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Previously, the flagellar filament of Vibrio anguillarum was suggested to consist of flagellin A and three
additional flagellin proteins, FlaB, -C, and -D. This study identifies the genes encoding FlaB, -C, and -D and
a possible fifth flagellin gene that may encode FlaE. The flagellin genes map at two separate DNA loci and are
most similar to the four polar flagellin genes of Vibrio parahaemolyticus, also located at two DNA loci. The
genetic organization of these two loci is conserved between both organisms. For each gene, in-frame deletions
of the entire gene, the 5’ end, and the 3’ end were made. Mutant analysis showed that each mutation, except
those in flaE, caused a loss of flagellin from the filament. However, no obvious structural loss in the filament,
as determined by electron microscopy, and only slight decreases in motility were seen. Virulence analysis
indicated that all but two of the mutations gave a wild-type phenotype. The 5'-end deletions of flaD and flaE
decreased virulence significantly (>10*fold) of infections via both the intraperitoneal and immersion routes.
These results indicate that, like FlaA, FlaD and FlaE may also be involved in virulence.

For several bacteria, the flagellum has been suggested to be
involved in virulence either as a motility organelle or as an
organelle that carries an adhesive component. In Campy-
lobacter jejuni studies, the flagellum has been suggested to aid
the bacterium either in the adherence to (20) or in the inter-
nalization (7) within cultured epithelial cells. Additional stud-
ies with C. jejuni (32) have shown that motility and not flagellin
A is required for the invasion of intestinal cells; however,
flagellin A can serve as a secondary adhesin for the adherence
to intestinal cultured cells. For Pseudomonas aeruginosa, a
study utilizing isogenic motility mutants in the burned mouse
model showed that motility contributes to the invasiveness of
this organism (5). For Vibrio cholerae, earlier studies with mo-
tility mutants suggested that either motility (8) or an adhesin
(2, 11), proposed to be associated with the flagellum, is needed
for the colonization of intestinal tissues, whereas a later study
(27) indicated that motility but not the flagellar structure is
essential for the colonization of rabbits.

The polar flagellum of Vibrio anguillarum, the causative
agent of vibriosis in marine fish, is a complex structure. The
filament is believed to be composed of four flagellin proteins
(23) and is covered by a sheath (25). Recently, studies have
been initiated to analyze the role that the flagellum plays in the
virulence of V. anguillarum. Chemotactic motility has been
shown to be required for the invasion of rainbow trout when
they are immersed in infected seawater; however, chemotactic
motility is not essential for virulence after the fish integument
is crossed (26). Moreover, flagellin A has been suggested to
have two possible roles in virulence (23). A mutant carrying a
deletion of the fla4 gene was shown to be partially motile and
to be defective in its ability to invade rainbow trout immersed
in infected seawater; however, virulence was not decreased if
the mutant was introduced into the fish by intraperitoneal
injection. Thus, flagellin A is needed for the full motility which
is essential for efficient invasion of rainbow trout. A second
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mutant that contained an in-frame deletion at the 3’ end of the
flaA gene and that was also partially motile as a result of the
loss of flagellin A in the filament was avirulent by intraperito-
neal injection, indicating a potential second role for the flagel-
lin protein. One proposal for this second role was that the
truncated flagellin protein may remain in the cytoplasm be-
cause of the loss of export functions and thus may repress the
expression of virulence genes.

To clarify the role of the flagellum and of the flagellin pro-
teins in the virulence of V. anguillarum, the present study
continues the characterization of the flagellar filament. Four
additional flagellin genes, flaB, -C, -D, and -E, were cloned and
sequenced. In-frame deletions of the full gene, the 5" end, and
the 3’ end were made in each gene similar to those of the flaA
gene in a previous study (23). All mutations affected motility
only slightly, if at all. Since motility was not strongly affected,
virulence was only slightly decreased for all but two mutations,
the flaD and flaE 5'-end deletions. For these two mutations,
virulence was strongly decreased (10*- to 10°-fold) via both
immersion and intraperitoneal infections.

MATERIALS AND METHODS

Bacterial strains, bacteriophage, plasmids, and media. V. anguillarum NB10
(serotype O1) is an isolate of our laboratory from the Gulf of Bothnia outside the
Norrby Laboratory, Umed, Sweden (24). The more competent Escherichia coli
SY327 [A(lac pro) argE(Am) rif malA recA56] (21) was used for transformation
after subcloning fragments into either pNQ705-1 or pDMA4. E. coli S17-1 (thi pro
hsdR hsdM™ recA RP4-2-Tc::Mu-Km::Tn7) (29) was used as the donor strain for
all plasmids transferred to V. anguillarum by a previously described method for
bacterial mating (23). SY327 and S17-1 are bacteriophage lambda lysogens
carrying the pir gene, which is needed for replication of the suicide vectors
pNQ705-1 and pDMA4. E. coli XL1-Blue (28) (recAl lac endA1 gyrA96 thi hsdR17
supE44 relAl [F' proAB lacl? lacZAM15 Tnl0]) was used for bacteriophage
lambda infections and for the transformation of plasmids not requiring the pir
gene.

