes among isolates within the LIO8
heat-labile serogroup by digestion of the amplified product with Psrl and EcoRI restriction endonucleases.
Amplification and subsequent restriction analysis of the flad flageflin gene from Campyiobacter isolates
belonging to 13 different LIO serogroups further identified 10 unique polymorphic groups. Within most of the
serogroups examined, isolates appeared to contain flad genes with conserved primary structures. Only in
serogroups L1011 and L1029 did independent isolates possess flagellin genes with different primary structures.
Furthermore, by employing primers specific for the flaB gene of C. coli VC167, all serogroups examined
contained a second fla gene corresponding to flaB. In all serogroups except the LIOS and LI1O6 isolates which
were identical to each other, the polymorphic pattern of this flaB gene was identical to that of the corresponding
flaA gene. These data indicate ihat the presence of a second highly homologous flagellin gene is widespread
throughout Campylobacter isolates and that in most instances, the primary structure of the two fla genes is
conserved within isolates belonging to the same heat-labile LIO serogroup. This may represent the presence of

clonal evolutionary groups in Campylobacter spp.

The best-described flagella at both the structural and
molecular levels are those of the enteric Escherichia and
Salmonella spp. The unsheathed flagella of these organisms
are formed by the polymerization of a single species of
flagellin. Another group of bacteria produce unsheathed
flagellar filaments composed of two or more species of
flagellin. These “‘complex’’ filaments have been described
for bacterial species such as Campylobacter coli (14},
Campylobacter jejuni (27), Helicobacter pviori (25), Caulo-
bacter crescentus (10), Bdellovibrio bacreriovorus (42), and
Rhizobium meliloti (35). The periplasmic flagella of Spiro-
chaeta aurantia (32) and Treponema pallidum (31) are also
composed of multiple species of flagellin subunits, as are the
flagellar filaments of archaea such as Halobacterium halo-
bium, Methanococcus spp., and Methanospirillum spp. (13,
22, 23, 41). For several of these organisms, the flagellin
genes coding for the two or more flagellin species have been
sequenced. However, as a group, the complex flagella
remain poorly described. For example, in most cases the
information available is restricted to 2 single strain of the
species, and little is known regarding the antigenic and
structural diversity of flageilins which form complex flagella.

Regardless of whether the flageliar filament is simple or
complex, the structures of most bacterial flagellin subunits
are strikingly similar. For a large range of organisms, the
amino- and carboxy-terminal domains of flagellin molecules
which have roles in flagellin export, polymerization of the
flagellar filament, and filament stability (11, 46, 47) display
significant amino acid sequence homology (21, 45, 49).
However, the central region of the flagellin molecule often
displays large differences in both size and amino acid content
and appears 10 be responsible for the extensive antigenic
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AT e s ey <

£ Mt e e o

~
hd

diversity seen among flagellins from members of the family
Enterobacteriaceae (18-20, 26). Preliminary immunological
evidence suggests that such a model may also be valid for
Campylobacter spp. (28). Moreover. genetic studies by
Thor..ton et al. (43) demonstrated that serotype-spccific
DNA probes can be constructed by using the central region
of the Campylobacter flagellin gene.

The flagellar filament of C. coli V'C167 can undergo
antigenic variation between two antigenic forms, T1 and T2
(15, 17), each of which contains two flagellin subunits, FlaA
and FlaB. These flagellins are coded for by two tandemly
orientated, highly homologous genes which show 92.0%
identity in VC167-T1 and 91.6% identity in VC167-T2 (14,
16). C. jejuni 81-116 also possesses two tandem flagellin
genes which display 92.8% identity with each other (27), and
the total identity between the flagellin genes of strains VC167
and 81-116 is 82%. The fla4 genes of two other C. jejuni
strains, IN1 and TGH9011, have also been sequenced (12,
24) and show 74.9 and 73.6% identity 10 the flad gene of
VC167, respectively. This suggests that there may be con-
siderable genetic diversity among the fla genes in Campylo-
bacter spp. Although a number of studies have suggested the
presence of a second fla gene in other strains of Campylo-
bacter (12, 43), it is not known how widespread flaB is
throughout Campylobacter spp., as tandem gene duplica-
tions are often rapidly eliminated by recombination (7, 44),
or indeed how related flaB is 10 flad.

