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Clones expressing fragments of the flagellin protein of Salmonella enteritidis were constructed and screened
with a g,m-specific monoclonal antibody. Results showed that the g,m epitope is localized between amino acids
258 and 348 of the flagellin. The fliC gene, encoding the flagellin of S. enteritidis, was proven to be the only

flagellin gene present in S. enferitidis.

In recent years, the incidence of Salmonella enteritidis out-
breaks, causing human gastroenteritis with fatal septicemia in
the elderly and in young children, has risen sharply in the
United States and in large parts of Europe (18, 21). Infection
is often the result of consumption of poultry meat or food
containing contaminated fresh eggs (21). Little is known about
the factors of S. enteritidis that are involved in colonization of
both humans and poultry. Among the candidate virulence fac-
tors are fimbrial structures (3, 23, 24), gene products involved
in invasion of eukaryotic cells (5, 22), and lipopolysaccharides
(16). An important feature of Salmonella and several other
bacterial genera are the flagella, which confer motility to the
bacterium and in this way contribute to colonization. The
flagellar filament of members of the genus Salmonella is a
multimer of a single protein, the flagellin. Comparison of the
amino acid sequences of Salmonella flagellins has led to the
definition of eight regions of different variability (27). The
amino- and carboxy-terminal sequences (regions I and II and
region VIII, respectively; see Fig. 1) are conserved. The middle
part, however, especially regions IV, V, and VI, is (hyper)vari-
able and determines the serotype-specific H antigen (15, 27).
The properties of the regions become directly evident from a
three-dimensional model for the Salmonella typhimurium
flagellin (12). The essence of this model is that each of the
several thousands of individual flagellins is folded in a horse-
shoe-like structure. The termini, the legs of the horseshoe,
each consisting of the domains D1 and D2 as defined by
Namba et al. (Fig. 1 and reference 12), are in the center of the
flagellum near the central cavity. They are crucial to holding
the flagellum together and, in contrast to the middle part of the
flagellum, do not tolerate insertions and deletions (6, 8, 13-15).
The middle part of the flagellin (D3) is at the surface of the
flagellar filament. The H antigens, together with the O anti-
gens, which are present in the lipopolysaccharides of the bac-
terium, are the basis of the Kaufmann-White typing scheme (9,
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17). On the basis of this scheme, all salmonellae which have O
antigens 1, 9, and 12 and H antigen g,m are S. enteritidis,
although they may be evolutionarily distantly related (2). Since
there is an early immune response to the antigenic determi-
nants of the flagellum (1, 26), the serotype-specific determi-
nants could be of great use for diagnosis. Therefore, we de-
cided to characterize the flagellin of S. enteritidis and the
region(s) of this flagellin responsible for the serotype.

With the primers H5 and H3, deduced from known flagellin
sequences of other Salmonella strains (reference 4 and Table
1), and the DNA of boiled S. enteritidis 857, a randomly chosen
Dutch field isolate, as template, a DNA fragment of about 1.5
kb was amplified. PCR conditions were 35 cycles of 1 min at
95°C, 2 min at 55°C, and 3 min at 72°C followed by a final step
of 9.9 min of chain elongation at 72°C. Tag DNA polymerase
(Promega, Madison, Wis.) was used as the enzyme. The frag-
ment was cloned into pBluescript II KS (Stratagene, La Jolla,
Calif.). The resulting clone, PE-6 (see Fig. 3) was sequenced
either with the T7 sequencing kit (Pharmacia, Uppsala, Swe-
den) and [a-**P]dATP or with the A.L.F. DNA sequencer
(Pharmacia) together with the Auto-Read sequencing kit
(Pharmacia). The sequence appeared to be identical to the
flagellin sequences of S. enteritidis which became available dur-
ing this study (11, 20). However, the PCR-amplified fragment
lacked 34 nucleotides at the 5" end of the flagellin gene, prob-
ably because of the technique used to make the fragment blunt
ended (25). The flagellin gene was also, at the amino acid level,
compared with a number of published Salmonella sequences
(Fig. 1). Computer analyses were performed by the PC/Gene
program (release 6.7; Genofit S.A., Geneva, Switzerland).

Most Salmonella species are capable of flagellin phase vari-
ation. They contain two flagellar genes at different locations on
the chromosome. There is a regulatory mechanism that en-
sures that only one gene is expressed at a given time (28). Only
one serotype of S. enteritidis flagellin is known, but the possi-
bility that we had amplified and sequenced a silent flagellin
gene could not be excluded. To ensure that a functional fliC
gene rather than such a (silent) additional flagellin gene was
amplified, a Southern blot with DNA of S. enteritidis 857 and S.
typhimurium C52 (obtained from L. Norel, Institute Pasteur,
Paris, France), digested with several restriction enzymes, was
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FIG. 1. Alignment of the amino acid sequences of flagellins. The S. enteritidis line shows the translation of the newly determined f/iC sequence. The other sequences
were translated from DNA sequences with accession numbers as follows: S. dublin var. thailand, M84973 (20); S. dublin, 84972 (20); S. rostock, Z15071 (11); S. moscow,
715086 (11); S. derby, Z15066 (11). The H type of each strain is indicated. Identical amino acids are indicated by a dot. The structural domains recognized by Namba
et al. (12) in the electron density map of the flagellum (12) are demarcated by double lines. The eight regions described by Wei and Joys on the basis of amino acid
homology (27) are demarcated by single lines. The first and last amino acid of each region are given. The shaded part of S. enteritidis represents the smallest part tested
which still reacts with the g,m-specific MAb. The serine at position 298 which is replaced by proline in clone C1-3* is indicated by an asterisk.