Construction of the V. anguillarum genomic library with the Lambda Zap 11
system from Stratagene, handling of this bacteriophage, and the excision of the
pBluescript plasmid derivatives have been described previously (22). pBSFla8-1,
carrying a 6.5-kb fragment with flaA and flaC, and pBSFlaD9-1, carrying a 7-kb
fragment with flaEDB, were excised from isolated bacteriophage clones.

Plasmids used in this study are described in Table 1. The suicide vectors,
pDM4 and pNQ705-1, were employed in making chromosomal deletions and
insertions, respectively. pNQ705-1 is a derivative of the previously described
pNQ705 (22) that was altered by exchanging the linker region of pNQ705 for the
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TABLE 1. Plasmids used in this study
Plasmid” Description Reference

Parent

pDM4 Cml", R6K origin requires pir gene, contains sacBR from B. subtilis 23

pNQ705-1 Cml’, R6K origin requires pir gene This study
flaB-containing

pDMFlaB1 Contains a PCR fragment with the gene deletion (residues 2820 to 3047 and 4110 to 4358 [Fig. 3]) This study

pDMFlaB2 Contains a PCR fragment with a 5’-end deletion (residues 2820 to 3083 and 3264 to 3519 [Fig. 3]) This study

pDMFlaB3 Contains a PCR fragment with a 3’-end deletion (residues 3700 to 3956 and 4110 to 4358 [Fig. 3]) This study

pNQFlaB Contains a PCR fragment with the flaB gene and its promoter (residues 2820 to 4358 [Fig. 3]) This study
flaC-containing

pDMFlaC1 Contains a PCR fragment with the gene deletion (residues 1 to 255 and 1390 to 1644 [Fig. 2]) This study

pDMFlaC2 Contains a PCR fragment with a 5’-end deletion (residues 1 to 291 and 472 to 719 [Fig. 2]) This study

pDMFlaC3 Contains a PCR fragment with a 3’-end deletion (residues 960 to 1215 and 1369 to 1644 [Fig. 2]) This study

pNQFlaC4 Contains a PCR fragment downstream of flaC (residues 1485 to 1739 [Fig. 2]) This study

pNQFlaC Contains a PCR fragment with the flaC gene and its promoter (residues 1 to 1644 [Fig. 2]) This study
flaD-containing

pDMFlaD1 Contains a PCR fragment with a gene deletion (residues 1400 to 1628 and 2763 to 3000 [Fig. 3]) This study

pDMFlaD2 Contains a PCR fragment with a 5'-end deletion (residues 1400 to 1664 and 1845 to 2119 [Fig. 3]) This study

pDMFlaD3 Contains a PCR fragment with a 3’-end deletion (residues 2418 to 2588 and 2742 to 2899 [Fig. 3]) This study

pNQFlaD4 Contains a PCR fragment downstream of flaD (residues 2840 to 2930 [Fig. 3]) This study

pNQFlaD Contains a PCR fragment with the flaD gene and its promoter (residues 1400 to 1628 [Fig. 3]) This study
flaE-containing

pDMFIlaE1l Contains a PCR fragment with the gene deletion (residues 21 to 251 and 1386 to 1600 [Fig. 3]) This study

pDMFlaE2 Contains a PCR fragment with a 5’-end deletion (residues 21 to 287 and 468 to 703 [Fig. 3]) This study

pDMFIaE3 Contains a PCR fragment with a 3’-end deletion (residues 981 to 1211 and 1365 to 1600 [Fig. 3]) This study

pNQFlaE4 Contains a PCR fragment downstream of flaE (residues 1417 to 1520 [Fig. 3]) This study

pNQFlaE Contains a PCR fragment with the flaE gene and its promoter (residues 21 to 1600 [Fig. 3]) This study
ORF3-containing

pNQORF3-1 Contains a PCR fragment from within ORF3 (residues 4310 to 4435 [Fig. 3]) This study

“ The first two capital letters of the plasmid names indicate the parent plasmid (DM, pDM4; NQ, pNQ705-1).

linker region of pDM4 (23). For each mutation made, a PCR fragment of the
chromosomal region to be altered was made and cloned into a suicide vector. For
complementation of each mutation, pNQ705-1-derived plasmids containing a
PCR fragment with a flagellin gene and its promoter were used. The comple-
mentary regions of the PCR fragments for each of these plasmids are given in
Table 1.

The medium used routinely for E. coli was TYS broth (10 g of Bacto Tryptone,
5 g of Bacto Yeast Extract, and 10 g of sodium chloride [all per liter]), and for
V. anguillarum, Trypticase soy medium (BBL) was used. The vibrio-selective
medium TCBS (Difco) containing 5 pg of chloramphenicol per ml was used for
the selection of V. anguillarum transconjugants when crosses were made with E.
coli. Motility agar consisted of Trypticase soy broth plus 0.25% agar.

Antibiotic concentrations for all E. coli strains were as follows: ampicillin, 100
wg/ml; chloramphenicol, 25 pg/ml. For V. anguillarum, chloramphenicol was
used at a concentration of 5 pug/ml.

DNA techniques. Unless otherwise stated, all conditions for the various DNA
techniques were as described by Sambrook et al. (28). Oligonucleotides for
primers were synthesized with an Applied Biosystems DNA-RNA synthesizer
(model 394). Double-strand DNA sequencing was performed by the dideoxy
chain termination method with T7 DNA polymerase (Pharmacia). Both strands
of the flaC gene and the flaEDB genes were sequenced by primer walking from
the previously sequenced fla4 gene for flaC and from the 110-bp PCR fragment
used to identify the flaD gene locus.

