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Vibrio cholerae, the causative agent of the human diarrheal disease cholera, is a motile bacterium with a
single polar flagellum. Motility has been implicated as a virulence determinant in some animal models of
cholera, but the relationship between motility and virulence has not yet been clearly defined. We have begun
to define the regulatory circuitry controlling motility. We have identified five V. cholerae flagellin genes,
arranged in two chromosomal loci, flaAC and flaEDB; all five genes have their own promoters. The predicted
gene products have a high degree of homology to each other. A strain containing a single mutation in fla4 is
nonmotile and lacks a flagellum, while strains containing multiple mutations in the other four flagellin genes,
including a flaCEDB strain, remain motile. Measurement of fla promoter-lacZ fusions reveals that all five
flagellin promoters are transcribed at high levels in both wild-type and flad strains. Measurement of the
flagellin promoter-lacZ fusions in Salmonella typhimurium indicates that the promoter for fla4 is transcribed
by the °* holoenzyme form of RNA polymerase while the flaE, flaD, and flaB promoters are transcribed by the
o*® holoenzyme. These results reveal that the V. cholerae flagellum is a complex structure with multiple
flagellin subunits including FlaA, which is essential for flagellar synthesis and is differentially regulated from

the other flagellins.

Cholera is a life-threatening diarrheal disease caused by
Vibrio cholerae, a gram-negative curved rod that is highly mo-
tile by means of a single sheathed polar flagellum. The organ-
ism enters the host through the ingestion of contaminated food
or water. Once in the intestine, V. cholerae swims toward and
penetrates the mucus gel lining of the small intestine, eventu-
ally adhering to the apical surface of the intestinal epithelial
cells (19). Adherent bacteria produce cholera toxin (CT),
which activates adenylate cyclase in host epithelial cells, which
in turn leads to the profuse watery diarrhea that is the hallmark
of this disease (30, 37).

A number of virulence factors are coordinately regulated by
the action of ToxR, a transcriptional regulatory protein impli-
cated in the control of CT expression (40, 41). ToxR is known
to activate expression of ToxT, a second transcriptional regu-
lator (8), which activates the expression of both CT and the
toxin-coregulated pilus (TCP), the primary intestinal coloniza-
tion factor of V. cholerae (54). Laboratory conditions that stim-
ulate ToxR-dependent expression of CT and TCP have been
elucidated, but the true in vivo environmental conditions that
influence virulence factor production are not known. Clearly,
environmental cues present during the course of infection
stimulate virulence factor production.

Motility has been identified as a virulence determinant of V.
cholerae. Nonmotile mutants have been shown to be defective
for adherence to isolated rabbit brush borders (13) and to
cause less fluid accumulation in rabbit ligated ileal loops and
less disease in the rabbit RITARD model (47); however, these
observations are greatly influenced by changes in the particular
biotype or mutant strain of V. cholerae evaluated and also by
the animal model used. Interestingly, compared to isogenic
motile strains, nonmotile mutants of live attenuated V. cholerae
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vaccines show reduced reactogenicity in humans while main-
taining their ability to colonize the intestine (7, 24). Further,
nonmotile mutants show no significant defect in their ability to
colonize the infant mouse small intestine in competition assays
(14, 47), a widely used model system that has accurately pre-
dicted the colonization properties of live attenuated cholera
vaccines. Recently, genetic studies have suggested that viru-
lence factor production and motility phenotypes are related.
For example, some nonmotile mutants express higher levels of
CT and TCP than wild-type strains do under noninducing
laboratory conditions, while other “hyperswarming” mutants
express little or no CT or TCP under inducing laboratory
conditions (14) (the nature of hyperswarming, which is char-
acterized by large swarm sizes in motility agar, remains to be
determined). A foxR mutant has a similar hyperswarmer phe-
notype, perhaps indicative of a negative regulatory role for
ToxR in motility. Bile has been shown to stimulate V. cholerae
motility while simultaneously decreasing CT production in a
ToxR-independent manner (16), indicating that other factors
may contribute to the relationship of virulence and motility.
Mutations affecting motility can also alter V. cholerae protease
production and adherence to cultured cells (14). However,
with the exception of motB mutants, these studies were per-
formed with V. cholerae strains carrying unidentified motility
mutations. Thus, the exact connection between motility and
virulence gene expression has remained elusive.

Studies of the motility of two closely related Vibrio species,
the human pathogen V. parahaemolyticus and the fish pathogen
V. anguillarum, have revealed that these organisms have a
polar flagellum composed of multiple flagellin subunits (33,
34). Mutations in several of the flagellin genes of V. anguilla-
rum, although not causing significant motility defects, lead to
significant defects in virulence, even after direct inoculation
into the host (34, 42). This indicates that some of the flagellins
may play additional roles in virulence not directly related to
motility.

In the present study, we have identified and characterized
multiple flagellin genes in V. cholerae. Our results reveal that
the flagellum of V. cholerae, like those of V. parahaemolyticus
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and V. anguillarum, is composed of multiple flagellin subunits.
We have identified a “core” flagellin essential for flagellar
synthesis and have found that it is differentially regulated from
the other flagellins; namely, its expression is controlled by
RNA polymerase containing the alternate sigma factor ¢°*,

MATERIALS AND METHODS

Media. Luria broth (LB) in both liquid medium and agar plates was routinely
supplemented with 2 mM glutamine and supplemented with antibiotics when
appropriate. Agar plates consisting of LB with 0.3% agar and 2 mM glutamine
were used to measure motility. Evans blue-uranine indicator plates (31) supple-
mented with 2 mM glutamine were used to purify all constructed Salmonella
typhimurium strains free of P22 phage. LB agar, made without NaCl and sup-
plemented with 10% sucrose, was used to select for second recombinational
events during construction of chromosomal deletions and insertions with vectors
containing the sacB gene (see below).

Oligonucleotides and PCR. Degenerate oligonucleotide primers based on
conserved amino acid sequences of flagellin genes from multiple bacteria were
used for PCR amplification of V. cholerae flagellin genes. The primers used were
FLAX1 (GCGGATCCTCNATGGARCGNYTNTCNTC) and FLAX2 (GCGA
ATTCRTTNATRTANGTNGCNARCT), where N represents any nucleotide, R
represents any purine, Y represents any pyrimidine, corresponding to the con-
served amino acid sequences SMERLSS and ELATYIN, respectively; the un-
derlined nucleotides represent restriction sites for BarnHI and EcoRI. Degen-
erate oligonucleotide primers based on conserved amino acid sequences of
putative GTP-binding proteins homologous to ORF1 from V. anguillarum (34)
were used for PCR amplification of an internal fragment of a putative V. cholerae
GTP-binding protein. The primers used were ORF1-1 (GCGAAGCTTTTRAC
NTTRAARCCNACNATG) and ORF1-2 (GCGAATTCTTTNCCNGCYTCYT
TNGCNCC), corresponding to the conserved amino acid sequences LTLKPTM
and GAKEAGK, respectively; the underlined nucleotides represent restriction
sites for HindIII and EcoRI. PCR with degenerate primers was performed for 30
cycles of 45 s at 92°C, 1 min at 42°C, and 2 min 30 s at 72°C with TaqPlus DNA
polymerase (Stratagene). Two fragments of approximately 600 bp and 2 kb in
length were produced from V. cholerae Classical O1 strain 0395 with the FLAX
primer pair; the smaller fragment corresponded to the coding sequence for
amino acids 28 to 227 of FlaA, and the larger fragment corresponded to the
coding sequences of amino acids 28 to 377 of FlaD, the flaD-flaB intergenic
region, and amino acids 1 to 226 of FlaB. One fragment of approximately 450 bp
was produced with the ORF1 primer pair corresponding to the equivalent coding
sequence of amino acids 197 to 341 in the Haemophilus influenzae homolog
HI0393 (12).

We cloned the flaAC locus by amplifying overlapping PCR fragments. The
oligonucleotides used to amplify the carboxyl-terminal coding region of figL, the
flgL-flaA intergenic region, and the amino-terminal coding region of fla4, were
FLGLD1 (GCTCTAGAGGCTATCAGTTAGAGCGTAA) (based on the V.
cholerae flgl sequence kindly provided by S. Mel; this primes immediately up-
stream of the flaAC locus sequence reported here) and FLAAU1 (GCGAATT
CCATCGCACCTTCTGCGGTTTG) (corresponding to amino acids 76 to 82 of
FlaA); the underlined nucleotides correspond to restriction sites for Xbal and
EcoRlI, respectively. The oligonucleotides used to amplify the carboxyl-terminal
coding region of flaA, the flaA-flaC intergenic region, and the amino-terminal
coding region for flaB were FLAAD1 (GCGAATTCCGCATGGGTGGCCAA
TCCTTT) (corresponding to amino acids 170 to 176 of FlaA) and FLAX2 (see
above; this primed to the ELATYIN coding sequence in FlaC); the underlined
sequence represents a restriction site for EcoRI. The oligonucleotides used to
amplify the carboxyl-terminal coding region of flaC were FLACD1 (GCGAAT
TCGCTGACCGTGTTGCGATTCAAG) (corresponding to amino acids 107 to
113 of FlaC) and ORF1D1 (GCGAAGCTTTACAATGACTACATCCAATTC)
(based on the deduced sequence of the V. cholerae putative GTP-binding protein
ORF]1 sequence [see above]); the underlined nucleotides correspond to restric-
tion sites for EcoRI and HindlIll, respectively. This oligonucleotide spuriously
primed to a sequence downstream of IS7004.

The oligonucleotide primer pairs used to amplify internal fragments of flaB,
flaC, flaD, and flaE were FLAB1 (GCGAATTCCGCGCGATTCAAGAAGAA
GTG) and FLAB2 (GCAAGCTTTAAGTCGTCACCTTGTTTGGC) (amplify-
ing a fragment corresponding to amino acids 110 to 219 of FlaB with restriction
sites for EcoRI and HindIll, respectively), FLAC1 (GCGGATCCATGGCGG
TGAATGTAAACAC) and FLAC2 (GCGAATTCACGATTACGCTCATCAT
TCAA) (amplifying a fragment corresponding to amino acids 1 to 125 of FlaC
with restriction sites for BamHI and EcoRI, respectively), FLAD1 (GCGGAT
TCTCAATGGAGCGTCTATCTTCA) and FLAD2 (GCGAATTCGTCAGCA
CCGATTTGGAACGA) (amplifying a fragment corresponding to amino acids
28 to 152 of FlaD with restriction sites for BamHI and EcoRI, respectively), and
FLAE1 (GCGGATCCTGGTGAAGCCGCACAGCTTT) and FLAE2 (GCGA
ATTCTCAATCACCGAGACGGCGCG) (amplifying a fragment correspond-
ing to amino acids 154 to 297 of FlaE with restriction sites for BamHI and EcoRI,
respectively). The oligonucleotides used to amplify a second internal fragment
of flaD were FLAD3 (GCGAATTCACCAATGCACAACAAACTTCA) and
FLAD4 (GCAAGCTTGTCAGCACCGATTTGGAACGA) (amplifying a frag-
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ment corresponding to amino acids 22 to 152 of FlaD with restriction sites for
EcoRI and HindlIll, respectively). The oligonucleotides used to amplify the
entire flaA gene were FLGLI1 (see above) and FLAAU1 (GCGGATCCGTAC
CGTGAACTACTGCAATAAC) (amplifying a fragment corresponding to nu-
cleotides 1 through 2010 of the reported flaAC locus sequence flanked with
restriction sites for Xbal and BamHI). The oligonucleotides used to amplify the
carboxyl terminus of FlaA as well as the fla4 to flaC intergenic region for the
construction of the AflaAl allele were FLAA1 (GCGAATTCTCTGCAATCTC
GTTATTGC) and FLAC3 (GCGGTACCTGCAAAAGAGGTGGTTTCAG),
corresponding to nucleotides 1977 to 2953 of the flaAC locus sequence with
restriction sites for EcoRI and Kpnl, respectively. The oligonucleotides used to
amplify the aminoglycoside 3’-phosphotransferase (Kan") gene from pACYC177
(48) were KAN2 (GCCAATTGCAACTCAGCAAAAGTTCGAT) and KAN3
(GCCAATTGAACGGTCTGCGTTGTCGGGA), corresponding to nucleo-
tides 1783 to 2872 of the published pACYC177 sequence; the underlined nucle-
otides represent restriction sites for Mfel.