One of the major serotyping schemes of Campylobacter
spp. is the heat-labile scheme of Lior (26a), which recognizes
more than 100 serogroups. It had previously been suggested
that flagella were the serodeterminant of this scheme, but
recent genetic data have indicated that in most serogroups
flagella are not the Lior serodeterminant (3). Nonetheless,
surface-exposed serospecific determinants on flagella have
been demonstrated and flagellin genes are highly conserved

3051




REPRODUCED AT GOVERNMENT EXPENSE

3052 ALM ET AL.

TABLE 1. Strains used in this study

Poly-
morphism
Serogroup Strain(s) group
flaA  flaB
L108 C. coli VC20, VC143, VC144, VC167, 1 1
VC189; C. jejuni VC156, VC159
L108/(29) C. jejuni VC152, VC157 1 1
LIO6 C. jejuni VC84, VC209, VC223, 81-116 2 3
LIO4 C. jejuni VC83, VC207, VC226, VC331, 4 4
vC237
L1015 C. jejuni VC94, VC185, VC220, VC227 5 5
LIO11 C. jejuni VCI4 5 5
LIO11 C. jejuni VCI1 6 6
Lion C. jejuni VC228, VC232 7 7
LIO11 C. jejuni VC230 4 4
LIO19 C. jejuni VC104, VC221, VC233 8 8
LiO12 C. coli VC92, V(229 9 9
LIOS C. jejuni VC88, 81-176 2 3
L1020 C. coli VC97, VC225 8 8
L1029 C. coli VC168 5 5
L1029 C. coli VC236 10 10
LIO1 C. jejuni VC87 7 7
LIO7 C. jejuni VC95 1 u
L1055 C. coli VC235 5 5

within Lior serogroups (4, 17). In this study, we undertook
to determine the conservation of the primary flagellin gene
structure within various LIO serogroups and the polymor-
phism of the flagellin genes among serogroups. Further, we
could determine the presence or absence of flaB in a range of
Campylobacrer strains beionging to a variety of LIO sero-
groups, and, by restriction endonuclease digestion of poly-

' merase chain reaction (PCR)-amplified products that repre-

sent —85¢% of the flagellin genes, we could investigate the
similarity of the primary structure of the flaB gene, if
present, to that of flad.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The C. coli and C.
Jejuni strains listed in Table 1 were obtained from H. Lior,
National Enteric Reference Centre, Ottawa, Canada.
Campylobacter spp. were grown on Mueller-Hinton agar

EcoRIl
Pstl EcoRI Pstl,
A
pur <+
Pgso JSlad RAALD
B 1448%p
234dp 230bp Zﬂ;p
C 202vp 730bp
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(Difco) at 37°C in an atmosphere containing 5% oxygen and
CO.,.

Preparation of chromosomal DNA. A plate of fresh over-
night Campylobacter growth was harvested in 2.5 ml of
ice-cold 25% sucrose-50 mM Tris-HCI, pH 8.0. One millili-
ter of lysozyme (10 mg/ml in 0.25 M EDTA, pH 8.0) solution
was added, and incubation was continued on ice for 20 min.
This was followed by the addition of 0.75 ml of TE (10 mM
Tris-HCl, 1 mM EDTA, pH 8.0), 0.25 ml of lysis solution
(5% N-lauroylsarcosine; 50 mM Tris-HCI, pH 8.0; 62.5 mM
EDTA), and 10 mg of pronase (Boehringer-Mannheim Can-
ada Lid., Laval, Québec, Canada), and incubation was
continued at 58°C for 90 min. The viscous DNA solution was
then extracted twice with Tris-saturated phenol and once
with diethyl ether before being placed in dialysis bags and
dialyzed against 2 liters of TE at 4°C for 16 to 24 h with one
change.