Screening the genomic library. Screening of the V. anguillarum genomic li-
brary was done as described previously (23) with one exception. For the flaD-
containing bacteriophage, the temperature for prehybridization and hybridiza-
tion was changed to 50°C, and after hybridization, the filters were washed at 50°C
for 5 min with 6X SSC (1X SSC s 0.15 M NaCl plus 0.015 M sodium citrate) and
0.5% sodium dodecyl sulfate (SDS). The probe for flaC was a 700-bp fragment
from the downstream region of the previously sequenced flud gene (23). The
probe for the flaD gene locus was a 75-bp fragment (residues 1762 to 1837 [see
Fig. 3]) derived from a 110-bp PCR fragment from the conserved 5 end of the
V. anguillarum flaD gene. This fragment was generated with previously described
(23) primers complementary to a similar region of the P. aeruginosa flaA gene
and chromosomal DNA from a previously described fla4 mutant, RO8, in which
most of the flaAd gene had been deleted (23). For detection, the probes were
labelled with [a->?P]dCTP as described previously (23).

PCR conditions. Cycling conditions for each PCR began with a 3-min dena-
turation at 94°C and five cycles of the following varying annealing times: 94°C for
30 s, 50 to 55°C (1 degree change each cycle) for 30 s, 72°C for 30 s. The PCR
was completed with an additional 25 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 30 s (on the last cycle, 72°C for 5 min). Tag DNA polymerase (Perkin-

Elmer) was used for most reactions; however, Pfu DNA polymerase (Strat-
agene), a high-fidelity polymerase, was used when creating fragments for in-
frame mutagenesis to decrease the number of mutations caused by the PCR.
Template DNA was obtained from either a chromosomal DNA preparation (100
ng was used) (28), bacterial cells, or a PCR. Chromosomal DNA was obtained
from a single bacterial colony by touching a sterile pipette tip to a colony and
then mixing the cells into the PCR mixture. When PCR-generated fragments
were used, the fragments were purified from a 1.5% agarose gel with the Sepha-
glas kit from Pharmacia, and 10 to 100 ng was added to the PCR mixture.

Construction of the flagellin gene mutations. The construction of in-frame
deletions in V. anguillarum by allelic exchange has been described previously in
detail (23). pPDM4 derivatives that were utilized for the in-frame deletion muta-
tions and the pNQ?705-1 derivatives that were used in testing for polarity effects
on downstream genes are listed in Table 1.

The deletion mutations were confirmed by cloning and sequencing PCR frag-
ments containing the mutated regions of DNA. All PCR fragments utilized were
free from PCR errors except that for pDMFIlaD3, which carried a base pair
substitution (guanine to adenine) at position 2485 (see Fig. 3). This substitution
resulted in an amino acid substitution from glycine to glutamic acid. In addition,
all mutant strains were checked for growth rate variability as described previously
(23).

Motility measurements. Motility was measured by movement of bacterial cells
through Trypticase soy broth containing 0.25% agar. The optical density at 600
nm was determined for overnight cultures of all strains used. Equal amounts of
cells in 6 wl were spotted in the center of the plates, and movement away from
the center was measured after 24 h of growth at room temperature.

SDS-PAGE of flagellar proteins. The isolation of crude flagella was done as
described previously (23). For separation of the flagellar proteins, SDS-11%
polyacrylamide gel electrophoresis (PAGE) as described by Lugtenberg et al.
(18) was used. Protein concentrations were measured with a microbicinchoninic
acid protein assay kit from Pierce. Six micrograms of crude flagellar protein was
applied to a gel slot from each preparation. The gels were fixed and stained with
0.1% Coomassie brilliant blue in 40% methanol-10% acetic acid and then
destained in 40% methanol-10% acetic acid.

Electron microscopy. To view the structure of the flagella of each mutant,
negative stains were prepared. Overnight cultures of each strain were fixed with
0.1% glutaraldehyde in 0.2 M PIPES [piperazine-N,N’-bis(2-ethanesulfonic
acid)] buffer (pH 7) for 5 min. The cells were washed twice in 0.2 M PIPES buffer
(pH 7). Formvar-coated grids were floated on drops containing the bacterial
cells. The grids were then floated on a drop of 0.2 M PIPES buffer and moved to
a drop of 1% uranyl acetate (pH 4.2) and a final drop of water. Specimens were
examined with a Zeiss EM 109 transmission electron microscope operated at an
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FIG. 1. Schematic diagram of the genetic organization of the flagellin gene loci of V. anguillarum. Flagellin genes and ORFs are indicated by open boxes for V.
anguillarum. The homologous gene products from V. parahaemolyticus are listed below the respective homolog with the percent identity between the two gene products.

Arrows indicate the direction of transcription.

accelerating voltage of 50 kV. All micrographs presented are a representative
average of the flagellar length of at least 80% of the bacterial cells studied from
two separate experiments.

Computer analysis. Data base searches were done with the Genetics Com-
puter Group Sequence Analysis software (4) of the Genetics Computer Group,
Inc. (University of Wisconsin).

