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The fish pathogenic bacterium Vibrio anguillarum 775.17B was mutated by the use of transposon Tn5-132.
Two hundred independent exconjugants were isolated and screened for a reduction of virulence in experimental
infections of rainbow trout (Onchorhynchus mykiss). Two of these exconjugants, VAN20 and VAN70, showed
a significant reduction in virulence after both intraperitoneal and immersion infections. The avirulent mutants
showed no loss of any previously suggested virulence determinants of V. anguillarum. One of the mutants
(VAN70) was further characterized. DNA sequence analysis revealed two open reading frames, the gene into
which Tn5-132 had been inserted (vird) and a closely linked upstream gene (virB). A virB mutant of 775.17B,
NQ706, was isolated and also shown to be avirulent. The deduced amino acid sequences of vir4 and virB
correspond to proteins with molecular weights of 36,000 and 42,000, respectively. Insertional mutagenesis of
the corresponding vir4 and virB genes of a clinical isolate of V. anguillarum, serotype O1, also resulted in
avirulence. In immunoblot experiments, the total cell lysates of VAN70 (vir4) and NQ706 (virB) did not respond
to a rabbit polyclonal antiserum directed against whole cells of 775.17B (wild type). This suggests that vir4 and
virB are involved in the biosynthesis of a major surface antigen important for the virulence of V. anguillarum.
Immunogold electron microscopy showed that a constituent of the flagellar sheath was expressed by 775.17B
(wild type) but not by VAN70 (vir4) and NQ706 (virB), suggesting that the major surface antigen lacking in
VAN70 and NQ706 is located on the outer sheath of the flagellum. Analysis of this major surface antigen
revealed it likely to be lipopolysaccharide. Further analysis showed that the flagellum and the major surface
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antigen were expressed in vivo during fish infections.

The fish pathogen Vibrio anguillarum is the causative
agent of vibriosis, a widespread bacterial disease among
farmed fish. Although vibriosis has been the cause of a
number of epizootics in fish farms, studies of the bacterial
properties contributing to virulence have so far been limited.
A major virulence factor is the plasmid-encoded, iron-
sequestering system which enables the bacterium to survive
in the iron-deficient interior of the fish (40). The genetic
organization and the regulation of this iron-sequestering
system have been extensively investigated by Crosa and
coworkers (1, 6, 30, 38). Loss of the plasmid or mutations
within the iron-sequestering genes have been shown to
render the bacterium avirulent (7, 33, 38). Another factor
which has been indicated to be important for the invasion of
V. anguillarum is the extracellular zinc metalloprotease. A
regulatory mutation that resulted in a reduced extracellular
proteolytic activity showed a concomitant reduction of vir-
ulence when rainbow trout (Onchorhynchus mykiss) were
infected by immersion (25).

Properties such as serum resistance (36), possession of
flagella (5), and production of extracellular cytotoxic prod-
ucts (17) and hemolysin (22) have also been suggested to be
involved in the virulence, but so far only limited data have
been shown. Thus, the role of these suggested determinants
in virulence remains to be proven.

The aim of this study was to search for novel virulence
factors of V. anguillarum by transposon mutagenesis fol-
lowed by a screening for avirulent mutants by experimental
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fish infections. Among 200 independently isolated mutants, 2
avirulent mutants were isolated. We describe the genetic
characterization of one of these mutants, VAN70, and show
that this mutant is affected in the expression of a major
surface antigen which is located solely on the flagellar sheath
and which is essential for the virulence of V. anguillarum.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids used in this study are described in Table 1. Serotyping
of the V. anguillarum strains is by the method of Sérensen
and Larsen (34).

Conjugation and transposition experiments. Plasmid
pRK2013, which contains the transposon Tn5-132 (tetracy-
cline resistance), was transferred from Escherichia coli C600
to V. anguillarum 775.17B by conjugation on filters by the
method of Norqvist et al. (24). Derivatives of the suicide
vector pNQ705 were also transferred from E. coli SM10,
which expresses the 7 protein necessary for the replication
of the plasmids, to strains of V. anguillarum by filter
conjugations. Earlier studies have shown that the isolation of
spontaneous antibiotic-resistant strains of V. anguillarum
might affect the virulence (24). Therefore, when insertional
mutagenesis of V. anguillarum NB10 was performed, thio-
sulfate-citrate-bile-sucrose (Difco) agar plates were used as
the counterselection, thereby avoiding the use of antibiotic-
resistant strains as recipients.