PCR amplification. Oligonucieotides used for amplification
were constructed on an Applied Biosystems 392 DNA syn-
thesizer and were based on the known sequences of the
flagellin genes of C. coli VC167. The flad-specific 18-bp
primer pg50 (5'-ATGGGATTTCGTATTAAC-3') (30) used
for PCR amplification is located on the plus strand beginning
at the N terminus (Fig. 1A). The flaB-specific 32-bp primer
RAAS (5'-AAGGATTTAAAATGGGTTTTAGAATAAAC
ACC-3") is also located on the plus strand and begins 11 bp
upstream of the translational start site of flaB (Fig. 1A). The
26-bp primer RAA19 [5'-GCACC(CT)TTAAG(AT)GT(AG)
GTTACACCTGC-3'], which binds to both flagellin genes
274 bp from the 3’ end, was used as the reverse primer in both
cases (Fig. 1A), and PCR amplification generated the frag-
ments depicted in Fig. 1B. Other primers used were RAA10
{3"-TCTTGCTTTAATCTTTTCGATGCA-3"), which binds
between 10 and 33 bp upstream of RAA9 on the same strand,
and RAAS (5'-TTGCACAGCGTTACGTTGGCT-3'), which
binds to the flaB coding region 25 bp from the translational
stop codon on the minus, or noncoding, strand. AmpliTaq
polymerase (Perkin-Elmer Cetus, Rexdale, Ontario, Can-
ada) (0.4 U/10 ul of reaction mixture) was used in a hot-air
thermocycler (Idaho Technology, Idaho Falls, Idaho) in the
presence of 1x standard PCR buffer, 2.5 mM MgCl, (Gene-
Amp; Perkin-Elmer Cetus), a final concentration of 250 uM
for each primer, and 50 ng of genomic template. Thirty to 40
cycles of ampiification were performed in thin-walled capil-
lary tubes, each cycle consisting of 1 s at 94°C, 1 s at 37°C

EcoRI
Pstl EcoRI Pst]
- -
RAA9 flaB RAAL®
14590p
B zsovp 23bp
202vp 739%p

FIG. 1. Flagellin genes from C. coli VCI§7. (A) Schematic represenlation iadivaiag the localization of the priming sites for the
ohgonucleotides used for PCR amplification and the restriction endonuclease sites used. (B) PCR products generated with primer pairs
pg30-RAA19 and RAA9-RAALY that represent the majority of the flad and flaB genes, respectively. (C) Restriction fragments generated upon

digestion of the amplified product with Psrl and EcoRl.




REPRODUCED AT GOVERNMENT EXPENSE

VoL. 175, 1993

1 2 3 4 5 6 7 8

FIG. 2. PCR amplification with primer pairs pgS0-RAA19 (lanes
1 to 4) and RAA9-RAAI1S (lanes 5 10 8) on strains VC167-T2 (lanes
2 and 6), the flad flaB* mutant KX15 (14) (lanes 3 and 7), and the
fla4* flaB mutant KX5 (14) (lanes 3 and 7). No DNA controls are
seen in lanes 1 and 5. Fragment sizes are 1,448 bp (lanes 2 and 4),
2,848 bp (lane 3), 1,459 bp (lanes 6 and 7), and 2,859 bp (lane 8).

(fla4 primers) or 55°C (flaB primers), and a 60-s extension at
74°C.