The promoter region of each flagellin gene was PCR amplified with oligonu-
cleotide primer pairs which contained Xbal and Bg/II sites to orient the promot-
ers with respect to the lacZYA genes in the fusion vector. The oligonucleotide
pairs used were FLGLI1 (see above) and FLAAP1 (GCAGATCTCGATTCAT
TCATCGCACCT) for fladp (corresponding to nucleotides 1 to 1115 of the
flaAC locus sequence), FLACP1 (GCTCTAGACAGTTGCCAAACTCTGCA
AT) and FLACP2 (GCAGATCTGTGTTTACATTCACCGCCAT) for flaCp
(corresponding to nucleotides 1965 to 2573 of the flaAC locus sequence),
FLAEP1 (GCTCTAGAAAGCTTGATTCCGTCGAGCT) and FLAEP2 (GCA
GATCTCTCCAGAGACTGATTGAGCAT) for flaEp (corresponding to nucle-
otides 1 to 579 of the flaEDB locus sequence), FLADP1 (GCTCTAGATCTG
TGCTCGCTCAAGCGAA) and FLADP2 (GCAGATCTACTATTGATTTTA
AAGCCTG) for flaDp (corresponding to nucleotides 1567 to 2035 of the flaEDB
locus sequence), and FLABP1 (GCTCTAGAATCAAGGACACCGATTTCG
CG) and FLABP2 (GCAGATCTCGTGTTTACATTAATTGCCAT) for flaBp
(corresponding to nucleotides 2921 to 3305 of the flaEDB locus sequence).

We have identified a V. cholerae gene encoding a o°* activator, flrd; the
sequence and characterization of this gene will be presented elsewhere (25). For
the purposes of the present study, we wished to control overexpression of this
protein by a translational fusion to the arabinose-inducible promoter, Pgp.
PCR amplification of the flrA gene was performed with oligonucleotides
FLRAMET (ATGCAGAGTTTAGCGAAACTA) (the underlined nucleotides
are the initiating methionine codon) and FLRAU1 (GCGAAGCTTTGGGTT
GGCTTCACGCACTA) (the underlined sequence represents a HindIII restric-
tion site); these primers amplify a 1.7-kbp fragment which contains the entire flr4
gene and extends partially into the downstream gene, fIrB.

PCR with specific primers and V. cholerae 0395 chromosomal DNA was
performed for 30 cycles of 45 s at 92°C, 1 min at 50°C, and 1 min 30 s at 72°C with
Vent DNA polymerase (New England Biolabs). For some reactions, the exten-
sion time was increased to 2 min 30 s at 72°C. For amplification with FLACD1
and ORFI1DI1 (see above), the annealing temperature was reduced to 42°C.

Plasmid construction. PCR-amplified fragments obtained from the FLAX12
primers containing flagellin genes from the V. cholerae Classical strain 0395 (see
above) were digested with BamHI and EcoRI and ligated into pBR322 (56) that
had been similarly digested, giving plasmids pKEK23 (internal fragment of flaA)
and pKEK?24 ('flaD-flaB’ fragment). These were subsequently used for sequenc-
ing (see below).

The A(flaD-B)I::Cm" mutation was constructed in several steps. The PCR-
amplified internal fragment from flaD (FLADI2 [see above]) was digested with
EcoRI and BamHI and ligated into pWSK30 (55) that had been similarly di-
gested to form pKEK30. The PCR-amplified internal fragment from flaB
(FLABI2 [see above]) was digested with HindIII and EcoRI and ligated into
pKEK30 that had been similarly digested, to form pKEK31, which thus forms the
A(flaD-B)1 deletion, which removes the coding sequences corresponding to
amino acids 153 to 377 of FlaD and 1 to 109 of FlaB, as well as the flaD-flaB
intergenic region. pKEK31 was then digested with EcoRI and ligated with a
1.05-kbp Mfel-digested PCR-derived chloramphenicol acetyltransferase (Cm")
gene fragment from pACYCI184 (49), which has been described previously
(CAT12) (26), to produce pKEK32, which carries A(flaD-B)1::Cm". This muta-
tion was PCR amplified with primers FLAD1 and FLAB2, and the resulting
fragment was ligated into pCVD422 (9) that had been digested with Smal,
resulting in pKEK33. This mutation was integrated into the V. cholerae 0395
chromosome as described below. Chromosomal DNA from the resultant strain
KKV23 was digested to completion with HindIII, and ligated into the HindIII
site of pWSK30 (55); selection for a Cm" transformant resulted in the isolation
of pKEKS52, which contains a ~15-kbp chromosomal fragment that carries
A(flaD-B)1::Cm". This chromosomal fragment was digested with EcoRI and
HindIII, and the resulting subclones were ligated into pBR322 (56) that had been
digested with EcoRI and/or HindIIl. One of the resulting plasmids, pKEK65,
contains a 4-kbp HindIII-EcoRI fragment that encodes the complete flaE gene,
the 5’ coding region of flaD, and a portion of Cm" (the Cm" gene contains a
restriction site for EcoRI [49]). Another resulting plasmid was pKEK66, which
contains a 2.5-kbp EcoRI fragment that includes the other portion of Cm" and
the 3’ coding region of flaB as well as the coding sequence for flaG. These
plasmids were used to sequence the flaEDB locus (see below).

The A(flaE-D)1::Kan" mutation was constructed in several steps. The PCR-
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TABLE 1. Strains used in this study

Strain Genotype Source or reference
V. cholerae

0395 Wild type (Classical Ogawa) 37

CG842 0395, AlacZ 14

KKV6 flaE1::pGP704 This study
KKV7 flaD1::pGP704 This study
KKV8 A(flak-D)1::Kan* This study
KKV12 flaA1::pGP704 This study
KKV22 flaB1::pGP704 This study
KKV23 A(flaD-B)1::Cm" This study
KKV34 A(flak-D)1::Kan", A(flaD-B)1::Cm" This study
KKV62 AtoxR1, AlacZ This study
KKV90 AflaAI::Cm"; AlacZ This study
KKV171 flaC1::pGP704 This study
KKV172 flaCI:pGP704, A(flaE-D)1::Kan™  This study
KKV173 flaC1::pGP704, A(flaD-B)I::Cm" This study
KKV174 flaCI::pGP704, A(flaE-D)1::Kan',  This study

A(flaD-B)1::Cm"

S. typhimurium

14028 Wild type American Type Cul-
ture Collection

KK1 ntrA209::Tnl0 26

KK80 A(ntrB-C)1 26

KK105 fliA5059::Tn10dTc P22.TH1479 X 14028

KK140 putPAI1303[Kan'-'lacZYA] 26

KK156 putPA1303[Kan"-flaDp-'lacZYA| This study

KK157 ntrA209::Tnl0, putPA1303[Kan'- P22 KK156 X KKI1
flaDp-"lacZYA]

KK158 fliA5059::Tn10dTc, putPA1303 P22.KK156 X KK105
[Kan"-flaDp-'lacZYA]

KK159 putPA1303[Kan"-flaBp-'lacZYA] This study

KK160 ntrA209::Tnl0, putPA1303[Kan-  P22.KK159 X KK1
flaBp-'lacZYA]

KK161 fliA5059::Tn10dTc, putPA1303 P22.KK159 x KK105
[Kan'-flaDp-'lacZYA]

KK164 putPA1303[Kan'-fladp-'lacZYA) This study

KK165 ntrA209::Tnl0, putPA1303[Kan'- P22.KK164 X KKI1
flaAp-'lacZYA]

KK166 fliA5059::Tn10dTc, putPA1303 P22.KK164 x KK105
[Kan"-flaAp-'lacZYA]

KK167 putPA1303[Kan™-flaEp-'lacZYA) This study

KK168 ntrA209::Tnl0, putPA1303[Kan-  P22.KK167 X KK1
flaEp-'lacZYA]

KK169 fliA5059::Tn10dTc, putPA1303 P22.KK167 X KK105
[Kan'-flaEp-'lacZYA]

KK173 putPA1303[Kan"™-flaCp-'lacZYA] This study

KK174 ntrA209::Tnl0, putPA1303[Kan'- P22 KK173 X KKI1
flaCp-'lacZYA]

KK175 fliA5059::Tnl0dTc, P22.KK173 X KK105
putPA1303[Kan"™-flaCp-'lacZYA]

KK188 A(ntrB-C)1, putPA1303[Kan'- P22.SK3041 X KK80
ginAp-'lacZYA]

KK189 A(ntrB-C)1; ntrA209::Tnl0, P22.SK284 X KK188
putPA1303[Kan"-glnAp-'lacZYA|

SK284 ntrA209::Tnl0, hisF645 27

SK3041 putPA1303[Kan'-glnAp-'lacZYA] 23

TH1479 fliA5059::Tn10dTc K. Hughes

derived internal fragment of flaEl (FLAEI12 [see above]) was digested with EcoRI
and BamHI and ligated into pWSK30 (55) that had been similarly digested, to
give pKEK19. The PCR-derived internal fragment of flaD (FLAD34 [see above])
was digested with HindIIl and EcoRI and then ligated into pKEK19 that had
been similarly digested, resulting in pKEK20, which thus contains A(flaE-D)I;
this mutation removes coding sequences corresponding to amino acids 296 to 378
of FlaE and 1 to 21 of FlaD, as well as the flaED intergenic region. The Kan"
PCR-derived fragment (KAN23 [see above]) was digested with Mfel and ligated
into pKEK20 which had been digested with EcoRI, resulting in pKEK21 which
carries A(flak-D)I::Kan". This mutation was PCR amplified with FLAE1 and
FLAD4 and ligated into the Smal site of pCVD422 (9), resulting in pKEK22.
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This mutation was integrated into the V. cholerae chromosome as described
below.