Experimental fish infections. Experimental fish infections
of rainbow trout (O. mykiss) were performed as described
previously (24). The 50% lethal dose (LDs,) was calculated
by the method of Reed and Muench (27).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference or source
E. coli
C 600 pRK2013::Tn5-132, Tet" 9
S17-1 thi pro hsdR hsdM™ recA RP4-2-Tc::Mu-Km::Tn7 32
SM10 thi thr leu tonA lacY supE recA RP4-2-Tc::Mu-Km 32
Y1088 supE supF metB trpR hsdR hsdM" tonA21 strA lacU169 42
(proC::Tn5 [pMC9])
Y1090 AlacU169 proA Alon araD139 strA supF (trpC22::Tn10 [pMC9]) 42
BL21 F~ ompT rg"mg~ pLysS 28
V. anguillarum
775.17B wt, serotype O1, Rif* Str" Amp* Kan" 24
VANT0 775.17B (virA::Tn5-132), Tet" 24
NB10 wt, serotype O1, Amp’ Kan' 24
NQ104 NB10 (vir4::pNQ7051), Cml” This study
NQ105 NB10 (pNQ7051), Cml" This study
NQ107 NBI10 (virB::pNQ7056), Cml* This study
NQ706 775.17B (virB::pNQ7056), Cml* This study
6018/1 wt, serotype O1, Amp* Kan* 34
53-507 wt, serotype O1, Amp* Kan* 34
S. typhimurium LT2A wt B. N. Ames
Plasmid
pUC19 Amp’ 41
pUC4K Kan" Amp" 37
pSUP202 Amp’ Cml" Tet’ 32
PSKT/pSKC + derivatives Cml/Tet"; see text This study
pGP704 Amp’ 21
pNQ705 Cml’; see text This study
pNQ7051 Cml"; see text This study
pNQ7056 Cml; see text This study
pET3a Amp” 28
pAFO1 Amp* Cml; see text This study
Bacteriophage Apir PirRK6 18

Detection of proteolytic and hemolytic activities and of
iron-sequestering capacity. Detection of protease activity
was performed by patching the bacteria on Trypticase soy
agar containing 1% skim milk (29). A transparent zone
around the colony indicated proteolytic activity. Hemolytic
activity was indicated by a zone of clearing when the
bacteria were patched onto Trypticase soy agar plates sup-
plemented with 5% horse blood. Bacteria were tested for the
ability to sequester iron by patching them onto minimal salts
(M9) agar plates supplemented with 2% NaCl and 25 uM
EDDA [ethylenediamine-di(o-hydroxyphenyl) acetic acid].

Construction of genomic libraries in Agtll. Chromosomal
DNA of the transposon mutant VAN70 was digested with
EcoRIl and ligated to EcoRI-digested dephosphorylated
Agtll arms (Promega). The ligation mixture was then pack-
aged into phage heads (Promega). Amplification of the
recombinant phage library was done with E. coli Y1088 (42).
A genomic library of strain 775.17B was also constructed.
An adapter with EcoRI and BamHI sticky ends was ligated
to DNA fragments from a Sau3A partial digest of 775.17B
chromosomal DNA, phosphorylated with T4 polynucleotide
kinase, and then ligated to EcoRI-digested dephosphorylated
Agtll arms. Packaging of the recombinant DNA into the A
phage heads and amplification of the genomic library were
done as described above.

Screening of Agtll genomic libraries. Recombinant phages
from the genomic libraries of strain 775.17B or VAN70 were
plaqued on E. coli Y1090 (42). The phage DNAs of the

plaques were absorbed to nitrocellulose filters (BASS;
Schleicher & Schuell), denatured with 0.5 M NaOH-1.5 M
NaCl, neutralized with 0.5 M Tris-HCI-1.5 M NaCl, and
baked under vacuum at 80°C for 2 h. Prehybridizations,
hybridizations, and filter washings were performed by the
methods of Maniatis et al. (20). Filters were then exposed to
Dupont Cronex4 X-ray film with an intensifying screen.
Positive plaques were picked and phage DNA was prepared
by the methods of Maniatis et al. (20).