Restriction analysis of PCR products. Following PCR am-
plification, the 10-pl reaction mixtures were either analyzed
directly on 1% agarose gels and visualized by staining with
cthidium bromide or subjected to restriction enzyme diges-
tion. PCR products (10 ul) were digested in a total volume of
12 pl with 3 U of both PstI and EcoRI for 90 min at 37°C.
After digestion, the fragments were separated on 12% poly-
acrylamide gels in a minislab gel apparatus (Hoefer Scientific
Instruments, San Francisco, Calif.) in 1x TBE buffer by the
method of Sambrook et al. (36) and visualized by staining
with ethidium bromide.

RESULTS

Specificity of PCR primers in LIO8 strains. Because the
flaA and flaB genes of C. coli VC167 are so highly homolo-
goys, the ability of each primer pair to specifically amplify
either flagellin gene had first to be determined. To accom-
plish this, we employed the previously described flagellin
mutants KX5 (flad* flaB) and KX15 (flad flaB™) (14). The
flaA primer pair (pg50-RAA19) amplified a 1,448-bp product
from wild-type VC167-T2 (Fig. 2, lane 2) and the flad™ flaB
mutant KXS (Fig. 2, lane 4). A larger product was amplified
from the KX15 mutant because of its flad gene being
inactivated by a Km' cassette (Fig. 2, lane 3). Similarly, the
flaB primer pair (RAA9-RAA19) amplified a 1,459-bp prod-
uct from VC167-T2 (Fig. 2, lane 6) and KX15 (Fig. 2, lane 7).
The expected larger fragment due 10 the Km' cassetie was
amplified from mutant KXS5 (Fig. 2, lane 8). These results
indicated that in this strain, these primer pairs could specif-
ically amplify the two fiagellin genes.

Presence and conservation of fla genes among LI108 isolates.
Genomic DNA from the seven LIO8 and two LIO8/(29)
strains listed in Table 1 were subjected to PCR amplification
with specific flad and flaB primer pairs. Certain Campylo-
bacter isolates agglutinate with both the LIO8 and L1029
typing sera and are classed as serogroup L108/(29). The fla4
and flaB genes amplified from the LIO8 and L108/(29)
strains possessed the same size as that seen with VC167
(Fig. 3A and B). To determine whether the primary structure
of the flagellin genes was conserved within the LIOS sero-
group, the PCR products were digested with Pst] and EcoRI,
which cut withiu .he central region of the VC167 flagellin
genes (Fig. 1A). The sizes of the frigments based on the
known sequences of the flageliin genes from VC167 (i4, 16)
are indicated schematically in Fig. 1C. Indeed, when the
PCR products that represented the L108 and L108/(29) flad

,:i/
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A
— 1438 bp

123456789 10

B
— 1439 bp

123 45678910
FIG. 3. PCR ampilification with primer pairs pg36-RAA19 (A)
and RAA9-RAA19 (B) on L108 and 1.108/(29) strains listed in Table
1. Lane lis the no-DNA control. Strains VC20 (lane 2). V'C143 (lane
3), VC144 (lane 4), VC152 (lane 5), VC156 (lane 6}, VC157 (lane 7),
VC159 (lane 8), VC167 (lanec 9), and VC189 (lane 10) all show PCR
products of identical size.

and flaB genes were digested, they displayed perfect conser-
vation with the VC167-T2 control (Fig. 4A and B).

Polymorpbism of the fla4 gene of other L1O serogroups. By
employing the pg50-RAA19 fla4 primer pair, we examined
the 34 Campylobacter strains from 13 other L1O serogroups
listed in Table 1. Under the amplification conditions em-
ployed, all strains were shown to produce a product indis-
tinguishable in size from the 1,448-bp product from
VC167-T2 detected by agarose gel electrophoresis (data not
shown). To determine the polymorphic groupings of these
strains, the PCR products generated with the pg50-RAA19
primer pair were digested with Psrl and EcoRI and analyzed
on polyacrylamide gels.