To make the AflaAl::Cm" mutation, the PCR-derived FLAA1-FLAC3 frag-
ment (see above) was digested with EcoRI and KpnlI and ligated into pWSK30
(55) that had been similarly digested, to form pKEK90. Then the PCR-derived
internal fragment of fluAd (pKEK23 [see above]) was digested with BarmHI and
EcoRI and ligated into pKEK90 that had been similarly digested, resulting in
pKEKO91, which thus contains Afla41, a deletion of amino acids 228 to 372 of
FlaA. pKEK91 was then digested with EcoRI and ligated with the Mfel-digested
Cm" fragment (CATI2 [26]) to give pKEK92, which contains Afla41::Cm".
pKEK92 was digested with BssHII, which removes the entire Afla41::Cm" frag-
ment; this fragment was made blunt ended with the Klenow fragment of DNA
polymerase and ligated into pCVD442 (9) that had been digested with Smal to
form pKEK93, which was used to cross the mutation back onto the V. cholerae
chromosome (see below).

Promoter-lacZ fusions to the five flagellin promoters were constructed by first
modifying the lacZ fusion vector pRS551 (53) by creating unique Xbal and Bg/ll
restriction sites between the unique EcoRI and BamHI restriction sites (25) to
form pKEK75. The PCR-derived flagellin promoter fragments (see above)
FLGLIFLAAP1 (fladp), FLABP12 (flaBp), FLACP12 (flaCp), FLADP12
(flaDp), and FLAEP12 (flaEp) were digested with Xbal and Bg/IT and ligated
into pKEK?75 that had been similarly digested, resulting in pKEK80, pKEK?79,
pKEK76, pKEK77, and pKEKS]I, respectively.

To construct the suicide vectors containing internal gene fragments, the PCR-
derived internal fragments of flad (FLAX12), flaB (FLAB12), flaC (FLAC12),
flaD (FLAD12), and flaE (FLAE12) were digested with EcoRI and ligated into
pGP704 (39) that had been digested with EcoRV and EcoRI, to form pKEK27,
pKEK?29, pKEKS81, pKEK28, and pKEKSS, respectively; these plasmids were
used to create insertional mutations in these respective genes.

The PCR-derived fragment FLGL1-FLAAUI (see above) containing the com-
plete flaA gene was digested with Xbal and BamHI and ligated into pACYC177
(48) that had been digested with Nhel and BamHI, to form pKEKS89, which was
used to complement a flaA strain (see below). The PCR fragment containing the
complete flrA gene which was amplified with FLRAMET and FLRAUI (see
above) was digested with HindIII and ligated into pBAD24 (17) that had been
digested with Ncol, made blunt ended with the Klenow fragment of DNA
polymerase, and digested with HindIIl. The resulting plasmid, pKEK94, is an
in-frame translational fusion of flr4 to an initiating methionine codon under the
control of the Py, promoter.

Bacterial strains. Escherichia coli DH5« (18) was used for all cloning manip-
ulations, unless the vector being used was a derivative of pGP704 (39) or
pCVD442 (9), which contain the R6K origin of replication and therefore require
the product of the pir gene for replication, in which case E. coli DHSaMpir or
SM10Apir (39) was used. For construction of the flagellin promoter-lacZ chro-
mosomal fusions in S. typhimurium, E. coli TE2680 and TE1335 (10) were used
in intermediate steps (see below).

The V. cholerae and S. typhimurium strains used in this study are listed in Table
1. All V. cholerae strains used are isogenic with the O1 Classical strain 0395,
referred to as wild type. To construct strains containing mutations in single
flagellin genes, plasmids pKEK27 (flad), pKEK29 (flaB), pKEKS81 (flaC),
pKEK28 (flaD), and pKEKSS8 (flaE) were mated by conjugation from E. coli

JlaAC locus
n || || " | |
0 1kb 2kb 3kb 4kb
ﬂgHﬂaA l'__L flaC V. cholerae
— — — —
overlapping
PCR clones
68% 89% 86%
flgL flaA flaC V. anguillarum
JlaEDB locus
n a || | | ||
0 1kb 2kb 3kb 4kb

—‘_»ﬂaE ‘H:ﬂaD '—‘_> flaB H_’Z?GG V. cholerae

81% 86% 88% 8%
flaE flaD flaB flaG

FIG. 1. Schematic representation of the flagellin gene loci of V. cholerae.
Genes are designated by open boxes, and arrows indicate the direction of tran-
scription. PCR-derived fragments used to sequence the fla4AC locus (see Mate-
rials and Methods) are indicated by lines. Below each gene, the percent amino
acid identity to the corresponding gene of V. anguillarum is indicated. The tmpA
gene lies within an insertion sequence element, IS1004, which has been described
only in V. cholerae (4).

V. anguillarum
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flgL
1 AGCGGGAGAT TTGATGCGAA AACCGGCATC CAGTTTGAAG AGCTGAATAT TCAGGTCAAA GGGCAGATCA GCAAAGGGGA TGCGATTGAG CTGACGCCTC
S G R F D A X T G I Q F E E L N I Q vV K G Q I s K G D A I E L T P R
101  GCACCACGTIT TAGTGTGTTT GATACTTTCC GTGATGCGAT TCGCTACGCC GAAGGGTCGG TATCGGATGC CTCGAATACG GCCAAACTGC —ATCAGTTAGT
T T F S V F D T F R D A I R Y A E G 8 V S D A S N T A K L H Q L V
201  TGAAGAATTT CATACCGCCT TTATCCATCT CAATARAACC AGAACGGATA TTGGTGCGCG TTTGAGTACG CTCGATATTC AGGAAGAGCA GCACGAAGAT
E E F H T A F I H L N K T R T D I G A R L s T L DI Q E E Q E E D
301  TTCAAAATCA GCCTCGCGAA ATCCAAAAGT ACCTTTGAGG ATCTGGATTA CGCAGAAGCC GTGATTGAGT TCAACGAGAA CTCGCGAGCC CTTGAGGCAT
F K I S L A K S K S T F E D L D Y A E A V I E F N E N S R A L E A S
401  CGCAGARAGC CTTTGGTAAA ACGAAAGATC TCACCCTTTT TAACTACATC TAACCTTCAA TGCCTTATGC GCTTAAGCCA TATGAGCGAA GTGAGTTGAG
Q K A F G K T K D L T L F N Y I
54 54
501  TAAAAAGTGG CACGGAAGTT GCTAATACAA CATTGAGCCT TGGTGAAAAG TTGTACAGGG TAACCARAGC GGCAAGTCAG CGGCAAAATG GATTGCCGCT
601  CACCGARATC GGCAACTTTG AGTGGCTGAT TGAATTAGAT AGACAATGTA ACTCATTGAA AATAAGCGAT GTATATCAAT GGGTGTCAAA GAARATAAAG
701  TTGGCACACT AATTGAATAA AGTACATCAG AGTTGTTGTA ACCGGTTTTT AAATCCGCCT TTGGGCCGAT TTGGCAAGTT ATTCACGGTC AGTGCTTCCA
flaA —
801  AAAGAGACCA AAGCTGACCG CTTCGCAARAT GAGCTTGCGA ACTCGATAGG AGAGCAAACT ATGACCATTA ACGTARATAC CAACGTGTCG GCGATGACCG
M T I N V N T N V s A M T A
901 CACAACGTTA TCTGACCAAG GCGACGGGAG AGCTTAACAC CTCCATGGAA CGCCTCTCAT CAGGTAATCG CATTAACAGT GCAAAAGATG ACGCGGCAGG
Q R Y L T K A T G E L N T S M E R L S T G N R I N S A K D D A A G
1001  CCTGCAGATT TCAAACCGTT TAACGGCGCA ATCTCGTGGT TTGGATGTGG CAATGCGTAA CGCCAACGAT GGTATTTCGA TTGCTCAAAC CGCAGAAGGT
L Q I S N R L T A Q S R G L DVA MRN A N D G I s I A QT A E G
1101 GCGATGAATG AATCGACCAG CATTTTGCAG CGTATGCGTG ACCTCGCCTT ACAATCGGCG AACGGTACCA ACTCAGCGTC AGAGCGTCAG GCTCTGAATG
A M N E s T S I L Q R M R D L A L 0 s a A G T N S A S E R Q A L F E
1201 AAGAGTCGGT GGCACTGCAA GATGAACTGA ACCGTATCGC TGAAACCACG TCATTTGGTG GTCGTAAGCT ACTCAATGGT TCGTTTGGTG AAGCTTCGTT
E S V A L Q D E L N R I A E T T S F G G R K L L N G S F G E A s F
1301 CCAAATCGGT TCTAGCTCGG GTGAAGCGAT CATTATGGGA CTGACCAGTG TACGTGCTGA TGATTTCCGC ATGGGTGGCC AATCCTTTAT TGCCGAACAA
QI ¢ S S s G E A I I M G L T S V R A D D F R M G G Q S F I A E Q
1401 CCTAAGACTA AAGAGTGGGG GGTACCACCT ACCGCTCGTG ACCTGAAGTT TGAATTCACC AAGAAAGACG GTGAGGCAGT CGTGCTTGAT ATCATTGCCA
P K T K E W G vV P P T A R D L K F E F T K K D G E AV VvV L D I I a K
Aflaal::cm®
1501 AAGATGGTGA TGACATTGAA GAGCTGGCCA CTTACATCAA CGGTCAAACG GATCTGTTCA AAGCTTCGGT TGACCAAGAA GGCAAACTGC AGATTTTTGT
D G D D I E E L A T Y I N G QT D L F K A S V D Q E G K L Q I F V
1601 TGCTGAACCC AATATTGAAG GCAACTTCAA TATCTCCGGT GGTTTGGCAA CCGAACTTGG CCTCAATGGT GGCCCTGGTG TGAAAACCAC AGTTCAAGAC
A E P N I E G N F N I S G G L A T E L G L N G G P G V K T T Vv 0 D
1701 ATTGATATCA CCAGTGTCGG TGGTTCACAG AACGCCGTGG GTATCATCGA TGCCGCATTA AAATACGTCG ATTCGCAACG AGCTGACCTC GGTGCTAAAC
I DI T S V @ G s @ N a V G I I D A AL K Y V D S 9 R A DL G A K Q
1801 AGAACCGACT CAGTCACAGC ATCAGTAACC TGTCGAATAT TCAGGAGAAC GTGGAAGCGT CGAAAAGTCG GATTAAAGAT ACGGATTTTG CGAAGGAAAC
N R L S H § I S N L s N I Q E N V E A S K S R I K D T D F A K E T
Aflaal::CmR -——
1901  AACGCAACTT ACCAAATCTC ATATTCTGCA ACAGGCGGGG ACTTCAATTC TTGCCCAAGC GAAACAGTTG CCAAACTCTG CAATCTCGTT ATTGCAGTAG
T Q L T K S H I L Q QA G T S I L A Q A K Q L P N S A I S L L Q *
2001 TTCACGGTAC CTTCATTAAT GAGCTCAGAC GTGGGTATGT AATGAACGGA CTTTGGCAAA GTATGGTTAT GGAATGTTAG GCGAGCTCTC TCACTCAAAC
2101 TGCTCATCTA GCCCCACATA ATCATGCGCC CCTAATGGTT AGCCGAAATG TGATCATTTC TCTTGATATC CACATTGGCG ATGGGTACCA CCARATAGCC
2201 CCGGTTCTCT CAAAGGAAAA GGGGCTTTTC TTTTTTCTGC GTTTTACCCC CACCTTTATC TTTCCTACTT TTTCCTATCA TCCGCTGAAG AACGGTTCTC
2301 GAAGCGTGAG TGGATGCCCC CGGCCATTGT GGATAAAACT TGAGCCTATC AGCCTGATAT TTATGTGATT TGTGTTATAT CTCTCAAGAT GCATAGATTT
28 28
(o}
2401 CAGAGGGTTT AGGGCAAAAA AACATCTTTT TGCTAAAGGA TTTATTCAAC GAGTCGCTAA TAGAGGTAAC TTTGAGAGAA CTGCTTGGTT TTCCGAGACG
£1aC ——
2501 TCGGAGACCG TTTGGGAGTT CCGCTACGTC GGAAAATCAA TAGGAGATAC CACTATGGCG GTGAATGTAA ACACCAACGT GTCAGCAATG ACAGCACAAC
M A V N V N T N V S a T A Q R
2601 GGTACTTGAC GAGTGCAACC AATGCACAAC AATCGTCAAT GGAACGTCTA TCTTCAGGAT ACAAAATTAA CAGCGCAAAA GACGATGCGG CCGGTCTGCA
Yy L T s A T N A Q Q S s M E R L s 8 G Y K I N S A K D D A A G L ©Q
2701 GATCTCTAAC CGCTTGAACG TGCAAAGCCG AGGTTTAGGT GTCGCCGTTC GTAACGCCAA CGATGGTATT TCGATGGCGC AAACCGCGGA AGGGGCAATG
I S N R L N V 0 s R G L G V A V R N A N D G I S M A Q T A E G A M
2801 AAAGAGACCA CCAACATCTT ACAACGTATG CGTGATCTCT CCTTGCAATC AGCAAACGGT TCGAACTCAA AAGCTGACCG TGTTGCGATT CAAGAAGAAA
K E T T N I L Q R M R D L S L 0 s A N G S N S K A D R v a I Q E E I
2901 TTACCGCGIT GAATGATGAG CTTAATCGTG TGGCCGAAAC CACCTCTTTC GGAGGTAACA AGCTGCTCAA CGGTACATTC GCAACCAAAT CATTCCAGAT
T A L N D E L N R V A E T T S8 F G G N K L L N G T F A T K S F Q I