Fish infections. Immersion and intraperitoneal infections were done as de-
scribed previously (23).

Nucleotide sequence accession numbers. The DNA sequences reported have
been submitted to GenBank under accession numbers U52198 (for the flaEDB
locus) and U52199 (for the flaC gene).

RESULTS

Cloning, sequencing, and characterization of the flagellin
loci. Previously, protein analysis (23) indicated that the flagel-
lum of V. anguillarum contains four flagellin proteins, FlaA,
FlaB, FlaC, and FlaD. To date, only the flaA gene has been
identified. To identify the additional flagellin genes, we ratio-
nalized that the predicted four flagellin genes of V. anguillarum
may be located at two different loci on the chromosome as has
recently been shown for the four Vibrio parahaemolyticus
flagellin genes (19). If this is true, then there should be at least
one flagellin gene in tandem to fla4 and a second locus which
needs to be identified.

To identify flagellin genes located at the same locus as that
of the flaA gene, the DNA sequence upstream and down-
stream of fla4d was reanalyzed (GenBank accession number
L47122 [23]). No open reading frames (ORFs) or promoter
sequences were found in the 350 bp downstream of flaA, but a
partial ORF upstream was detected. This ORF encodes a
70-amino-acid polypeptide that shows 82% identity to the
flagellin hook-associated protein 3 (HAP3) from V. parahae-
molyticus (19) that is located upstream of flaC, the gene which
has highest homology to fla4 of V. anguillarum (23). This ORF
will be designated figL, like the gene which encodes HAP3 in
E. coli. Therefore, a second flagellin gene may be located

downstream of flaA, since V. parahaemolyticus has a flagellin
gene, flaD, downstream of flaC (19). A clone was isolated, and
sequencing was continued with sequences downstream of the
flaA gene. A second flagellin gene was found, and the mutant
analysis described below shows that this gene encodes flaC.
Downstream of flaC, ORF1 (Fig. 1), which showed similarity to
several putative GTP-binding proteins found in the GenBank,
was found. The highest homology (78% identity over the entire
ORF1) was to the 3’ end of a probable GTP-binding protein
from Haemophilus influenzae. The nucleotide sequence and
the deduced amino acid sequence of flaC are shown in Fig. 2.
Since no other flagellin gene was found in tandem to flaA
and flaC, then flaD and flaB were likely to be located at an-
other locus on the chromosome. A 75-bp PCR fragment from
the N terminus of flaD (see Materials and Methods) was used
as a probe to isolate a clone which contains a fragment with the
flaD and flaB genes. The complete DNA sequence and the
deduced amino acid sequence from this region are shown in
Fig. 3. Surprisingly, instead of two flagellin genes, three possi-
ble flagellin genes were identified. The deduced N-terminal
amino acid sequence from two of the genes was 100% identical
to that previously determined for FlaD and FlaB (23). The
third gene, flaE, possibly encodes an as-yet-unidentified flagel-
lin protein that is highly homologous to the other flagellin
genes. For the sake of comparisons in this study, we will con-
sider flaE as a gene. ORF2, located upstream of flaE, showed
no homology to other proteins in the GenBank, and ORF3,
located downstream of flaB (Fig. 1), showed 57% identity to
flaG from V. parahaemolyticus (19), which encodes a protein of
unknown function. ORF3 also showed 26% identity to a po-
tential 13-kDa protein of Bacillus subtilis, the gene for which is
located in the intergenic region between the genes that encode
for flagellin and HAP2, the flagellar cap protein. The genetic
organization of both flagellin loci is shown in Fig. 1.
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1601 CGCCAGAACC TAAATCTGGT GCGTCTACCA ATTTCGCCAT TTCCGCAACT TTCCTAAATA TTTTTATAAG AAAAACACTT AGGAAATGGT GGCTACGACG

1701 GGATTCGAAC CTGTGACCCC ATCATTATGA GTGATGTIGC

FIG. 2. Nucleotide and amino acid sequence of the flaC gene. The consensus sequence of the potential ¢** promoter site is underlined with a solid line, and the
possible o>* promoter site is underlined with both a solid and a dashed line. Sites resembling E. coli ribosome binding sites (RBS) are indicated.

From the DNA sequence analysis, each flagellin gene ap-
pears to be a separate transcriptional unit. For each flagellin
gene, a potential o®® promoter sequence could be found, and
for ORF3 and all of the flagellin genes, except flaD, a possible
o>* promoter could also be found. Figure 4 shows an alignment
of the putative promoter sequences with the consensus se-
quence, and Fig. 2 and 3 indicate the locations of the suggested
promoter sequences upstream of each gene.

The molecular weight of each flagellin protein was calcu-
lated from the predicted amino acid sequence, namely, 39,532
(FlaB), 40,099 (FlaC), 39,640 (FlaD), and 40,782 (FlaE). FlaA
was previously predicted to have a molecular weight of 40,111
(23). Thus, all of the flagellin proteins are likely to be similar
in size.