1 2 3 4 8 6 7 8 9

FIG. 4. Restriction fragment length conservation of the PCR
fragments seen in Fig. 3 with Psrl and EcoRI. Strains VC20 (lane 1),
VC143 (lane 2), VC144 (lane 3), VC152 11z-2 4), VCI15€ Nlane 5),
VC157? (lane 6), VC159 (lane 7), VC167 (lane 8), and VC1ES (iane 9)
all show conserved polymorphic patterns. The fragment sizes are
shown on the left.

e m——
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FIG. 5. Restriction fragment length polymorphism generated by
Pstl and EcoRI digestion of the PCR fragments generated with the
pg50-RAA19 primer pair from the following strains: VC235 (L1033,
lane 1), VC88 (LIO3, lane 2), 81-116 (L1O6, lane 3), VC83 (L104,
lane 4), VC94 (LIO13, lane 3), VC87 (L101, lane 6), VC104 (L1019,
lane 7), VC92 (L1012, lane 8), VC95 (L107, lane ), VC97 (L1020,
lane 10), VC167 (L108, lane 11), VC74 (LIO11, lane 12), VC230
(L1011, lane 13), VC232 (LIO11, lane 14), VC91 (L1011, lane 15),
VC168 (L1029, lane 16), VC236 (L1029, lane 17). For reference. the
fragment sizes in lane 11 are (top 1o bottom) 739, 250, 232, and 202
bp.

The restriction profile of a representative strain from each
LIO serogroup is shown in Fig. 5. It can be seen that there
is a wide range of primary structure polymorphism within
the fla4 genes from the various LIO serotypes on the basis
of digestion with these two enzymes, and 10 distinct group-
ings were identified. In most cases, however, the primary
gene structure was well conserved within a given serogroup.
All five L104 strains possessed the same DNA patterns (Fig.
5, lane 4). The four L1015 (Fig. 4, lane 5), the three LIO19
(Fig. 5, lane 7), and the two L1012 (Fig. 5, lane 8) strains
were equally conserved within their serogroup (Table 1). In
several cases, identical restriction profiles were displayed by
strains belonging 10 two or more different LIO serotypes.
The polymorphic patierns of the four L1O6 strains (Fig. 5,
lane 3) were identical and matched the expected sizes from
the known flagellin sequence of C. jejuni 81-116 (27). The
LIOS strains examined were the same and produced a DNA
fragment pattern similar to that of the L106 serogroup (Fig.
5, lane 2, and Table 1). In addition, the two L1020 strains
(Fig. 5, lane 10) and the LI1OS55 strain (Fig. 5, lane 1, and
Table 1) were identical to the L1019 serogroup strains (Fig.
5, lane 7). Single isolates from serotypes LIO1 and L107
were also examined, and both produced unique patterns
(Fig. 4, lanes 6 and 9).

The polymorphic patterns of only two of the serogroups
tested were not conserved. Of the five LIO11 isolates
examined, two strains, VC228 and VC232, had patterns
identical to that of a LIO1 strain (Fig. 5, lane 14); VC230
(Fig. 5, lane 13) was in polymorphic group 4 with the L104
strains; VC74 was in group 5 with the L1015 isolates (Fig. 3.
lane 12); and the last, VC91, was unique (Fig. 5, lane 15. and
Table 1). Further. the L1029 serogroup also appeared 10 be
nonconserved, with VC168 falling into polymorphic group 5
with the L1013 strains (Fig. 5. lane 16) while VC236 pro-
duced a unique restriction pattern (Fig. 5, lane 17, and Table
1).