FIG. 2. Nucleotide sequences of the fla4 and flaC genes. Deduced amino acid sequences encoded by the ORFs are indicated. Also included are the partial coding
sequence for the figl. gene upstream of fla4 and the complete coding sequence of the tnpA gene downstream of flaC; tnpA lies within insertion sequence element IS1004
(4), whose boundaries are indicated by underlining of the first and last 10 bp. The putative ¢>* promoter element in the flad promoter and the putative ¢*® promoter
element in the flaC promoter are underlined. The boundaries of the deleted sequence of the Afla41 mutation are shown by arrows.

SM10Apir into V. cholerae 0395, selecting for streptomycin and ampicillin resis-
tance. Since these plasmids contain internal gene fragments cloned into a suicide
vector which requires the pir gene product for replication, the resulting strains
have chromosomal insertions caused by the integration of the plasmids through
homologous recombination (39). The strains formed were KKVI12 [flaAl:
pGP704 (Amp")], KKV22 [flaBI:pGP704(Amp")], KKV171 [flaCI::pGP704

(Amp")], KKV7 [flaD1::pGP704(Amp")], and KKV6 [flaEl::pGP704(Amp")].
pKEKS81 was conjugated in a similar manner into strains KKV8, KKV23, and
KKV34 to form strains KKV172, KKV173, and KKV174, respectively. Correct
insertion into the target flagellin gene was confirmed by Southern blot analysis.

V. cholerae strains containing chromosomal deletions and insertions were
made by the following steps: plasmids pKEK22 [A(flaE-D)I::Kan'], pKEK33
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3001 TGGTGCGGAT
GoToeas ﬁACgGT(ESAAg CG\C;TA@TGET TSAC?TCAAA GATATGCGCA GCGATAACGC TTTGATGGGA GGTAAAACCT ATCAAGCGGC TAACGGTAAA
K D M R S D N A L M G G K T Y Q A A N G K
3101  GACAAAAA
SACRRRS CVT\’ GGgGCSTGgA AiCG(G;GTQAA ACCGATCTGA CCATCACTCT GAAAGACAAA CGCGAAGGCG ATGTCACCAT TTCGATCAAT GCGAAAGAAG
T D L T I T L K D K R E G D v T I S I N A K E G
3201 GGGATGATAT
DTEATA CgAAgAGgTG gCC?CTgAC? TCSACGGTCA AACCGACATG ATCAAAGCAT CGGTGGATGA AGAAGGTAAG TTACAGCTAT TCACTGATAA
G Q T D M I K A 8 vV D E E G K L QL F T D N
3301 CAACCGAATC
Fei gATgGTgCTi CG?CC;TTgG TgGC§CACTT GCCGGTGAGT TAGGTATCGG TGCTGCGCAA GACGTGACGG TTGATACTCT GGATGTCACT
L A G E L G I G A A Q D v T Vv D T L D v T
3401 ACGGTT
P gGTg GTiCASAAgA Gls\GT\G,-TchG ATTGTCGATG CTGCCTTGAA ATATGTGGAT AGCCATCGTG CTGAACTCGG TGCATTCCAA AACCGATTCA
I V D A A L K Y VvV D S H R A E L G A F Q N R F N
3501 ACCACGCT.
S ?T CﬁACﬁACETA gATﬁACII&TTA ACGAAAACGT GAATGCGTCT AAGAGCCGGA TCAAAGATAC AGACTTTGCC AAAGAAACGA CTGCACTGAC
N E N V N A s K S R I K D T D F a K E T T A L T
3601 CAAGGCGCAG ATCCTTTCTC AAGCATCAAG TTCTGTTCTC
GCACAAGCCA AGCAGGCACC CAACTCAGCA CTGGCTCTTC TAGGCTAGTT CGAGTTGAT.
A
K A Q I L s @ Asis S V L A Q A K Q A P N s a L A L L *
IS1004>>
3701 GGAAAAAACC CAGCTGCAGC TGGGTTTTTT ATTGTCATCC CTAAACCACC GCTTTTAGCG GTGGTGATTG TCCCTAGGGG CTTTTGCCCG AAARATGCGCC
tnpA ———3»
3801 CATGTTAGAA GACAAACTCT TATTCACCAT AAGTAAGAGG ATTCAAATAA CATGGGCGAC TACAGAAGTT CATCACACGT CTATTGGCGT TGCAAATATC
M G D Y R S 8 S H V Y W R C K Y H
3901 ATATCGTTTG GACACCAAAA TTTCGTTTTA AGATCTTAAA AGGTAATGTA GCCAAAGAGC TAAATCGTTC GATCTACATT CTTTGTAATA TGAAAGATTG
I Vv W T P K F R F K I L K G N V A K E L N R 8§ I Y I L C N M K D C
4001 TGAAGTTTTG GAACTCAATG TTCAGCCAGA TCATGTCCAC TTAGTTGCGA TAATTCCGCC CAAAGTATCG ATTTCGACGT TGATGGGAGT TTTAAAGGGT
E V L E L N V Q P D H V H L v a I I P P K v s I 8 T L M G V L K G
4101 AGGAGTGCAA TTAGGCTATT CAACAAGTTT CCACATATCA GGAAAAAGTT ATGGGGAAAT CATTTTTGGG CGCGAGGCTA TTTTGTGGAT ACGGTAGGTG
R s A I R L F N K F P H I R K K L W G N H F W A R G Y F V D T V G V
4201 TAAATGAAGA AATCATTAGA CGGTATGTAC GGCATCAAGA CAAAAAAGAG CTTGAGCCAG AACAGCAGTT AGAGTTATTG AGAGACTAAC AGCGTCGTGG
N E E I I R R Y V R H Q D K K E L E P E Q 0L E L L R D *
<<181004
4301 CCCCCTTTTA GGGGGCTTAT ATTAAAACCG CCTTCTAAGA AGGCGGATTT TTATTGGTTT TGTGTGGCAG AGAAACCTAA AAAGAAGAAC GTAAAAGAGA
FIG. 2—Continued.
[A(flaD-B)1::Cm"], and pKEK93 (AflaAl::Cm") were mated into strains 0395, RESULTS

CG842, KKV23, or KKV34 from E. coli SM10\pir (39) by selecting for strepto-
mycin and ampicillin resistance. Single colonies were grown for successive gen-
erations in LB with no antibiotic selection and then plated on LB plus 10%
sucrose at 30°C. The integrated plasmid contains the sacB gene (9), whose
expression is lethal on this medium and thus selects for a second recombinational
event. Sucrose-resistant colonies were tested for antibiotic resistance; Cm" or
Kan" strains that were also Amp® were chosen. Confirmation of correct chromo-
somal integration for all resultant strains was obtained either by sequencing the
flanking DNA (see below) or by Southern blotting and PCR. The same proce-
dure was used to obtain KKV62 (AtoxR1); the donor plasmid pMD60 contains an
in-frame deletion of foxR in pCVD442 (a kind gift of M. Dziejman, this mutation
was derived from pVM16 [41] and removes coding sequences for amino acids 55
to 206 of ToxR [9]).

The S. typhimurium strains used are isogenic with ATCC 14028, also referred
to as wild type. Mutant S. typhimurium strains were constructed with the high-
transducing phage P22 HT int. (51), and their construction is outlined in Table
1, listing first the paternal donor upon which the P22 lysate was made and then
the recipient. The integration of the flap-lacZ chromosomal fusion cassettes
inserted into the putPA locus has been described previously (10, 23, 26). pKEK94
was transformed into the appropriate S. typhimurium strains by electroporation.

Sequencing. Cycle dideoxynucleotide sequencing was carried out with an ABI
sequencing kit and the ABI sequencer model 373AStretch. Both strands were
sequenced for all sequences reported here. The complete nucleotide sequence of
the flaAC locus was obtained with specific oligonucleotide primers, pKEK23, and
the amplified fluAC PCR products (see above) (Fig. 1). The complete nucleotide
sequence of the flaEDB locus was obtained with specific oligonucleotide primers
on pKEKG65, pKEK66, and pKEK?24. The partial sequence of the ORF1 homolog
was obtained by cloning into pTZ19U (35) and using M13 primers.

B-Galactosidase assays. V. cholerae strains were grown in LB supplemented
with 2 mM glutamine at 37°C. S. typhimurium strains were grown similarly, with
the addition of 0.05% arabinose. The samples were assayed at an optical density
at 600 nm of approximately 0.2 to 0.4, permeabilized with chloroform and
sodium dodecyl sulfate, and assayed for B-galactosidase activity by the method of
Miller (38).

Electron microscopy. Strains were grown to the mid-log phase in LB 2 mM
glutamine, centrifuged, and resuspended in 0.15 M NaCl. The samples were
adhered to a carbon-coated grid and stained with 1% uranyl acetate before being
subjected to microscopy.

Nucleotide sequence accession numbers. The sequences described above
were deposited into GenBank under accession no. AF007121, AF007122, and
AF007294.