Protein sequence comparison. The predicted protein se-
quences from all five flagellin genes were aligned and com-
pared for percent identity utilizing the Genetics Computer
Group Bestfit analysis (Fig. 5 and Table 2). In general, all of
the flagellin proteins are highly homologous at the amino and
carboxy termini, while several of the flagellins have sequence
homology within the central antigenic region. FlaC and FlaD
are the most similar with 88% identity, and FlaB has the most
similarity with FlaC and FlaD, with 72% identity. FlaA and
FlaE, on the other hand, are the least similar to each other and
to the other flagellin proteins, with identities of approximately
67 and 63%, respectively.

The flagellin genes were found in a GenBank search to be

most similar to the flagellin genes from V. parahaemolyticus
(19). To determine if the genetic organization as well as the
protein sequence is conserved between the two species, the
Genetics Computer Group Bestfit analysis was done. This
analysis is schematically represented in Fig. 1 with each V.
parahaemolyticus gene aligned below the V. anguillarum gene
of highest identity. From this analysis, the genetic organization
of the V. anguillarum genes flaDB and flaAC is conserved with
that for the V. parahaemolyticus genes flaBA and flaCD, re-
spectively. Interestingly, when the sequences flanking the
flagellin genes of V. parahaemolyticus were compared with
those of V. anguillarum, further conservation of genetic order
was seen, and additional flagellin genes are proposed for V.
parahaemolyticus. Upstream of flaD for V. anguillarum, there is
flaE and ORF2. ORF2 has no homology to other proteins in
the GenBank. However, the carboxy terminus of FlaE showed
87% identity to a partial ORF (57 amino acids) upstream of
the V. parahaemolyticus flaB gene. Downstream of the V. an-
guillarum flaC gene is ORF1, which has sequence homology to
putative GTP-binding proteins. A homology to ORF1 was not
found downstream of the V. parahaemolyticus flaD gene; how-
ever, a partial ORF encoding 45 amino acids that has sequence
homology to the four previously characterized (19) V. parah-
aemolyticus polar flagellin proteins was found. In conclusion,
these data suggest that V. anguillarum contains at least four,
and possibly five, flagellin genes, that V. parahaemolyticus con-
tains possibly six flagellin genes, two not previously described,
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. 3. Nucleotide and amino acid sequence of the flaEDB genes. The consensus sequences of the potential 0>* and ¢>* promoter sites are underlined. Sites
resembling E. coli ribosome binding sites (RBS) are indicated.
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and that the genetic organization of these two flagellin loci are
conserved between these two species (Fig. 1).

Mutant construction. To analyze what possible functional
and structural roles the flagellin genes have, mutagenesis was
done in a manner similar to that described previously for fla4
(23). For each gene, three different in-frame deletion muta-
tions were made by allelic exchange. First, a full-gene deletion
which took away all codons including the stop codon was made.
For flaB, however, the last 66 bp were left since they contained
a potential ¢>* promoter for ORF3 (Fig. 3). The second mu-
tation deleted 180 bp from the 5’ end of each gene. This
N-terminal deletion was identical for all four flagellin proteins.
The third mutation deleted 153 bp from the 3’ end of each
gene. For three of the four flagellin proteins, this C-terminal
deletion was identical. For flaB, this deletion was moved 66 bp
upstream because of the potential overlapping promoter of
ORF3. In addition, a plasmid insertion was made in the inter-
genic region downstream of each gene, except flaB, to test for
potential polarity effects on downstream genes. Since the func-
tion of the ORF3 polypeptide has not been determined, a

CTGGYAYR
TTGGCATA
GAGGTGAG
AAGGATTC
TCGGACCG
TTGGCACA

TTGCA
TTGAA
ACGGA
CCGCA
TTGTG
AAGCA

Consensus G°*
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GCCGATAA
GCCGCTTC
GCCGTTAA
GTCGCTAA
GCCGTTAT
TCCGATAA

Consensus ¢°*
flaA
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FIG. 4. DNA sequence alignment of the potential ¢?® and ¢>* promoter

consensus sequences. The consensus sequence for each sigma factor is in bold
type. The o°* promoter consensus is derived from the transcription initiation
sites of various NtrC- and NifA-activated promoters from several different spe-
cies (9). The o promoter consensus sequence is derived from S. typhimurium
flagellar operons (15).
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FIG. 5. Alignment of the deduced amino acid sequences of all five V. anguillarum flagellin proteins. Amino acids that are identical for three or more of the flagellin
proteins are capitalized and in bold type, whereas those that are different are in lowercase letters. An asterisk indicates an amino acid that is identical for all five flagellin
proteins. The arrows indicate regions deleted for the N-terminal deletions, the C-terminal deletions, and the full gene deletions of the fla4, -B, -C, -D, and -E genes.

plasmid insertion into the 5’ end of this ORF was made to
assess the significance of this protein in motility. Figure 5
indicates the exact amino acids deleted for each protein, and
Table 1 gives the base pairs that were deleted.

Since growth rate can affect both the motility and the viru-
lence analyses, it was tested for each flagellin mutant and the
polarity control strains. For all strains, the growth rate did not
vary from that of the wild type.