Presence and polymorphism of flaB among LIO serogroups.
The flaB gene has previously been identified with certainty
only in C. coli VC167 (L108) and C. jejuni 81-116 (L106) (15,
27), although its presence in C. jejuni IN1 (L107), VC208
(L1032), VC212 {L1046). and CL99 (L1046) has been sug-
gested (12, 33). With the flaB primer pair (RAA9-RAAL9)
that selectively umplified the fluB gene in L10O8 isolates. the

/
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123456789 1011121314

1 2 3 4 5 6

F1G. 6. (A) Products of identical size (1.439 bp) representing flaB
were identified from all serogroups with the primer pair RAA9-
RAAI9. Lane 1 is the no-DNA control. The other strains are VC87
(LIO1, lane 2), VC83 (LJO4, lane 3), VC8S8 (L10S, lane 4), 81-116
(L106, lane §), VC95 (L107, lane 6}, VC167 (L10§, lane 7), VC91
(L1011, lane 8), VC92 (L1012, lane 9). V(94 (LIO1S, lane 10),
V(97 (L1020, lane 11), VC104 (LIO19. lane 12), VC168 (L1029,
lane 13), and VC235 (L1035, lane 14). (By Comparison of polymor-
phic patterns generated by Psrl and EcoR] digestion of the flad
(lanes 1, 3, and 5) and flaB (lanes 2. 4. and 6) genes from L108
isolate VC167 (lanes 1 and 2). L105 isolate VCB8 (lanes 3 and 4), and
L1O6 isolate 81-116 (lanes 5 and 6) on a 12 polyacrylamide gel. For
reference, the fragment sizes in lane 1 are (10p to bottom) 739, 250,
232, and 202 bp.

presence of PCR products of identical size was detected for
all serotypes tested, confirming the presence of a second
flagellin gene (Fig. 6A). The PCR product generated by
amplification with RAA9-RAA19 was also digested with Pstl
and EcoRl. Among the 41 Campylobacter strains for which
a PCR product was generated with this primer pair, the
restriction patterns obtained for 35 isolates belonging to all
but two of the scrotypes examined were identical to that
seen for the corresponding flad gene (summarized in Table
1). The restriction pattern of the fluB gene from the four
LI1OG6 strains was the same as that of the flaB gene of the two
LIO5 isolates examined and was different from the flaAd
patterns of both LIOS and L106 strains {Fig. 6B).

The possibility existed that although the RAA9-RAA19
primer pair can specifically amplify the flaB gene product in
LIO8, L10S, and L10O6 strains as determined directly by
restriction fragment length polymorphism, these primers
could be nonspecifically priming from the fla4 gene in the
other LIO serotypes for which the polymorphic pattern
generated by these primers is identical 1o the pattern gener-
ated with the pgS0-RAA19 primer pair. To eliminate this
possibility, PCR amplification with both primer pairs was
performed with the isogenic flagellin mutants from LIO1,
LI04, L1011, L1012, L1015, L1019. and L1020 described
previously (3). Amplification with the pg50-RAA19 primer
pair generated fragments of 2.85 kb from ecach mutant (data
not shown), which corresponded to an increase of 1.4 kb in
size due to the presence of the Km' cassctie in the fla4 gene.
Further, amplification with the RAA9-RAA19 primer pair
generated wild-type-size fragments of approximately 1.45
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TABLE 2. Sequence homologies of
Campylobacter flagellin genes

% Homology® in region®:

Gene

H 1l 111 v \Y
C. coli VC167-T2 flaAd 100 100 100 100 100
C. coli VC167-T2 fiaB 87.2 98.4 923 100 80.1
C. coli VC167-T1 flad 100 98.4 100 100 100
C. coli VC167-T1 flaB 87.2 98.4 94.2 100 80.1
C. jejuni IN1 flad 88.3 80.0 62.8 58.1 87.0
C. jejuni TGH9011 fial 87.4 80.0 70.8 58.5 71.5
C. jejuni 81-116 flad 86.7 86.0 76.6 69.8 88.4
C. jejuni 81-116 flaB 82.8 86.4 76.9 69.8 79.7

* Compared with the fla4 gene from €. cod VC167-T2 (14).
# Regions I 10 V are as previously defined by Guerry et al. (15).

kb, confirming the presence of a second intact flagellin gene
(data not shown).