V. cholerae has five flagellin genes arranged into two loci,
flaAC and flaEDB. We used degenerate oligonucleotide prim-
ers designed to recognize flagellin gene sequences to PCR-
amplify two V. cholerae chromosomal fragments encoding
partial coding sequences for the flad gene and the flaDB
genes. We constructed a deletion-insertion of the flaDB
locus [A(flaD-B)::Cm'] in vitro, recombined this mutation back
into the V. cholerae chromosome (strain KKV23), and then
isolated a large chromosomal fragment from this strain that
conferred chloramphenicol resistance to obtain the entire
flaEDB locus. Given the high homology of this locus to the
equivalent genes from V. anguillarum (Fig. 1) (34), we rea-
soned that the flaA4 locus may be similarly homologous to that
from V. anguillarum and were able to amplify sequences both
upstream and downstream of the internal flud sequence by
overlapping PCR-derived fragments with primers designed to
recognize a flgl. homolog upstream of fla4 and another flagel-
lin gene downstream of fla4. Interestingly, we were able to
amplify the sequence downstream of the flaC gene with an
oligonucleotide primer specific to a V. cholerae putative GTP-
binding protein (ORF1), which in V. anguillarum lies down-
stream of the flaC gene, but we amplified the corresponding
fragment only with a reduced annealing temperature during
PCR; the corresponding fragment revealed that the ORF1
primer annealed spuriously, and the gene immediately down-
stream of flaC is a transposase gene, tnpA, which lies within an
insertion element IS1004 (4).

Complete sequencing of both strands of both loci revealed
open reading frames (ORFs) for five flagellin genes (Fig. 1).
As stated above, these loci have significant homology to the
equivalent loci from V. anguillarum (34), and so we have
named the flagellin genes according to their counterparts in V.
anguillarum. The complete nucleotide sequence of the flaAC
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1 AAGCTTGATT CCGTCGAGCT AGAAAATGTT CCCTGCCGTT TCGCATGTAG GTCGAGTGGA TATTARAGAA GAAGGTAAAG GATTGAAGAT TGTTCGCCTA
101 GGTCGAGTGG ATATTAAAGA AGAAGGTAAA GGATTGAAGA TTGTTCGCCA CAGCTTGCCG TATGGCAGCG TGAGCGGCGA TCACGGCATA  CTGTTTATTG
201 CGTACTGTCA CACGCTGCAT AATTTCAAAA CTATGCTGGA AAGCATGTCG GTGTCACTGA TGGCAARACA GACCAACTGC TACGCTTTAC CAAAGCCGTG
301 ACCGGGGCTT ATTTCTTTGC ACCGTCGCAA GTGATGTTGC AGGAACTGAC ACTCAAGAAT CAATAATGCA ACACTGTTGC ATATGTTTCA TGCCAAAGCC

c28 28 £laE ——
401 GAGCCTAGTG CTCGGTTTTT TGATTAARAGA AAACTCACTT TACACCGATA AAAGAACAAG TAAGCAATCG TGTAAGGAGT GCAGCAGCCA TGGCCATGAC
— — M A M T
501 GGTAAATACC AATGTGTCTG CGCTGGTAGC ACAGCGACAT CTTAATTCTG CGTCCGAGAT GCTCAATCAG TCTCTGGAGC GGCTCTCTTC TGGCAATCGA
vV N T N V S8 A L V A Q R H L N S A S E M L N Q S L E R L S S G N R
601 ATCAACAGTG CCAAAGATGA TGCGGCAGGG CTGCAGATCT CCAATCGTTT GGAAACGCAA ATGCGTGGCC TCGGCATTGC TGTGCGCAAT GCCAACGATG
I N S A K D D A A G L 9 I S N R L E T Q M R G L G I A V R N A N D G
701 GGATTTCGAT CATGCAGACG GCTGAAGGGG CAATGCAGGA AACCACTCAG CTATTGCAAC GCATGCGCGA CCTCTCTTTG CAATCGGCCA  ACGGTTCAAA
I s I M Q T A E G A M Q E T T Q L L ¢ R M R D L S L Q S A N G S N
801 CAGTGCAGCC GAAAGAGTCG CATTACAAGA GGAAATGGCT GCTTTAAACG ATGAATTGAA TCGAATCGCT GAAACCACCT CTTTTGCAGG GCGCAAGCTG
S A A E R V A L Q E E M A A L N D E L N R I A E T T S F A G R K L
901 CTCAATGGCC AATTTATGAA AGCCAGTTTC CAAATTGGTG CCAGCAGTGG TGAAGCCGTA CAGCTTTCAC TGCGCAATAT GCGATCAGAC AGTTTGGAGA
L N G Q F M K A 8§ F Q I G A S S8 G E A V Q L s L R N M R 8§ D S L E M
1001 TGGGCGGGTT TAGCTATGTT GCGGCTGCGC TAGCCGATAA ACAGTGGCAA GTTACAAAAG GTAAACAACA GCTCAATATC AGCTACGTCA ATGCGCARGG
G G F S Y Vv A A A L A D K Q W Q vV T K G K Q Q L N I S Y V N A Q G
1101 GGAGAATGAG AACATTCAGA TCCAAGCCAA AGAGGGAGAC GATATTGAAG AGTTGGCGAC TTACATCAAT GGCAAAACCG ATAAAGTCTC TGCGTCCGTG
E N E N I Q I Q A K E G D D I E E L A T Y I N G XK T D K VvV 8§ A SV
1201 AATGARAAGG GACAACTCCA GTTGTACATC GCGGGGAAAG AGACGTCAGG CACCTTGTCG TTCAGTGGCA GTTTAGCCAA CGAATTACAG ATGAACTTAT
N E K G Q L Q L Y I A G K E T S G T L S F 8§ G S L A N E L Q M N L L
—> A(flaE-D)::KanR
1301 TGGGTTATGA AGCGGTAGAT AATCTTGATA TCAGCAGTGC TGGCGGAGCG CAGCGCGCCG TCTCGGTGAT TGATGCGGCA CTCAAGTATG TCGATGGGCA
G Y E A V D N L D I S S A G G A Q R AV s vV I D A A L K Y V D G H
1401 TCGCTCAGAG CTAGGGGCGA TGCAAAATCG TTTCCAACAC GCGATCAGTA ACCTCGATAA CGTGCATGAA AACCTAGCGG CCTCGAACAG CCGGATTAAA
R S E L G A M Q N R F Q H A I S N L D N vV H E N L A A S N 8 R I K
1501 GATGCGGATT ACGCCAAAGA AACCACGCAA ATGATTAAGC AGCAAATTTT GCAGCAAGTC AGCACTTCTG TGCTCGCTCA AGCGAAACGC CAGCCGAAGT
D A D Y A K E T T Q M I K Q Q I L e Q¢ Vv s T § V L A ¢ A K R Q P K F
iviVIII: :pIVET5 --——
1601 TTGTGCTGTT TTTGCTGCGT AATTAACGTT GCCTGCTCGA CTTCGTCTCT AACTCATTGT TCATCTGACT CAAGATCAAG CTCGCTTTAT CGTCCGTGGT
v L F L L R N *
1701 AGAAAAACCT TGAGTGCCAA AGTGCACTTT TTGTGCATTT TATGTGTTTG ATGCCTAATT TATCGCCAAC CAAACTTTTT TCTTAAAAAA ATCGAAAATT
c28 c28
1801 TTTCCTAAAG GATTTAAAAA ACGCGCCGTT ATAAAAGGTA ACTTTGAGAG AACTACTTTG GTTTTCCGAG ACGTCGGAAA CCGGATACAT CGGAAAATCA
£laD ——> A(flaE-D)::KanR
1901 ATTGGAGAAA TCACCATGGC AGTGAATGTA AATACCAACG TAGCAGCAAT GACAGCTCAA CGTTATTTGA CTGGTGCAAC CAATGCACAA CAAACTTCAA
M A vV N V N T N V A A M T A Q R Y L T G A T N A Q Q T 8 M
2001 TGGAGCGTCT ATCTTCAGGC TTTAAAATCA ATAGTGCTAA AGATGATGCT GCCGGCCTAC AAATCTCTAA CCGCTTGAAC GTACAAAGCC GCGGTCTGGA
E R L S S G F K I N S A K D D A A G L Q I S N R L N vV Q@ § R G L D
2101 TGTGGCAGTA CGCAACGCGA ATGATGGTAT TTCAATTGCT CAAACCGCAG AAGGCGCGAT GAATGAAACT ACCAACATTC TGCAACGTAT GCGTGACTTG
vV AV R N A N D G I S I A Q T A E G A M N E T T N I L Q R M R D L
2201 TCACTGCAAT CTGCGAACGG CTCGAACTCC AAATCTGAGC GTGTGGCAAT CCAAGAAGAG ATCACCGCAC TGAATGATGA GCTGAACCGT ATTGCAGAAA
s L ¢ s A N G S N § K 8 D R vV A I Q E E I T A L N D E L N R I A E T
A(£flaD-B): :CmR
2301 CCACGTCATT CGGTGGTAAC AAGTTGCTCA ACGGTACCTT CTCAACCAAG TCGTTCCAAA TCGGTGCTGA CAACGGTGAG GCGGTCATGC TGACCTTGAA
T S F G G N K L L N G T F s T K s F Q I G A D N G E AV M L T L K
2401 AGACATGCGC AGTGATAACC GCATGATGGG TGGTACCAGC TATGTCGCGG CAGAAGGCAA AGACAAAGAC TGGAAAGTAC AAGCGGGCGC GAACGACATC
D M R S D N R M M G G T § Y V A A E G K D K D W K V Q A G A N D I
2501 ACTTTCACGC TGAAAGACAT TGACGGCAAT GACCAAACCA TTACCGTGAA CGCTAAAGAA GGCGATGATA TCGAAGAAGT GGCGACTTAC ATCAACGGTC
T F T L K D I D G N D Q T I T V N A K E G D D I E E V A T Y I N G Q
2601 ARACCGACAT GGTGARAGCG TCTGTCAACG AGAAAGGTCA GCTACAAGTC TTTGCTGGTA ACAACAAAGT CACCGGTGAT GTAGCCTTCT CTGGTGGTCT
T D M VvV K &a S V N E K G @ L Q I F A G N N K V T G D vV A F S G G L
2701 AGCGGGTGCT CTGAACATGC AAGCGGGTAC AGCAGAAACC GTTGACACTA TCGATGTGAC TTCAGTTGGT GGCGCGCAAC AATCGGTTGC AGTTATCGAC
A G A L N M Q s G T A E T vV D T I Y v T s VvV G G A Q Q S V A v 1 D
2801 TCTGCGCTGA AGTATGTAGA TAGTCACCGT GCTGAACTGG GTGCGTTCCA GAACCGTTTC AACCATGCTA TCAGCAACTT GGATAACATT AACGAAAACG
S A L K Y v D S H R A E L G A F H N R F N H A T S N L D N I N E N V
2901 TGAATGCTTC TAAGAGCCGT ATCAAGGACA CCGATTTCGC GAAAGAGATT ACAGCGCTCA CCAAATCGCA AATCCTGTCT CAAGCATCAA GCTCTGTGCT
N A S K S8 R I K D T D F A K E I T A L T K s Q I L S Q A 8§ S8 S V L

FIG. 3. Nucleotide sequences of the flaE, flaD, and flaB genes. Deduced amino acid sequences encoded by the ORFs are indicated. Also included is the partial
coding sequence for the flaG gene downstream of flaB. The putative > promoter elements in the flaE, flaD, and flaB promoters are underlined. The boundaries of
the deleted sequences of the A(flaE-D)I and the A(flaD-B)I mutations are shown by arrows. The site of fusion iviVIII::pIVETS5 (6), which detected an antisense

transcript induced during infection, is shown by an arrow.