The probe used in screening the VAN70 genomic library
was a [y->?P]ATP 5'-end-labelled, 30-bp synthetic oligonu-
cleotide, complementary to a part of the IS; of Tn5-132. A
600-bp fragment of Vibrio DNA from a positive clone of the
VANT70 genomic library was used as a probe when the Agtll
genomic library of 775.17B was screened. The probe in this
screening was radiolabeled with the Amersham Multiprime
DNA Labelling System per the manufacturer’s instructions.

Subcloning and DNA sequencing. Restriction fragments
from a positive Agtll recombinant phage of 775.17B were
subcloned into pUC19 (41). Dideoxy sequencing (31), with
T7 DNA polymerase (Pharmacia), of plasmid DNA, isolated
by the alkaline lysis method (20), was done by walking along
each fragment with 17-bp oligonucleotide primers, which
were synthesized on a Beckman SM automated DNA syn-
thesizer. The sequencing data were analyzed with the com-
puter program of the Genetics Computer Group (Madison,
Wis.).

The vir4 and virB genes were expressed by the phage T7
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expression system described by Rosenberg et al. (28), by
cloning polymerase chain reaction (PCR)-generated frag-
ments containing either vird or virB into the translation
vector pET3a. The PCR primers used were 30-bp oligonu-
cleotides complementary to bases (in Fig. 1) 372 (5') to 401
(3") (primer B1) and 1453 (3') to 1482 (5') (primer B2) for virB
and bases 1470 (5') to 1499 (3') (primer Al) and 2376 (3') to
2405 (5') (primer A2) for virA.

Construction of recombinant plasmids used for transcom-
plementation experiments with VAN70 and NQ706. The mo-
bilizable cloning vector pSUP202 (32) was shown to replicate
in V. anguillarum and was therefore used as the vector in
transcomplementation studies. From a positive Agtll recom-
binant phage of 775.17B, a 3.3-kb Kpnl fragment containing
virA and virB was subcloned into pSUP202 as follows.
pSUP202 was digested with BamHI and Sall. The digested
vector was purified from an agarose gel and ligated to the
Kpnl fragment by using two short synthetic oligonucleo-
tides, which ligate to BamHI or Sall sticky ends and
generate a Kpnl sticky end. This recombinant plasmid was
designated pSKT1.

pSKT1 was further manipulated (schematically illustrated
in Fig. 2) for use in transcomplementation studies. (i) A
306-bp in-frame deletion (bases 609 to 914 in Fig. 1) was
generated in virB by using a PCR method described by Ho et
al. (15). The PCR product was then digested with Bg/II and
Sphl and ligated to BgllI-Sphl-digested pSKT1. In the
generated PCR fragment of the resulting plasmid, designated
pSKT4, BamHI and Spel restriction sites were also inserted.
(ii) A virA deletion was generated by digesting pSKT1 with
Sphl and BstEIl, filling in the ends with T4 DNA poly-
merase, and then ligating (derivative designated pSKT?9). (iii)
An out-of-frame mutation in virB, pSKT42, was constructed
by cloning a BamHI-digested kanamycin gene block from
plasmid pUC4K (37) into virB of plasmid pSKT4, which had
been digested with BglII and BamHI.

The 3.3-kb Kpnl fragment was also subcloned into the
EcoRlI site of pSUP202 by first digesting the vector with
EcoRI and then ligating the digested pSUP202 with the Kpnl
fragment by the use of a short synthetic oligonucleotide,
which when ligated with the digested vector generated
compatible ends with the Kpnl-digested DNA. The resulting
plasmid was designated pSKC1. An in-frame deletion in virB
of pSKCI1, designated pSKCS5, was constructed with the
same strategy as for pSKT4.

For transcomplementation studies, the recombinant plas-
mids were mobilized from E. coli S17-1 (32) into V. anguil-
larum 775.17B (wild type [wt]), VAN70 (vir4), and NQ706
(virB) by conjugation.

Construction of suicide vectors for insertional mutagenesis
of vir4 and virB. Since the V. anguillarum strains used in this
study were ampicillin resistant, the ampicillin resistance
gene in the suicide plasmid pGP704 (21) was replaced by the
chloramphenicol acetyltransferase (CAT) gene of pAF0l1.
Plasmid pAFO01 (kindly provided by Ake Forsberg, Ume3,
Sweden) is a pBluescript derivative into which the CAT gene
of pACYC184 has been subcloned. pACYC184 was digested
with Xholl and Accl, generating a 1.4-kb fragment that
harbored the CAT gene. This fragment was blunt ended and
ligated into the EcoRYV site of pBluescript, thereby generat-
ing plasmid pAF01. Plasmid pGP704 was digested with PszI
(unique site in the ampicillin gene) and Sall (unique site in
the multiple cloning cassette). The digested vector was gel
purified and ligated to a PstI-Sall fragment from plasmid
pAFO01 which contained the CAT gene. The resulting plas-
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mid, designated pNQ705, encoded chloramphenicol resis-
tance instead of ampicillin resistance.