Protein analysis of the flagellum. Flagellar preparations
were made from each mutant to determine how each mutation
affected the protein content of the flagellar filament. All mu-
tations for each gene, except flaE, caused a loss of that partic-
ular flagellin protein in the flagellar filament as determined by
SDS-PAGE. There are several explanations for this FlaE ob-
servation. flaE could be a silent gene or it could be expressed,
but FlaE does not make up a part of the filament. On the other
hand, FlaE could be a very minor part of the filament, and
thus, the effect of the flaE mutations on the flagellar filament

TABLE 2. Percent identity between the flagellin protein sequences

% Identity
Protein

FlaA FlaB FlaC FlaD FlaE
FlaA 100 67 67 67 63
FlaB 67 100 72 73 63
FlaC 67 72 100 88 64
FlaD 67 73 88 100 64
FlaE 63 63 64 64 100

is not detectable with SDS-PAGE. Since mutations in flaE
affect the virulence phenotype (see below), flaE is probably
expressed; however, identification of the protein product re-
mains to be determined. The filament protein profile for one
mutant of each fla gene is given in Fig. 6. All intergenic plasmid
insertions gave the same filament protein profile as that of the
wild type (data not shown), indicating that there is no polar
effect on downstream flagellar genes.

Interestingly, the molecular masses calculated from the pre-
dicted amino acid sequences of FlaB, -C, and -D (see above)
differ from the sizes of these flagellin proteins determined
from SDS-PAGE. FlaA, for which the predicted molecular
mass agrees with the size determined from SDS-PAGE (23), is

flaA  flaB flaC flaD flaE
FlaD WT - 4 - 4+ - 4+ - 4+ - 4+ MW
FlaC _ 52 kDa

— - -eT
S TEeSSSe=SS

FIG. 6. Protein profiles of flagellar filament preparations. Flagella were pre-
pared as described in Materials and Methods. Six micrograms of each flagellar
preparation was electrophoresed through an SDS-11% polyacrylamide gel. A
filament preparation from a fla4 mutant was included for comparison since the
FlaA and FlaB proteins migrate so close to one another. WT, a flagellar prep-
aration from the wild type; MW, molecular mass marker; —, a full-gene deletion;
+, complementation of the full-gene deletions by the insertion of a plasmid
carrying the deleted flagellin gene into the chromosomal region where the gene
was deleted. For the flud gene, complementation of the deleted flagellin gene
was done in trans with a plasmid carrying the flad gene, pFlaA-2 (23).
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TABLE 3. Virulence and motility analyses of flagellin mutants from V. anguillarum®

Motility (% of wild type)

LDs, of mutant strain

Strain Mutation

Intraperitoneal

Mut_ant Mutant strai‘ns with the injection lmmersio_n

strains complementing plasmid (no. of bacteria) (no. of bacteria/ml)
NB10 None (wild type) 100 22 2 X 10%
RO2 flaA 5'-end deletion 56 87 6 1x10°
DM16 flaA 3'-end deletion 58 84 8 x 10° >1 x 107
RO8 flaA gene deletion 53 87 41 6 % 10°
KD19 flaB 5'-end deletion 94 103 28 2 X 10%
KD21 flaB 3'-end deletion 94 97 65 2 X 107
KD17 flaB gene deletion 87 99 13 2 X 10*
KD4 flaC 5'-end deletion 91 96 21 4 % 10?
KD6 flaC 3’-end deletion 80 93 10 6 X 107
KD2 flaC full-gene deletion 96 97 45 4x10°
KD7 flaC intergenic insertion 96 ND? 6 6 X 10?
KD12 flaD 5'-end deletion 83 97 8 X 10° >1 % 107
KD14 flaD 3'-end deletion 72 96 3 x 10? 3 % 10*
KD10 flaD full-gene deletion 87 100 30 1% 10*
KD15 flaD intergenic insertion 115 ND 26 3 x10°
KD27 flaE 5'-end deletion 92 93 8 X 10° >1 % 107
KD29 flakE 3'-end deletion 95 101 5 1% 10*
KD25 flaE full-gene deletion 94 94 8 1% 10*
KD30 flaE intergenic insertion 97 ND 3 5 x 10
KD23 ORF?3 plasmid insertion 89 ND 36 2 % 10*

“ Flagellin A results have been reported previously (23).
» ND, not determined.

calculated to be larger than FlaB, -C, and -D. However, all
three of these proteins migrate slower in SDS-PAGE. One
possible explanation for this difference is posttranslational
modification of FlaB, -C, and -D.

Functional analysis. The functional analysis of the mutant
flagella was done to ascertain the importance of each flagellin
protein in maintaining wild-type motility. Light microscopy was
utilized, and the motilities of all strains were similar to that of
the wild type. In addition, each mutant was tested for its ability
to swim in 0.25% Trypticase soy agar to attain some measure
of the speed of movement. The results are given in Table 3.
The loss of FlaB, FlaC, or FlaE had almost no effect on mo-
tility, whereas, the loss of FlaD had a slightly greater effect,
resulting in 10 to 25% less motility than that of the wild type.
The ORF3 mutant, KD23, showed an 11% decrease in the
wild-type motility, indicating a potential role late in the regu-
latory cascade of flagellar biogenesis. Interestingly, a plasmid
insertion in the intergenic region between flaD and flaB caused
a slightly hypermotile effect.