locus is shown in Fig. 2. It encodes two flagellin genes arranged
in tandem. Upstream of fla4, a gene coding for a hook-asso-
ciated protein (flgL) is located; the predicted protein product
of the portion we sequenced shows 68% identity to figl of V.

anguillarum (which is similarly situated upstream of flaA4 in this
organism) and 26% identity to that of E. coli. The predicted
flaA and flaC gene products have homology to a large number
of bacterial flagellin genes and are most homologous to the
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3001 GGCTCAAGCC AAACAAGCGC CAAACGCCGC ACTCAGCCTG TTGGGTTAAT CCCCACACCG CCAAAAAAAT CCAGCTTCGG CTGGATTTTT TATTGCAGCC
A Q A K Q A P N A A L S8 L L G *
28 28
3101 AGTTTCATTA ATGAGTGCCT AACTTCACGA AAGTGGAGAG GATTTTCTTT TTTTGAAAAA AAGCCTGAAA TTTCTCTAAA GGATATTTAT TTCTCGCCGT
flaB
3201 TACAAGATAC GAGAGAAATG AGGTAAACCG AGGTGAGGTG AGAGACACCA AGGTTTACCA ACTTATCCGC CTAAGGAGAT CAATATGGCA ATTAATGTAA
M A I N V N
3301 ACACGAACGT GTCTGCCATG ACCGCTCAGC GCTATTTAAA TGGTGCTGCT GATGGTATGC AGAAATCGAT GGAGCGTTTG TCGTCCGGCT ACAAAATCAA
T N V s A M T A Q R Y L N G A A D G M Q K 8§ M E R L s § G Y K I N
3401 CAGTGCCCGA GACGATGCCG CAGGTCTGCA AATTTCTAAC CGTTTGACAT CGCAAAGTCG TGGTTTGGAC ATGGCGGTGA AAAACGCCAA CGATGGTATT
S A R D D A A G L Q I S N R L T 8 Q S R G L D M A V K N A N D G I
3501 TCCATCGCCC AAACTGCAGA AGGGGCGATG AACGAAACGA CCAACATCTT ACAACGGATG CGCGATCTTG CGTTGCAATC CTCTAACGGC TCAAACTCTT
S I A ¢Q T A E G A M N E T T N I L Q R M R D L & L Q S S N G S N 8 8
A(flaD-B)::CmR
3601 CTTCGGAACG CCGCGCGATT CAAGARAGAAG TGTCTGCCCT CAATGACGAG TTGAACCGTA TTGCAGAAAC CACCTCTTTT GGTGGCAACA AACTGCTGAA
S E R R A I Q E E V S A L N D E L N R I A E T T S F G G N K L L N
3701 TGGTTCGTTT GGTAGTAAAT CGTTCCAGAT TGGTGCGGAT TCGGGTGAAG CGGTCATGCT TAGCATGGGC AGTATGCGCT CGGATACTCA AGCTATGGGC
G S F G S K S F Q I G A D S G E A vV M L S M G S M R S D T Q A M G
3801 GGAAAAAGCT ATCGAGCTCA AGAAGGCAAG GCCGCAGACT GGCGTGTCGG CGCAGCAACC GATTTGACCC TGAGCTATAC TAATAAGCAG GGTGAAGCAC
G K 8 Y R & Q E G K A A D W R V @G A A T DL T L S Y T N K Q G E A R
3901 GTGAAGTGAC CATTAATGCC AAACAAGGTG ACGACTTAGA AGAGCTTGCG ACTTACATCA ACGGTCAAAC TGAAGACGTT AAAGCGTCGG TCGGTGAAGA
E V T I N A K Q G D D L E E L A T ¥ I N G Q T E D V K A S8 V G E D
4001 CGGTAAGCTA CAACTGTTTG CTTCATCACA AAAAGTCAAT GGTGATGTGA CCATTGETGG TGGACTGGGT GGTGAAATCG GTTTTGATGC TGGCCGTAAT
G K L Q L F A S 8 Q K V N G D V T I G G G L G G E I G F D A G R N
4101 GTGACGGTGG CGGATGTGAA CGTTTCAACC GTGGCCGGTT CGCAAGAAGC GGTATCTATT CTGGATGGGG CTCTGAAGGC GGTGGATAGC CAACGCGCTT
v T vV A D V N v 8§ T vV A G S Q E A v 8§ I L D G & L X & v D S Q R A 8
4201 CATTGGGTGC ATTCCAGAAC CGTTTCGGTC ATGCGATCAG TAACTTGGAT AACGTTAACG AAAACGTCAA CGCGTCTCGT AGCCGTATCC GTGATACCGA
L G A F ¢ N R F G H A I S N L D N V N E N V N A § R S R I R D T D
4301 TTATGCTCGT GAAACCACGG CGATGACGAA GGCGCAAATA TTGCAGCAGG CGAGTACCTC TGTGTTGGCG CAAGCGAAGC AGTCACCATC TGCAGCTCTG
Y A R E T T A M T K A Q I L Q @ A S T S8 vV L A Q A K ¢ S P S A A L
———-
4401 AGCTTATTGG GATAACCCTT TGAGCGGTAT TGAGCTAGTA AGTAACTTGT GGTTTAAATG TTACTTATAA GGTGGAAGGG AGATTGTTAT GGAAATACCA
S L L G * M E I P
4501 TCTTACGCAT CGAACATCCA GCCTTACGGC TCACAAAGTG GCACTAAAAT TGCTTCAGAA AACGATAATG CAAAAAGCGT TTCGCTTTCA GGGGATAACA
5 Y A S N I Q P Y G S Q S G T K I A S E N D N A K s Vv S L S G D N S
4601 GTCGCTCGGT TTCGCGTACA GATAAATTAT CTGAACACTT TTCTGAGCAG GTCAGGGCAA GGCAGCAAGA ATCGGCAGAG ACGGCCATGG CGCAAGCAAA
R S V S R T D K L S E H F S E Q V R A R Q O E S A E T A M A Q A K

FIG. 3—Continued.

corresponding flaA and flaC gene products from V. anguilla-
rum (89 and 86% identity, respectively). As stated above,
downstream of flaC lies an insertion element, IS7004, which
contains a transposase gene, tnpA. 1S1004 has been detected
and characterized only in V. cholerae (4); the gene encoding
the putative GTP-binding protein is located in the correspond-
ing location in V. anguillarum.

The complete nucleotide sequence of the flabEDB locus is
given in Fig. 3. This locus contains three flagellin genes ar-
ranged in tandem. Our sequence upstream of flaE extends to
the HindIlI site used to clone this fragment, which lies approx-
imately 490 bp upstream of the start of translation, and this
portion of the sequence did not reveal any open reading frames
with significant homology to known genes. The predicted flaE,
flaD, and flaB gene products have significant homology to
numerous bacterial flagellins; they show the greatest homology
to the flaE flaD and flaB gene products from V. anguillarum
(81, 86, and 88% identity, respectively). Located downstream
of flaB is an open reading frame encoding a homolog of the
flaG gene product of V. anguillarum and V. parahaemolyticus
(highest homology to the V. anguillarum FlaG, 78% identity in
the portion we sequenced); these gene products have no known
function.

The V. cholerae flagellins are homologous to each other. The
predicted gene products of the five flagellin genes are similar in
amino acid length (376 to 379 amino acids) and have calculated
molecular masses of 40.4 kDa (FlaA), 39.5 kDa (FlaB), 39.9
kDa (FlaC), 39.9 kDa (FlaD), and 41.0 kDa (FlaE); therefore,
they are predicted to be very similar in molecular mass. The

gene products are highly homologous to each other (Fig. 4;
Table 2), ranging from 61 to 82% identity. The predicted
amino acid sequences have the highest homology at their
amino and carboxyl termini.

Because the flagellin genes code for a structural subunit of
the flagellar filament, and because every bacterial flagellin
studied thus far is located within the flagellum, we assumed
that all five V. cholerae flagellin gene products are located
within the flagellum. In fact, the highly homologous flagellin
gene products FlaA, FlaB, FlaC, and FlaD from V. anguillarum
were shown to be located within the flagellum (34). We were
able to identify a single dominant species corresponding to an
approximate molecular mass of 40 kDa in partially purified V.
cholerae flagellar preparations separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (data not shown).
We assume that this band corresponds to the flagellin gene
products, but a monoclonal antibody which cross-reacts with
bacterial flagellins from the family Enterobacteriaciae (11) did
not recognize the V. cholerae flagellins in a Western blot, and
we were unable to obtain any separation between the five
flagellins.

Only flaA is essential for motility. We constructed V. chol-
erae strains containing chromosomal mutations in the various
flagellin genes to assess their function (Table 1). A single mu-
tation in fla4 (KKV90 [Fig. 5] and KKV12 [data not shown])
results in a non-motile phenotype as assessed by swarm size in
soft agar. The motility of the fla4 strain KKV90 is recovered by
complementation with a plasmid containing the entire flaA
gene (pKEKS89 [Fig. 5]). Single insertion mutations in flaB



310 KLOSE AND MEKALANOS

1
FlaA:

J. BACTERIOL.

50 100

MEiNVNTNVS AMTAQRYITk ATgelntSME RLSSGnrINS AKDDAAGLQI SNRLtaQSRG LDVAMRNAND GISIAQTAEG AMNEsTsILQ RMRDLaLQSA

FlaC: MAVNVNTNVS AMTAQRYLTs ATnagQsSME RLSSGYKINS AKDDAAGLQI SNRLnvQSRG LgVAVRNAND GISmAQTAEG AMKETTNILQ RMRDLSLQSA

FlaE:
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FlaA:
FlaC:
FlaE:
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FlaB:
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201
FlaA:

MAMtVNTNVS AlvAQRhLns AsemlngSlE RLSSGnrINS AKDDAAGLQI SNRLetQmRG LgiAVRNAND GISIMQTAEG AMQETTQlLQ RMRDLSLQSA

MAVNVNTNVa AMTAQRYLTg ATnagQtSME RLSSGEKINS AKDDAAGLQI SNRLNvQSRG LDVAVRNAND GISIAQTAEG AMNETTNILQ RMRDLSLQSA

MAINVNTNVS AMTAQRYLng AadgmQkSME RLSSGYKINS ArDDAAGLQI SNRLtsQSRG LDmAVKNAND GISIAQTAEG AMNETTNILQO RMRDLaLQSs
* * ok

* kK KKk kdkk ok khkkkkkkk khkk * kk Kk * K kk ok Kk Kk

kkkkk kk Kk Kk *k kkkkk Kkk

150 200

NGtNSaSERg AlnEEsvALg DELNRIAETT SFGGrKLLNG sFgeaSFQIG ssSGEAiimg LtsvRaDdfr MGGgSfiAeq pKtKeWgVpp tArDLkfeft

NGSNSkadRV AIQEEitALN DELNRVAETT SFGGNKLLNG tFatKSFQIG ADnGEAVMIn ikdMRSDnal MGGktYgAAn GKDKnWgVeA GktDLTitlk

NGSNSaaERV ALQEEmMaALN DELNRIAETT SFaGrKLLNG gFmkaSFQIG AsSGEAVQLs LrnMRSDsle MGGESYvAAa laDKaWgvtk Gkaglnisyv