Plasmid pNQ705 can be mobilized into V. anguillarum by
transfer functions provided by a derivative of RP4 integrated
into the chromosome of SM10 (32), but it cannot replicate in
V. anguillarum because the 1 protein, which is needed for
plasmid replication, is lacking in V. anguillarum.

For insertional mutagenesis of V. anguillarum, recombi-
nant plasmids of pNQ705 which contained internal frag-
ments of vird and virB (underlined in Fig. 1) were con-
structed. The recombinant plasmids were transferred into V.
anguillarum strains by conjugation as described above.

Preparations of total cell lysates and LPS. Total cell lysate
preparations of V. anguillarum strains and proteinase K
treatment of the total cell lysates were done by the methods
of Hitchcock and Brown (14). When total cell lysates were
treated with periodate, the cells were incubated for 1 h in the
dark in 30 pl of 10 mM periodic acid in 50 mM sodium
acetate, pH 4.5. After incubation, 20 ul of 4x sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (19) was added, and the samples were
incubated for 10 min at 95°C. Lipopolysaccharides (LPS)
were prepared by the method of Westphal and Jann (39).
When LPS were intrinsically radiolabelled with 2P, cells
were grown in Trypticase soy broth medium containing 10
nCi of NaH,[*?P]O, per ml.

SDS-PAGE and immunobletting. SDS-PAGE of total cell
lysates and LPS preparations were performed by the meth-
ods of Laemmli and Favre (19). Immunoblotting (Western
blotting) after SDS-PAGE was performed essentially as
described by Swanson et al. (35). The antiserum used in the
immunoblot experiments was either a rabbit antiserum
raised against formalin-killed whole cells of V. anguillarum
775.17B (24) or a rabbit antiserum raised against LPS of V.
anguillarum 40T (kindly provided by D. H. Shaw, New-
foundland, Canada).

Immunogold electron microscopy. Preparation of the sam-
ples for the immunogold electron microscopy was done as
deseribed by Nyberg et al. (26). ,

Recombinant DNA techniques. Restriction endonucleases,
T4 DNA ligase, T4 DNA polymerase, T4 polynucleotide
kinase, and the Klenow fragment of polymerase I were used
as described by Maniatis et al. (20). Restriction fragments
were isolated from agarose, using the GeneClean Glassmilk
kit (Bio101 Inc.).

RESULTS

Isolation of avirulent transposon mutants of V. anguillarum.
V. anguillarum 775.17B was mutagenized by transposition of
Tn5-132. Southern hybridization, using EcoRI-digested
chromosomal DNA of six randomly picked exconjugants
and an oligonucleotide probe complementary to Tn5-132,
showed that the transposon incorporated randomly into the
chromosome (data not shown). Two hundred exconjugants
were screened for their virulence properties by immersion
infections of rainbow trout (O. mykiss) at 18°C for 30 min.
The infection dose was 5 x 10° bacteria per ml, which was
the LDy, of the parent strain 775.17B. Mortality was moni-
tored daily for 7 days: Two avirulent exconjugants, VAN20
and VAN70, were isolated. To confirm the avirulent pheno-
types of the mutants, LDs,s were determined. Résults were
similar for both mutants. The LDy, after intraperitoneal (i.p.)
infection was 107 bacteria; after infection by immersion, the
LDs, exceeded 2 x 10° bacteria per ml. The corresponding
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LD, values for the parent strain 775.17B were 10> (i.p.) and
5 x 10° (immersion) per ml.

Characterization of the transposon mutants. The two avir-
ulent mutants were tested for the ability to sequester iron by
growth on minimal plates containing the iron chelator
EDDA. They both grew, indicating that the transposon had
not been incorporated into the 65-kb pJM1 plasmid (38) or
into some chromosomally located genes involved in the iron
uptake system of the bacterium. This was confirmed by
digesting the 65-kb plasmids of the two mutants with
BamHI. No difference was observed when the digestion
pattern of the plasmid from the parent strain 775.17B was
compared with those of the plasmids from the mutants (data
not shown).