Structural analysis. To observe any structural differences in
the mutant flagellar filaments, electron microscopy was done.
All mutants except the flaB full-gene deletion mutant KD17
and the ORF3 insertion mutant, KD23, appeared to have fla-
gella of wild-type length. Surprisingly, KD17 and KD23 had
very elongated flagella (Fig. 7). Since only the full-gene dele-
tion and not the 5’- and 3'-end deletions of flaB caused flagel-
lar elongation, it is likely that in the KD17 mutant, a region was
deleted from the possible o> promoter of ORF3 which is
essential for its function, such as an upstream activating se-
quence (30). A second explanation could be a polar effect on
an unidentified flagellar gene downstream of ORF3.

Virulence analysis. Previously, FlaA was shown to be essen-
tial for the virulence of V. anguillarum (23) (virulence results
are given in Table 3 for comparison). To determine if any of
the other flagellin proteins are also essential for virulence, the
50% lethal dose (LDs,) for infection via the immersion and
intraperitoneal routes in a rainbow trout model was deter-

mined for each mutant and for the polarity control strains
containing plasmid insertions in the intergenic regions. The
results are presented in Table 3. As expected, since motility
was altered only slightly, all mutations, except the 5'-end de-
letions of flaD and flaE, showed only slight, if any, increases in
the LDs, for infection via the immersion route. Because 10-
fold fluctuations are often seen with the wild type via immer-
sion infections, these small differences are probably not signif-
icant. However, 5'-end deletions of flaD and flakE showed
significant increases in the LDs, (10*- to 10°-fold) via both
routes of infection. Hence, FlaD and FlaE, like FlaA (23), may
have a role in virulence unrelated to motility. Strains that
contained plasmids inserted into the intergenic regions showed
no effect on virulence, suggesting that the decreases seen with
the virulence assay are not due to polarity effects on down-
stream virulence genes.

Since the flagellin genes are rather homologous to one an-
other, there is the potential for these genes to recombine with
one another to create a recombinant, active gene. Therefore,
each flagellin mutant strain and the polarity control strains
were isolated from the kidney of a fish which had died from
vibriosis, usually 3 to 4 days after infection, and PCR was done
to confirm that the original mutation was still present. In ad-
dition, motility was also tested on all strains isolated from the
fish to ensure that suppression of the flagellin mutations did
not occur during the infection. All strains had motility rates
similar to those before infection (data not shown).

Complementation studies. To confirm that the effects ob-
served with each mutation were due to that particular alter-
ation, complementation studies were done. Since we have not
found a plasmid that stably replicates in V. anguillarum during
the infection process, complementation was achieved by sub-
cloning each flagellin gene into a suicide vector and then in-
serting these plasmids into the chromosome at the locus of the
mutated flagellin gene. Protein analysis of the flagellum
showed that all mutants regained a wild-type protein profile of
the flagellum when complemented with a wild-type copy of the
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FIG. 7. Negative staining of the flagella from mutant strains with an elon-
gated phenotype. Overnight cultures were fixed with 0.1% glutaraldehyde,
spread onto Formvar-coated grids, and then negatively stained with 1% uranyl
acetate (pH 4.2). (A) NBI10, wild type; (B) KD17-B, the complemented flaB
full-gene deletion mutant; (C) KD17, the flaB full-gene deletion mutant; (D)
KD23, the ORF3 insertion mutant. Bars, 0.5 wm. All micrographs represent an
approximate average flagellar length for at least 80% of the bacteria examined
from two separate specimen preparations.

altered gene. One example for each gene set is shown in Fig. 6.
For those mutants that showed a decrease in motility, the
wild-type motility was regained as measured by the soft agar
test (Table 3). Structural analysis (Fig. 7) showed that the flaB
full-gene deletion mutant regained a normal-length flagellum,
indicating that any effects on ORF3 or another unidentified
gene due to the possible loss of promoter function were cor-
rected by the gene insertion. Complementation of the 5’-end
deletions of flaD and flaE did not give back the wild-type
virulence phenotype. Since the stability of the plasmid could
have an effect on the complementation, all complemented
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strains were reisolated from fish that had died of vibriosis
(usually 3 to 4 days after infection) and then tested for chlor-
amphenicol resistance, which was present on the inserted plas-
mid carrying complementing fla genes. One hundred colonies
from each strain were tested, and 97% or more were still
positive for the presence of the plasmid. One possible expla-
nation for these negative complementation results for the vir-
ulence phenotypes could be that these mutations have a phe-
notype dominant to that of the wild type.

DISCUSSION

The animal model for V. anguillarum is ideal for studying the
invasive mechanism of a bacterial pathogen since the assay for
host invasion uses a natural route of infection. In other words,
the fish are allowed to swim in seawater containing bacteria.
The virulence of bacterial strains via this route of infection can
be compared with the virulence via intraperitoneal infection to
determine if there is a defect in the invasive capabilities of the
bacterium. By the use of this model, the flagellum of V. an-
guillarum has been shown previously to be essential for cross-
ing the integument of rainbow trout. In a previous study, we
showed that chemotactic motility was needed for efficient in-
vasion into the fish host, but once the fish integument was
crossed, chemotactic motility was not required for the progres-
sion of vibriosis (26). Similarly, mutations in the fla4 gene also
showed a requirement for FlaA in the invasion of the fish host
(23). Presumably, this is due to the decrease in motility that
occurs with the loss of FlaA in the flagellar filament. Compar-
atively, the FlaB, -C, -D, and -E deletions had no significant
effect on invasion of the fish host. However, motility was de-
creased only slightly, if at all, for the FlaBCDE mutants,
thereby confirming the requirement for motility in invasion of
the fish host.