NGSNSKSERV AIQEEitALN DELNRIAETT SFGGNKLLNG tFstKSFQIG ADNGEAVMLt LkdMRSDnrm MGGtSYvAAe GKDKAWKVgA GAnDiTftlk

NGSNSsSERr AIQEEVSALN DELNRIAETT SFGGNKLLNG sFgsKSFQIG ADSGEAVMLs mgsMRSDtga MGGkSYrAge GKaadWrVgA -AtDLT1syt
* K

* Kk kK * ok ke

* Kk * * *

250 300
kKdGEavvld IiAKAGDDIE ELATYINGQT D1fKASVdge GKLQiFvaep nieGnfniSG GLAtELGIng GpgVktTvgd iDiTSVGGsQ nAVgIIDAAL

FlaC: dKregdvtIs INAKEGDDIE ELATYINGQT DmiKASVdEe GKLQLFtdnn ridGaatFgG alAGELGigA agdv--TVDt 1DVTLVGGAQ esVaIvDAAL

FlaE:
FlaD:
FlaB:

kk dkk ok ok AkkkkkKk K * Kk * kK
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FlaA:
FlaC:
FlaE:
FlaD:
FlaB:

* kK * * kk Kk * ok kk Kx * % *k hkk Kk

naqGEnenIq IQAKEGDDIE ELATYINGKT DkVsASVnEk GglQLyiagk etsGtlsFSG sLAnELgmnl lgye--avDn 1DisSaGGAQ rAVsvIDAAL

didGndqgtIt vNAKEGDDIE EVATYINGQT DmVKASVNEkK GqLQvFagrnn kvtGdvaFSG GLAGalLnmgA Gtae--TVDt iDVTSVGGAQ gsVavIDsAL

nKqGEarevt INAKQGDDIE ELATYINGQT edVKASVgEd GKLQLFassq kvnGdvtigG GLgGEiIGEdA Grnv--TVad vnVstVaGsQ eAVsI1DgAL
* * * *

* * * * kK

350 380
KYVDSQRAAL GAKQNR1sHs ISNLSNIGEN VeASKSRIKD TDFAKETTqL TKsQILQQAg TSiLAQAKQl PNsAiSLLg
KYVDSHRAEL GAFQNRFnHA InNLDNINEN VNASKSRIKD TDFAKETTAL TKaQILsQAS sSVLAQAKQa PNsALaLLG
KYVDgHRSEL GAmMQONRFGHA ISNLDNVhEN 1aASnSRIKD aDyAKETTqm iKgQILQQvVS TSVLAQAKrg PkivLiLLrn
KYVDSHRAEL GAFQNRFrHA ISNLDNINEN VNASKSRIKD TDFAKEiTAL TKsQILsSQAS sSVLAQAKQa PNaALSLLG
KaVDSQRAsSL GAFQNRFgHA ISNLDNVNEN VNASRSRIrD TDyArETTAm TKaQILQQAS TSVLAQAKQs PsaALSLLG

* Kk ok *

* kkk K* * kkkxkKk * * K

FIG. 4. Alignment of the deduced amino acid sequences of the five V. cholerae flagellin proteins. The sequences were aligned by Pileup (GCG Inc.). Amino acids
which are identical in at least three of the flagellin genes are capitalized; amino acids which are identical in all five flagellin genes are denoted by an asterisk. The
sequences used to design degenerate oligonucleotides for PCR are underlined (FLAX12; see Materials and Methods).

(KKV22), flaC (KKV171), flaD (KKV21), or flat (KKV91)
had no noticeable effect on the motility of V. cholerae in soft
agar (data not shown).

We also constructed strains containing multiple mutations in
the flaBCDE genes and assessed their motility phenotype in a
similar manner. Strains containing mutations in flaED (KKV8),
flaDB (KKV23), flaEDB (KKV34), and flaCEDB (KKV174)
exhibited no obvious motility defect (Fig. 5 and data not shown).

A flaA strain lacks a flagellum. We used electron microscopy
to directly observe cells of the various flagellin mutant strains
of V. cholerae. Unlike the wild-type strain O395, which has a
single polar flagellum, the flaA strain KKV90 lacks a flagellum
(Fig. 6A to C). Some flaA cells could be seen with a small
appendage at one pole (Fig. 6B and C); this may correspond to
the flagellar hook. Complementation of the flaA strain with the
entire flad gene on a plasmid (pKEKS89) results in flagellated
bacteria resembling the wild-type strain (Fig. 6D).

Single mutations in flaB, flaC, flaD, or flaE (KKV22,
KKV17, KKV21, and KKV91, respectively) did not noticeably
affect the flagella in strains containing these mutations (data
not shown). Strains containing flaDB or flaEDB mutations
(KKV23 and KKV34) exhibited a mixed population of flagel-

TABLE 2. Percent identity between flagellin amino acid sequences

% Identity to:

Protein
FlaA FlaB FlaC FlaD FlaE
FlaA 100 66 65 66 61
FlaB 100 70 71 61
FlaC 100 82 64
FlaD 100 66
FlaE 100

lated and nonflagellated bacteria, with noticeable numbers of
bacteria having apparently shortened or sheared flagella (data
not shown). The flaCEDB strain KKV174 had some bacteria
with apparently full-length flagella, but the appearance of large
numbers of nonflagellated bacteria and bacteria with short-
ened flagella indicates that the flagella of this strain may be

wildtype

flaCEDB

FIG. 5. Motility phenotypes of V. cholerae flagellin mutants. The bacteria
were inoculated into motility agar (see Materials and Methods) at 37°C; motility
is visualized by the swarm diameter. The strains shown (see Table 1) are 0395
(wild type), KKV90 (flad), KKV90 with pKEKS9 (flaAd/pflad), KKV23 (flaDB),
KKV34 (flaEDB), and KKV174 (flaCEDB).
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particularly fragile and are sheared during growth or prepara-
tion of samples for microscopy (Fig. 6E).

All five flagellin genes are transcribed during logarithmic
growth in V. cholerae. To determine if all five flagellin genes are
expressed in V. cholerae, we constructed promoter-lacZ fusions
of the flagellin promoters and measured the transcription of
the plasmid-borne fusions in several background strains (Table
3). All five flagellin promoters are transcribed at relatively high
levels in the wild-type strain CG842 (0395 AlacZ). These
high levels of transcription are maintained in the flaA strain
KKV90, as well as in the foxR strain KKV62.

flad has a o°*-dependent promoter, and the flaE, flaD,
and flaB promoters are o>® dependent. To determine the
regulatory characteristics of the various V. cholerae flagellin
promoters, we measured transcription from the same fla pro-
moter-lacZ fusions integrated into the chromosome of S. #y-
phimurium, thus taking advantage of the extensive repertoire
of genetic mutations in transcription components available in
this organism (Table 4). The flaE, flaD, and flaB promoters
were transcribed at relatively high levels in a wild-type S. #y-
phimurium strain, and these high levels of transcription were
dependent upon an intact flid gene, which encodes %, but
were independent of an intact ntr4 gene, which encodes o>,
There is some residual transcription from the flaD promoter
even in the absence of ¢*®, indicative of a second promoter
which is independent of ¢*®. The flaC promoter was tran-
scribed at low but significant levels in the wild-type strain, and
this level of transcription remained essentially unaffected in
fliA and ntrA strains. Promoter elements resembling the con-
sensus o>® binding site could be found in the flaB, flaC, flaD,
and flaE promoters (Fig. 7).

The flaA promoter was not transcribed in the wild-type S.
typhimurium strain or in the flid and ntrA strains. o*-depen-
dent promoters require a transcriptional activator protein in
addition to RNA polymerase containing o>* (28), and these
activator proteins are generally bound to enhancer elements
located within the promoter region to increase their local con-
centration with respect to RNA polymerase. However, DNA
binding is not essential to transcriptional activation, and these
activator proteins can activate o>*-dependent transcription
from solution when present in high enough concentrations (20,
21, 44, 45). We have identified a 0>*-dependent transcriptional
activator from V. cholerae, FIrA, which will be characterized
elsewhere (25). When overexpressed from the arabinose-in-
ducible promoter Py, p, this activator can activate transcrip-
tion of the best-characterized o”*-dependent promoter, glnAp,
from S. typhimurium (Table 4), and this increased level of
activation is dependent upon an intact ntrd (o°*) gene. Over-
expressed FIrA also activated the flad promoter (an approxi-
mately 80-fold increase in transcription), and this high level of
expression was dependent on an intact nfr4 gene but indepen-
dent of an intact flid gene, consistent with fla4 having a ¢”*-
dependent promoter. FlrA had no significant effect on the
transcription of any of the other fla promoters. A promoter
element resembling the consensus o°* binding site could be
found in the flaA promoter (Fig. 7).

DISCUSSION

In the present study, we identified and characterized five
flagellin genes in the human pathogen V. cholerae. Many flag-
ellated bacterial species contain just one or two flagellin genes,
which code for the structural subunit of the flagellar filament,
so the presence of five separate genes in V. cholerae is puzzling,
especially since the five predicted gene products have signifi-
cant homology to each other (61 to 82% identity). In this
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respect, V. cholerae is similar to other Vibrio spp., notably the
human pathogen V. parahaemolyticus (four polar flagellin
genes [33]) and the fish pathogen V. anguillarum (five polar
flagellin genes [34]), which has an identical arrangement of
flagellin genes with the highest homology to those from V.
cholerae.

Phenotypes of V. cholerae flagellin mutants revealed that the
FlaA protein is essential for motility and that fla4 strains are
nonflagellated. Expression of the other four flagellins in a flaA
strain remains high, indicating that although highly homolo-
gous, they cannot substitute for some essential function of the
FlaA protein in assembling a flagellum. Substitution of func-
tion is also not easily obtained by mutation, because no rever-
tant motile mutants arise in a flaA4 strain (data not shown). In
contrast, a flaBCDE strain was motile and cells with flagella
could be visualized, although the flagella of this strain ap-
peared to be particularly fragile and easily broken. These re-
sults are consistent with the FlaA protein being required to
form a flagellar core or scaffold into which the other flagellins
are inserted to provide structural integrity. Interestingly, fla4
mutants of V. anguillarum are flagellated but exhibit decreased
motility (42); apparently these proteins, although highly ho-
mologous, do not have identical functions in the two bacteria.

We have shown that in S. typhimurium, the V. cholerae flaA
gene is transcribed by RNA polymerase complexed with the
alternate sigma factor ¢°* (¢°* holoenzyme) while the flaE,
flaD, and flaB genes are transcribed by RNA polymerase con-
taining the flagellar sigma factor o*°. Neither ¢°* nor ¢*®
regulates the expression of flaC, and so it remains unclear how
this flagellin is regulated. We believe that the same differential
regulation occurs in V. cholerae. We have created a mutation in
the gene encoding 6%, rpoN (25). The V. cholerae rpoN mutant
is nonflagellated, and the S. typhimurium ntrA (%) gene can
complement this mutant for motility; likewise, the V. cholerae
rpoN gene complements a S. typhimurium ntrA mutant for
glutamine prototrophy. Thus, ¢°* has maintained functional
homology between these two organisms and must recognize
the same promoter elements. We predict that o®® has likewise
maintained functional homology and activates the flaE, flaD,
and flaB promoters in V. cholerae, although a 0*® homolog has
yet to be identified. Interestingly, transcription of all five flagel-
lin genes in V. cholerae is dependent on the presence of %,
implicating a heirarchy where o”*-holoenzyme influences o*%-
dependent transcription (25).