Southern hybridization of EcoRI-digested chromosomal
DNA from the two mutants revealed that two copies of the
transposon had been incorporated into the chromosome of
VAN?20, while only one copy was inserted into the chromo-
some of VAN70 (data not shown). We therefore concen-
trated our studies on VAN70.

Two extracellular proteins have been suggested to be
involved in the virulence of V. anguillarum, a metallopro-
tease (25) and a hemolysin (22). The ability of VAN70 to
express proteolytic and hemolytic activities was detected by
a zone of clearing on Trypticase soy agar plates containing
either 1% skim milk or 5% horse blood. The parent strain
775.17B and the mutant VAN70 expressed comparable pro-
teolytic as well as hemolytic activities (data not shown).

Growth rate and auxotrophy are two other factors that
might affect the virulence of bacteria. To study whether the
incorporation of the transposon changed the growth rate of
VANT70 and/or whether the mutant had become auxotrophic,
775.17B and VAN70 were grown at 20°C in MOPS (morpho-
linepropanesulfonic acid) minimal medium containing only
salts and glucose as the carbon source (23). Both strains
grew well in the minimal medium, showing that the mutant
had not become aiixotrophic. Moreover, the generation time
for both 775.17B and VAN70 was 210 min, indicating that
the change in virulence was not due to a change in growth
rate of the mutant.

Cloning of the transposon-inactivated gene and nucleic acid
analysis. To clone the transposon-inactivated gene, a Agtll
genomic library of EcoRI-digested chromosomal DNA of
mutant VAN70 was constructed and screened by using a
probe complementary to the transposon. Plaques containing
part of the transposon-inactivated gene were isolated by
plaque hybridization, and a 600-bp fragment of the target
gene (isolated from a positive plaque of VAN70) was used as
a probe in plaque hybridization of a Agtl1-775.17B (wt)
genomic library. This resulted in the isolation of a recombi-
nant phage containing a 6-kb fragment of 775.17B DNA.
Restriction enzyme analysis showed that the transposon
insertion site mapped in the middle of the 6-kb fragment.

A 3.3-kb Kpnl fragment of the cloned 6-kb fragment was
subcloned into pUC19 and sequenced (Fig. 1). The sequence
revealed two open reading frames, vird and virB, which
encode possible polypeptides of 304 and 362 amino acids,
respectively. The insertion site of Tn5-132 was mapped to
the 3’ end of virA (base 2281 in Fig. 1). A potential promoter,
homologous to E. coli consensus sequences, was found
upstream of the putative transcriptional start of virB. In
addition, a second possible promoter was found upstream of
the suggested transcriptional start of vir4 and within virB.
Potential terminator sequences were found in the 3’ end of
both virB and vird (Fig. 1). No other open reading frames
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could be found when the DNA sequences 380 bp upstream of
virB and 800 bp downstream of vird were analyzed.

The virA and virB genes were subcloned under the control
of the phage T7-inducible expression system (28). After
induction of the vir4 and virB clones, protein profiles of total
cell lysates were analyzed by SDS-PAGE. The vir4-contain-
ing construct overexpressed a protein of 36 kDa, and the
virB construct showed a predominant band of 39 kDa (data
not shown). The molecular weights of these proteins corre-
sponded to the estimated sizes calculated from the deduced
amino acid sequences of vir4 and virB.

Insertional mutagenesis in virB. To investigate whether
VirB was also an essential virulence determinant of V.
anguillarum, an insertional mutation was made in virB. A
340-bp internal virB fragment (underlined in Fig. 1) was
cloned into the suicide vector pNQ705 (Cml®). The resulting
plasmid (pNQ7056) was mobilized into the wt strain 775.17B
by conjugation. Since pNQ705 derivatives cannot replicate
in V. anguillarum, chloramphenicol-resistant exconjugants
should contain pNQ7056 integrated into the chromosome
within virB by a single homologous recombination step. The
insertion of pNQ7056 into virB was confirmed by PCR, using
avirB-specific primer and a pNQ705-specific primer (see Fig.
4, lanes I and J), and by Southern hybridization of Xbal-
digested chromosomal DNA of the isolated exconjugants
(data not shown). One exconjugant, designated NQ706
(virB), was used for i.p. infections of rainbow trout (O.
mykiss). The LDs, of NQ706 was 7 x 10°, compared with the
parent strain 775.17B, which had an LDs, of 10%, indicating
that virB was also important for the virulence of V. anguil-
larum.