carried out. As a probe, a 239-bp HindIII-PstI fragment of
PE-6 containing bp 35 to 269 of the conserved 5’ region of the
flagellin gene, which was labelled by random primer extension
(19), was used. Hybridization was performed overnight at 60°C
in 5X Denhardt’s solution (19), 0.5% sodium dodecyl sulfate
(SDS), and 5X SSPE containing 100 pg of denatured herring
sperm DNA per ml (1X SSPE is 0.01 M NaH,PO, [pH 7.0],
0.18 M NaCl, and 0.001 M EDTA). Two 15-min posthybrid-
ization washes were performed at 60°C in 0.2% SDS-2X
SSPE. Bands were visualized by autoradiography. Chromo-
somal DNA of S. enteritidis always contained only one frag-
ment reacting with the probe, whereas digested chromosomal
DNA of S. typhimurium showed two bands (Fig. 2). The single
band of S. enteritidis was as intense as either band of S. typhi-
murium. The result of this experiment, which was confirmed by
an experiment with four other S. enteritidis strains (data not
shown), showed that S. enteritidis has only one flagellin gene.

Previous attempts to map the serospecific epitopes of Sal-
monella flagellins have been based on sequence comparison,
Pepscan, and the generation of deletion mutants. This ap-
proach has been successful for the d serotype. This antigen
appears to be determined mainly by region IV (4, 15), although

TABLE 1. Nucleotide sequences of primers used

Primer Sequence’ Position”
H5 AAGGAAAAGATCATGGCA —12to 6
H3 TTAACGCAGTAAAGAGAGS 1515 to 1532
1L tgegaatt CCGCTGAAGCCAAAGCG 771 to 786
2L taagaaTTCTACTACCATCAAATGGT 891 to 909
2R TATTTTGGTTTTTGCcggcege 1031 to 1045
3R TGCGGTGCCCACTAgcggcege 1133 to 1146
839 cgtgaattcTACTATTGATAC 849 to 860

¢ Uppercase characters represent the S. enteritidis fliC derived sequence; low-
ercase characters stand for nucleotides added in order to facilitate cloning.

? A in the first ATG of the entire S. enteritidis flagellin gene is nucleotide 1.

¢ The stop codon of the flagellin gene is underlined.

contributions from regions V and VI were also found (7).
Attempts to identify the epitopes responsible for the g,m an-
tigen have been unsuccessful so far (11). We decided to screen
expression products representing parts of the flagellin of S.
enteritidis for their reactivity with poly- and monoclonal anti-
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FIG. 2. Southern blot analysis of DNA of S. enteritidis (E) and S. typhimurium
(T). DNA was digested with the restriction enzymes indicated and probed with
a 235-bp fragment of the conserved 5’ end of the S. enteritidis flagellin gene.
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TABLE 2. Reactivities of MAbs with Salmonella strains of various flagellar serotypes
Reactivity with indicated strain®
MaAb S. agona S. derby S. dublin S. enteritidis S. gallinarum S. godesberg S. monschaui S. typhimurium
(fgs:—) (fg:[L.2]) (&p:-) (gm:—) (=) (gm:—) (m,t:—) (:1,2)
2 - - - + - + - -
3 - - - + - + - -
5 - - + + - + - -
8 - + + + - + - -
10 - + + + - + - -
16 + + + + - + + -
18 + + + + - + + +

“The H serotype of each strain is shown in parentheses.

sera and in this way locate the part of the flagellin which
contains the g,m-specific determinant(s). We first character-
ized monoclonal antibodies (MAbs; kindly donated by F. G.
van Zijderveld, ID-DLO, Lelystad, The Netherlands) against
the flagellin protein of S. enteritidis for their reactivity in West-
ern blots (immunoblots) with flagellin proteins of the following
Salmonella strains: S. agona (f,g,s:—), S. derby (f,g:[1,2]), S.
dublin (g,p:—), S. enteritidis (g;m:—), S. gallinarum (—:—), S.
godesberg (g,m:), S. monschaui (m,t:—), and S. typhimurium
C52 (i:1,2). With the exception of S. enteritidis and S. typhi-
murium C52, all strains were of our own collection. The results
of these Western blots with the MAbs are given in Table 2.
From these results, it could be concluded that MAb 2 and
MAD 3 reacted identically and that both were specific for the
serotype g,m. MADb 8 and MAD 10 also reacted identically and
recognize a g epitope, whereas MAD 5 recognizes another g
epitope. MADb 16 and MAD 18 seemed to be directed against
parts of the flagellin which are conserved among serotypes.
Because of the type of experimental procedure, these results
differ from the results previously obtained with agglutination
tests (26).