In addition to its role in invading the host, FlaA was shown
to have a second role once the fish integument was crossed
(23). How the FlaA protein is involved in virulence at this level
is unknown. However, it was suggested that, possibly, when the
conserved C terminus was deleted from FlaA, a potential trun-
cated protein that could not be exported from the cytoplasm to
the flagellar filament was made. This truncated protein may
then regulate virulence factors such that, even after an intra-
peritoneal injection, the strain carrying this mutation de-
creased virulence 10*-fold. This second phenotype was also
seen with the 5'-end deletion mutants of flaD and flaE, and this
phenotype may be dominant to the wild-type phenotype since
complementation of the mutant phenotype was not possible.
Interestingly, these mutants carried a deletion at the amino
terminus of the proteins instead of the carboxy terminus as for
FlaA. In support of this hypothesis, the flagellum-specific ex-
port pathway has been suggested to involve the recognition of
a structural conformation of the flagellar proteins at the sec-
ondary level or higher (10). The amino termini of two flagellar
proteins, E. coli flagellin (16) and Caulobacter flagellar hook
protein (14), have been shown to be essential for the secretion
of these proteins. In addition, a recent study (3) identified a
potential antisense RNA that is induced in vivo and that is
transcribed from the 3’ end of a flagellin gene in V. cholerae.
Although the biological significance of this antisense transcript
is unknown, Camilli and Mekalanos (3) speculated that it may
down-regulate flagellin synthesis. If this is true, then with fur-
ther speculation the involvement of flagellin proteins in the
regulation of virulence determinants could be explained in the
following way. In vitro or outside the fish model, the flagellin
antisense RNA is uninduced. This allows flagellar biosynthesis,
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which is required for the motility needed to enter the fish host.
Once V. anguillarum enters the fish host, motility is not re-
quired for the progression of vibriosis, and thus the transcrip-
tion of antisense RNA molecules which repress the expression
of FlaA, FlaD, and FlaE is induced. Once the flagellin genes
are repressed, then virulence genes required for the progres-
sion of disease after the bacterium enters the fish are dere-
pressed.

The analysis of the flagellar proteins of V. anguillarum by
SDS-PAGE indicated that FlaA, -B, -C, and -D differed in
molecular mass (i.e., 40, 41, 42, and 45 kDa, respectively), even
though the DNA sequence predicted proteins that are almost
identical in size (i.e., 40.1, 39.5, 40, and 39.6 kDa). This obser-
vation suggests posttranslational modification. Other organ-
isms have been shown to have flagellar proteins that are post-
translationally modified. For example, the flagellar filaments of
P. aeruginosa contain phosphorylated tyrosines (13), and those
of Campylobacter spp. have been suggested to have phosphor-
ylated serines (17). Salmonella typhimurium contains &-N-
methyllysine residues in its flagellar filaments (12), and
halobacterial flagellins are sulfated glycoproteins (31). The
function, if any, of the modification of the flagellin proteins
remains to be determined.

Although the polar flagella of V. anguillarum and V. para-
haemolyticus appear to be structurally very similar with this
initial examination, there is one noticeable difference when
comparing the results of the V. parahaemolyticus study (19)
with those of this study and the previous V. anguillarum study
(23). McCarter (19) reported that the loss of any single flagel-
lin protein from the flagellar filament only slightly decreased
the motility of V. parahaemolyticus. While the same is true if
either FlaB, -C, -D, or -E is removed from the filament of V.
anguillarum, loss of FlaA from the filament diminished motility
to 50% of that for the wild type (23). Several possible expla-
nations for this difference may be made. First, the flagellin
localization within the filaments of the two species may be
different. Thus, the structural role of the flagellin homologs
may be different. Second, the two ORFs upstream of the flaB
gene and downstream of the flaD gene in V. parahaemolyticus
may code for two additional flagellin proteins that may struc-
turally differentiate the flagellar filament of these two organ-
isms. Clearly, localization of the flagellin proteins within the
filament of V. anguillarum and V. parahaemolyticus may help
elucidate this difference in phenotype.

Recently, flagellar length was suggested to be regulated at
the level of export since cells that contain multiple copies of
the flagellin gene have abnormally long filaments (1). In this
study, we show that a plasmid insertion in ORF3 causes an
elongated flagellar filament. This suggests that either ORF3,
for which no function is known, or a downstream gene has a
possible role either in regulating export of flagellin proteins or
in the regulation of flagellin gene expression. If ORF3 has a
role in export, then it could aid in the identification of the
unidentified export machinery for the flagellar proteins.

In summary, this work continues the analysis of the complex
structure of the flagellum of V. anguillarum and of the role that
the flagellum plays in the virulence of this organism. Four
additional flagellin genes, flaBCDE, were identified, and the
protein products of three of these genes have been shown to be
a part of the flagellar filament. The potential for this many
flagellin subunits present in a flagellar filament is unusual.
There is only one bacterium to have been reported with five
flagellin genes, Halobacterium halobium (6). Virulence analysis
of strains with defects in these genes suggests that FlaD and
FlaE, like FlaA, may play a role in the regulation of virulence.
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