DISCUSSION

This study has provided further information on the pri-
mary structure of Campylobacter fiagellin genes, especially
within the coding areas for the N-terminal and central
domains of flagellin. Previous sequencing studies of Campy-
lobacter flagellin genes have shown that regardless of the
LIO serotype, the regions corresponding to the N and C
termini of the flagellin protein are relatively conserved, as
indeed they are in the better-described enterobacterial flagel-
lins compared with the central variable domain (Table 2).
The one exception in the case of Campylobacter flagellin
genes sequenced to date is in region V of the flad gene of C.
jejuni TGH9011, which displays only 71.5% identity to
region V of the fla4 gene of C. coli VC167-T2 (14) (Table 2).
However, the flal gene encodes a flageliin with a deduced M,
of 56,000, compared with the protein with an M, of 60,000
produced by C. coli VC167. In this study, restriction analy-
sis of specific PCR-generated fragments has demonstrated
that the central region of the flad gene is highly polymorphic
among strains belonging to various heat-labile LIO sero-
groups of thermophilic campylobacters. However, in all but
two serogroups examined, LIOI1l and LIO29, the flad
restriction profile is conserved by isolates within a given
serogroup.

Using a PCR with oligonucleotide primers shown with
L108 strains to specifically amplify the flaB gene, we have
also confirmed the presence of a second flagellin gene among
C. jejuni and C. coli isolates representing 11 serogroups.
This is the first study 10 examine either the distribution or the
diversity of flaB. For all strains examined except those
isolates belonging to the LIO5 and L106 serotypes, the
polymorphic pattern of the second fla gene was identical to
that of flad, supporting previous data that demonstrated the
high homology of the two fiagellin genes (15), and leads us to
believe that C. coli and C. jejuni strains uniformly possess
two highly homologous flagellin genes. The reasons for the
maintenance of two flagellin genes may be related to regu-
lation by alternate promoters (5) and/or to ensure that
motility is maintained (6).

This intragroup conservation of two flagellin genes is the
first evidence for the existence of a class of discrete, stable
clonal groupings within Campylobacter spp., which appear
to parallel the L10 serogroups. Although clonality exists in
other pathogenic bacteria, with well-studied examples being
salmonellae (8, 37), Neisseria meningitidis (9, 29), Esch-
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erichia coli (1, 38, 51, 52), and Listeria monocytogenes (34),
previous attempts to identify clonal groupings within
Campylobacter spp. by a variety of immunologic and genetic
techniques have been generally unsuccessful. For example,
restriction endonuclease analysis, multilocus enzyme elec-
trophoresis, pulsed-field gel electrophoresis. and Southern
analysis with TRNA or genes coding for rRNA (ribotyping)
have all been employed to examine chromosomal DNA and
to attempt to detect minor alterations at the nucleotide level.
Indeed, the combination of these sensitive techniques has
proven to be useful when attempting to discrimninate among
strains during epidemiologic evaluations (33). However, the
application of individual techniques has provided conflicting
evidence with respect 1o the diversity of Campylobacter
chromosomal DNA. When multilocus enzyme electrophore-
sis was used to study the population genetics of Campylo-
bacter spp., 50 C. jejuni and 14 C. coli electrophoretic types
were identified with 104 and 21 isolates, respectively, indi-
cating a very high degree of genetic diversity (2). Similarly,
by employing ribotyping analysis, Wachsmuth and cowork-
ers (48) demonstrated considerable heterogeneity among
outbreak-causing LIO4 isolates, whereas Patton et al. (33)
demonstrated reasonably close relationships among separate
epidemic-associated isolates of this frequently occurring
serogroup.