A construct was made in the expression vector pEX12 (10),
containing the insert of clone PE-6, and this construct was
introduced into Escherichia coli POP2136 by electroporation
with the Gene Pulser system (Bio-Rad Laboratories, Hercules,
Calif.). The resulting clone was designated 12E3 and expressed
the almost complete fliC gene as a fusion protein. This protein
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FIG. 3. Relative locations of the flagellin fragments expressed by the fliC-
derived inserts cloned into either the expression vector pEX (upper panel) or
pGEX (lower panel) and their reactivities with MAb 2. The upper open bar
represents the originating clone. The positions of the restriction sites used for
cloning into pEX are indicated as follows: P, PstI; S, Sau3Al; K, Kpnl. Expression
products encoded by pEX and pGEX clones are shown as thinner bars, together
with the name of the clone and the position numbers of the first and the last
amino acid. Expression products represented by a black bar react with g,m-
specific MAb 2. Position 298, in which C1-3* is mutated, is indicated by an
asterisk.

reacted with MAD 2 in a Western blot. Then, five other pEX
clones were made, expressing fragments of the flagellin pro-
tein, particularly from those regions in which the flagellins
differed most (Fig. 1) and flanking regions. To be sure that the
constructs were in the right reading frame, the pEX clones
were sequenced, after which the expression products of the
clones were screened in Western blots for reactivity with MAb
2. An overview of the exact locations of the fragments as well
as their reactivities with MAb 2 is given in Fig. 3. All of the
expression products which reacted positively with MAb 2 also
reacted with two polyclonal serum samples specific for H type
g,m, one of which was obtained from Wellcome Diagnostics
(Dartford, England) and the other of which was a kind gift of
W. H. Jansen (National Institute of Public Health and Envi-
ronmental Hygiene, Bilthoven, The Netherlands). From these
experiments, it could be concluded that the epitope which is
recognized by MAb 2 is located between amino acids 256 and
382 of the flagellin. Two of the differences in region IV and all
of the differences in region V were situated in this stretch (Fig.
1). In order to find out which of the differences are responsible
for the variation in the flagellar serotype between different
Salmonella strains, we amplified subregions of the part of the
flagellin gene which encoded amino acids 258 through 382.
Primers used for the amplification are given in Table 1; PCR
conditions were as given above. PCR products were cloned
into expression vector pGEX-4T-3 (Pharmacia) with E. coli
PC2495 as the host strain, and expression products were tested
for reactivity with MAD 2 (Fig. 3). The part of the flagellin gene
which encoded amino acids 258 through 382 was amplified and
cloned into pGEX-4T-3 as a positive control (clone C1-3). The
inserts of all pGEX clones were sequenced to ascertain that
they were in the proper reading frame and that no PCR arti-
facts were present. With the exception of C1-3, only the ex-
pression product of clone C1-2 (amino acids 258 through 348)
reacted with MAb 2. The expression product of clone C2
(amino acids 298 to 348) did not react with MAb 2, which
shows that region V (amino acids 308 to 332) alone does not
contain the epitope. The product of clone C2P (amino acids
284 to 348), which was 26 amino acids shorter at the amino-
terminal side than clone C1-2 but still contained the part of
region IV in which Salmonella moscow and S. derby differ from
the other four Salmonella strains, was also negative. Thus, the
region between amino acids 258 and 284 appears to contribute
to the epitope, although it is not responsible for the difference
in serotype between S. enteritidis, S. dublin var. thailand, S.
dublin, Salmonella rostock, S. moscow, and S. derby. For the
first four strains, the difference in serotype is wholly deter-
mined by the sequence of region V, whereas the differences in
region IV may play a role in the case of the last two strains.
Another indication of a contribution of the carboxy-terminal
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part of region IV to the g,m epitope comes from clone C1-3*.
This clone, the result of a PCR artifact, differs from clone C1-3
by just 1 nucleotide, at position 893 (T—C). The resulting
change from Ser to Pro (amino acid 298) destroys the reactivity
of the protein with MAD 2.

Our results show that fusion proteins 12E3, KP-2, SS-23,
C1-3, and C1-2 contain the g,m epitope, which makes them
functionally equivalent to denatured protein with regard to
reactivity to MADb 2. This indicates that the g,m epitope rec-
ognized by MAD 2 is conformation independent. On the other
hand, the need for the presence of the region containing amino
acids 258 through 283 suggests that some conformation may
play a role in determining the epitope.

The localization of the g,m-specific epitope of S. enteritidis
flagella may be used to develop a specific serological test for S.
enteritidis. Our approach to the expression of parts of the
flagellin gene can also be used to map the determinants of
other H antigens.

Nucleotide sequence accession number. The nucleotide se-
quence of the fliC gene of S. enteritidis 857 has been assigned
GenBank number U12963.
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