The ability to differentially regulate the flagellins within the
flagellum may enable V. cholerae to produce flagella which are
particularly suited for motility within a given environment
(high-viscosity mucus, low or high osmolarity or pH, etc.) by
changing helical pitch, thickness, or other flagellar parameters.
We considered the possibility that the multiple flagellins were
present to provide antigenic variation to the flagellum. The
bacterial flagellum is a large target with repeating subunits, so
that it generally induces a strong immune response, and it is
well known that many pathogens use antigenic variation as a
means of evading host immune defenses. For example, flagel-
lar antigenic switching in S. typhimurium is a well-defined
means of antigenic variation in which only one flagellin gene is
exclusively expressed at a given time while the other remains
silent (52). This particular antigenic variation is accomplished
by genetic rearrangement. Selective expression of individual
members of a “pool” of nonessential flagellins would be a
suitable means of antigenic variation. However, in V. cholerae,
such a mechanism is apparently not occurring, because the five
flagellin promoters are expressed simultaneously. It must be
noted, however, that our data addresses flagellin expression in
vitro only; it remains to be determined if flagellin expression
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FIG. 6. Transmission electron microscopy of V. cholerae flagellin mutants (see Table 1). V. cholerae strains in logarithmic growth were resuspended in 0.15 M NaCl,
spread onto carbon-coated grids and stained with 1% uranyl acetate. Bars, 1 pm (A, B, D, and E) and 500 nm (C). (A) 0395, wild type. (B and C) KKV90, flaA (arrows
indicate small appendages, possibly flagellar hooks. (D) KKV166, fluAd/pflaA (KKV90 with pKEKS89). (E) KKV174, flaCEDB.
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TABLE 3. All five flagellin promoters are transcribed
simultaneously in V. cholerae”

B-Galactosidase activity in strain with mutation:

Genotype”?

flaAp-'lacZ  flaCp-'lacZ flaEp-'lacZ flaDp-'lacZ flaBp-'lacZ
Wild type 9,641 11,047 3,417 14,639 16,298
AflaA::Cm" 11,063 13,789 6,833 11,341 15,833
AtoxR 9,436 15,441 5,101 13,846 13,407

“ Assays were performed as described in Materials and Methods. Strains were
grown in LB supplemented with 2 mM glutamine; cultures were assayed in
triplicate at an optical density at 600 nm of ~0.2 to 0.4. Results are the average
of three samples expressed in Miller units (38). Each strain harboring the vector
pRS551 alone grown in this medium has 10 to 15 Miller units of activity, which
can be considered background activity.

®The actual strains used (Table 1) were CG842 (wild type), KKV90
(AMflaA::Cm"), and KKV62 (AtoxR), harboring plasmids pKEKS80 (flaAp-'lacZ),
pKEK76 (flaCp-'lacZ), pKEKS81 (flaEp-'lacZ), pKEK77 (flaDp-'lacZ), and
pKEK79 (flaBp-'lacZ).

within the host is significantly different. Also, the presence of
the insertion element IS7004, which contains a transposase
gene, downstream of the flaC gene provides a mechanism
whereby chromosomal rearrangements could occur by illegiti-
mate recombination within this locus; the presence of the left
arm of IS7004 within the O surface antigen locus rfb (4) sug-
gests that such illegitimate recombination may be common in
V. cholerae.

Another means by which pathogens evade immune response
to flagellar antigens is by shutting off flagellar synthesis during
colonization of the host. For example, in Bordetella bronchi-
septica, the regulatory protein BvgA, which activates virulence
gene expression, simultaneously represses flagellar gene syn-
thesis, so that B. bronchiseptica is nonflagellated during infec-
tion (2). This may be an important means of immune system
evasion, because B. bronchiseptica mutant strains that are flag-
ellated during infection are more rapidly cleared (1). Alterna-
tively, flagella are not needed during colonization, so that
B. bronchiseptica may simply shut off synthesis for energetic
reasons. Interestingly, the squid symbiont V. fischeri, which is
closely related to V. cholerae, becomes aflagellate during col-
onization of the squid light organ (50). The likely reason for
repressing flagellar synthesis in this case is to avoid unneces-
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sary motility gene expression during a sessile phase of exis-
tence. In V. cholerae, genetic evidence suggests that motility
phenotypes and the expression of some virulence genes are
inversely related (14); i.e., some nonmotile mutants express
higher levels of CT and TCP than does a wild-type strain under
noninducing in vitro conditions, while foxR mutants, which
express no CT or TCP, display a hyperswarmer phenotype.
However, there is no direct evidence for repression of motility
gene expression during infection. In this study, we were unable
to detect any increase in fla gene transcription in a foxR mutant
which might account for its hyperswarmer phenotype, and
were also unable to detect any increase in CT and TCP ex-
pression by any of the fla mutants in vitro (data not shown).

Motility is important for full virulence of V. cholerae in the
rabbit models of cholera (47), but various spontaneous non-
motile mutants show no defect for colonization in the infant
mouse competition assay (14, 47). Consistent with these pre-
vious observations, the flaA mutant exhibited no defect for
colonization of infant mice (data not shown). The attenuation
of nonmotile mutants in rabbit animal models suggests that
motility may be important for the organism to penetrate the
mucus layer of the intestine and thus adhere to the apical
surface of enterocytes. Perhaps the infant mouse has a suffi-
ciently different (immature) mucus layer such that motility is
not required to arrive at a permissive colonization site in this
model.

Once the organisms colonize the intestinal surface, however,
it might be advantageous to shut off flagellar synthesis to avoid
immune system recognition and clearance, similar to B. bron-
chiseptica. Camilli and Mekalanos (6) identified a V. cholerae
flagellin antisense transcript that was induced within the host
during colonization. The reporter fusion they describe was
inserted in a reverse orientation at a position corresponding to
nucleotide 1677 of the flaEDB locus (Fig. 3) such that it would
be measuring transcription originating in the flaE-flaD inter-
genic region or downstream within or past flaD. Notably, the
antisense transcript would presumably regulate the expression
of one of the o**-dependent flagellins, flaE and/or flaD; such a
mechanism may be required to more rapidly shut off flagellin
synthesis.

We have no additional evidence for flagellar gene repression
during V. cholerae colonization, but the existence of differential

TABLE 4. The flad promoter is transcribed by o°*-holoenzyme and the flaE, flaD, and flaB promoters are
transcribed by o**-holoenzyme in S. typhimurium*

B-Galactosidase activity in strain with mutation:

Genotype®
flaAp-'lacZ flaCp-'lacZ flaEp-'lacZ flaDp-'lacZ flaBp-'lacZ ginAp-'lacZ¢
Wild type 23 651 2,125 6,649 9,049 508
Wild type + FlrA? 1,808 493 1,239 5,165 5,133 2,047
ntrA 27 241 1,285 2,260 2,374 503
ntrA + FIrA? 33 564 1,372 5,931 6,014 288
flid 28 206 21 173 40
flid + FlrA? 2,311 164 26 174 42

“ Assays were performed as described in Materials and Methods. Strains were grown in LB supplemented with 2 mM glutamine and 0.05% arabinose; cultures were
assayed in triplicate at an optical density at 600 nm of ~0.2 to 0.4. Results are the average of three samples expressed in Miller units (38). Strain KK140 (putPA::'lacZ)
grown in this medium has 8 Miller units of activity, which can be considered background activity.

> The actual strains used (Table 1) were KK164, KK173, KK167, KK156, and KK159 (wild type with fladp-, flaCp-, flaEp-, flaDp-, and flaBp-'lacZ fusions,
respectively), KK165, KK174, KK168, KK157, and KK160 (ntr4209::Tn10 with flaAp-, flaCp-, flaEp-, flaDp-, and flaBp-'lacZ fusions, respectively), and KK166, KK175,
KK169, KK158, and KK161 (fliA5059::Tn10dTc with flaAp-, flaCp-, flaEp-, flaDp-, and flaBp-'lacZ fusions, respectively).

¢ The genetic background in these reporter strains is A(ntrB-C); NtrC is the activator of o°*-dependent transcription of the glnA promoter, so we wished to measure
activation by the heterologous activator FIrA in the absence of NtrC. Residual transcription in a ntrd A(ntrB-C) strain originates from a second ¢’°-dependent gin4
promoter (32). The actual strains used (Table 1) were KK188 and KK189 [A(ntrB-C) and ntrA A(ntrB-C) with glnAp-'lacZ, respectively].

4 These strains harbor plasmid pKEK94 (see Materials and Methods), which carries the gene encoding the o>*-activator FIrA from V. cholerae (25) under the control
of the arabinose-inducible promoter Pgp. 6°* activators in high concentrations can activate o>*-dependent transcription from solution (45); in the present study, this
protein serves to identify any o”*-dependent promoter.
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flaCp CATCTTTTTGCTAAAGGATTTATTCAACGAGTCGCTAATAGAGGTAAC
flakp GGTTTTTTGATTAAAGAAAACTCACTTTACACCGATAAAAGAACAAGT
flaDp AAAATTTTTCCTAAAGGATTTAAAAAACGCGCCGTTATAAAAGGTAAC
flaBp TGAAATTTCTCTAAAGGATATTTATTTCTCGCCGTTACAAGATACGAG

0628 consensus TAAA N15 GCCGATAA

flaAp
654 consensus

AAAAAGTGGCACGGAAGTTGCTAATA
TGGCAC N4 TTTGCA/T

FIG. 7. Alignment of putative ¢*® and ¢°* promoter elements in V. cholerae
fla promoters with %® and ¢>* consensus promoter sequences. The consensus
o2 sequence for E. coli and S. typhimurium promoters is from reference 29, and
the consensus o°* sequence is from references 3 and 43.

regulation of the flagellin genes provides a potential mecha-
nism for quickly shutting off flagellar synthesis. RNA polymer-
ase containing ¢°* (6°* holoenzyme) can initiate transcription
only in conjunction with an activating protein, which generally
responds to environmental signals and activates transcription
only under inducing conditions (28). In contrast, ¢** holoen-
zyme is active in the absence of any activating proteins but
requires the export of the anti-sigma factor FlgM, which occurs
through a correctly assembled hook-basal-body complex (22).
Shutting off ¢°*-dependent transcription only requires recog-
nition of a change in environmental conditions, while shutting
off o*®-dependent transcription requires a buildup of anti-
sigma factor within the cell, which presumably is a slower
response mechanism. Because the FlaA protein is essential for
the assembly of a flagellum, shutting off flaA4 synthesis through
the absence of o°*-dependent transcription would result in a
nonmotile phenotype. We do not yet know the full extent of
involvement of ¢°* in flagellar gene synthesis in V. cholerae; >*
may be required at multiple steps during flagellar synthesis,
similar to the flagellar cascade of Caulobacter crescentus (5,
15). ¢ has also been shown to be required for flagellar syn-
thesis in V. anguillarum (46), but it has not yet been determined
whether it is directly involved in the transcription of flagellin
genes, as it is in V. cholerae.
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