The conservation of the primary flagellin gene structure
within heat-labile serogroups and the polymorphism among
serogroups demonstrated here clearly illustrate some form of
genetic lineage groups. This finding is somewhat unexpected
because the previously observed genetic diversity and ap-
parent lack of clonal groupings suggested that the central
domain would be one of the last regions of the flagellin genes
to demonstrate conservation. The reason why the flagellin
gene structure is so highly conserved within serogroups
when the flagellar antigens are rarely the L1O group serode-
terminant (3) has yet to be elucidated. However, flagellar
antigens do appear to be serospecific and antigenically
conserved within a given LI1O serogroup (4. 17), a finding
which is consistent with the conservation of primary flageliin
gene structure within a serogroup. The high level of identity
of the fla genes within a given strain may be due at least in
part to continuous natural transformation and recombination
of flagellin information released from neighboring cells.
Natural transformation may also be responsible for the
duplication of flagellin genes.

Not all of the serogroups examined displaved singular
discrete lincage of their flagellin genes. For example, the two
L1029 strains, both of which were distinct from the LIOS8/
(29) isolates which agglutinate with both the L108 and the
L1029 typing antiscra, were classed into separate polymor-
phic groups. The presence of four distinct polymorphic
patterns within isolates of the L1011 serogroup is intriguing.
In a previous study, we were unable to isolate an isogenic
nonflageliated mutant of VC91 after transformation with
VC167B3 genomic DNA in which both the fla4 and flaB
genes had been disrupted (3). These data, in conjunction
with the nonconservation of the primary structure of L1011
flagellin genes demonstrated here, indicate that there may be
an unusual arrangement of flagellin information in this sero-
group and that this serogroup fails to demonstrate clonality.
Importantly, however, in all the L1029 and L1011 isolates
examined, the restriction profile of the flaB gene was iden-
tical to that of the corresponding fla4 gene. This configura-
tion of homologous fla genes appears t0 be preferred in
Campylobacter spp., because the only examples we ob-
served which diverged from this pattern were isolates be-
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longing to serogroups LIOS and L106, whose fla4 and flaB
genes were in polymorphism groups 2 and 3, respectively
(Table 1).

The subunit flagellin size of Campylobacter strains is
generally large, ranging between 58 and 62 kDa (17), which
indicates that the central domain, although shown here to be
highly variable at the sequence level and thought to vary
antigenically, may be under certain structural constraints.
This is further reflected by the conservation in size of the
PCR products generated with both the flad and flaB primer
pairs. This contrasts to the situation seen among serogroups
of Salmonella, in which the central region often varies in size
(40, 49, 50). It has been suggested that the evolutionary
mechanism that generates the huge diversity in Salmonella
flagellum serovars does not occur simply by random muta-
tional drift but by lateral transfer and recombination between
preexisting flagellin genes (39). A similar mechanism 1o
generate diversity, especially with two copies of the flagellin
gene, may also have occurred among serogroups of Campy-
lobacter 10 create the distinct groups that we observe now.

These data, when considered together with previous find-
ings, provide a significantly expanded model of Campylo-
bacter flagella which is consistent with the model for anti-
genically distinct flagellins of members of the family
Enterobacteriaceae, in which each fla gene codes for a
protein with conserved termini and a variable central domain
which is conserved within serogroups. Although we have
demonstrated that all Campylobacter spp. appear to have
multiple jla genes, the current data do not reveal any
information about the organization, regulation, or expres-
sion of the two flagellin genes in these other strains. Restric-
tion fragment iength polymorphism indicates that in most
serogroups both the flad and flaB genes are extremely

, homologous. Within most LIO heat-labile serogroups, there

is structural conservation of the two fla genes, but among
serogroups, the fla genes show considerable polymorphism
in their central regions. This is reflected at the protein level
by flagellins which are antigenically diverse among sero-
groups but are normally cross-reactive within a given sero-
group (4). The possibility does exist that the serospecificity
of flagellar epitopes among other heat-labile LIO serogroups
is due to posttranslational modifications, as seen with LIO8
(4). These modifications may be independent of the primary
gene sequence, whose maintained conservation may be
solely an indication of distant clonal groupings of Campylo-
bacter isolates.
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