Transcomplementation of VAN70 and NQ706. To establish
whether virB and vir4 each were essential for the virulence
of V. anguillarum, plasmid derivatives of the mobilizable
cloning vector pSUP202 (Cml" Tet" Amp®) containing vird or
virB or both were constructed and used for transcomplemen-
tation of VAN70 (vir4) and NQ706 (virB).

A 3.3-kb Kpnl fragment, containing vird and virB, was
subcloned into either the tetracycline gene (resulting plasmid
pSKT1) or the CAT gene (resulting plasmid pSKC1) of
pSUP202. Subcloning into the CAT gene was necessary for
use of the plasmid derivatives in transcomplementation
studies of NQ706 (virB), which was chloramphenicol resis-
tant. The subcloned Kpnl fragment was oriented in the
opposite direction compared with the tetracycline and chlor-
amphenicol genes to ensure that the expression of vir4 and
virB was determined by their own promoters. pSKT1 and
pSKC1 were further manipulated by creating an in-frame
mutation in virB (pSKT4 and pSKCS), by deleting a part of
virA (pSKT?9), and by inserting a kanamycin gene block into
virB (pSKT42). The constructs are illustrated in Fig. 2 (for
detailed descriptions of the construction of the different
plasmid derivatives, see Materials and Methods).

The various plasmid derivatives were transferred by con-
jugation to VAN70 (vird), NQ706 (virB), and also to the
parent strain 775.17B. Experimental i.p. fish infections with
the various exconjugants were performed. The LDg;s of
775.17B (wt), VANT0 (vird), NQ706 (virB), and the excon-
jugants are shown in Table 2. As shown, pSKT1 (vird*
virB*), pSKT4 (virA*), and pSKT42 (virB::kana vird™)
restored the virulence of VAN70 (vir4). On the other hand,
the transcomplementation analysis of NQ706 (virB) was not
as conclusive as that of VAN70 (vird). Neither pSKC1
(virdA* virB*) nor pSKCS5 (virA™) could transcomplement
NQ706 (virB). However, the negative results could be ex-
plained by poor growth of the strain carrying pSKC1 and
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G‘.l'TTAT§(23ACTATGTAGATACAGAGTéGAgTTTAAGAGCTAGATATTTGGGGAATCTGATACTCGTCGATCCTCAGTTAGTTATGGéGggTGAGATTGGC

3270 3290
ACTGATAATCTCAAGCTTTTTAAATGGAGAGTTCCTGTCCACTCCGCTTCACGCCGATATTACCGAATTAGAAACTCATTTTTTCTTTTTAGGTACC
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FIG. 1. Nucleotide sequence of the coding region for virB and virA. The sequence shown includes a 3.3-kb Kpnl fragment. The deduced
amino acid sequences of virB and vird correspond to proteins with molecular weights of 42,000 and 36,000, respectively. The possible
translational starts of virB and vir4, the potential promotor sequences (—35 and —10), the suggested ribosome-binding sites (Shine-Dalgarno
[SD]), and the terminators are indicated. The DNA fragments that were cloned into vector pNQ705 for generating the insertion mutants
NQ104 (vird), NQ706 (virB), and NQ107 (virB) are underlined. The nucleotide sequence of the 3.3-kb fragment has been submitted to

GenBank and assigned accession number L08012.

pSKCS5 and by uncertainties of plasmid stability within
NQ706 (virB) during the fish infections. The presence of
plasmid constructs in the wt 775.17B slightly reduced the
virulence. Thus, these results suggest that both vir4 and virB
appear to be essential for the virulence of V. anguillarum.
Insertional mutagenesis of a clinical isolate of V. anguil-
larum. To investigate whether the virB-vir4 region of the wt
strain 775.17B could be found in other isolates of V. anguil-
larum, a PCR analysis was performed with virB- and vir4-

specific primers. The strains tested were all of serotype O1.
Fragments, which corresponded to the expected sizes of
virA and virB, were found in all tested strains (Fig. 3).

The observation that the virB-vird region seemed to be
conserved in strains of serotype Ol led to the question of
whether virA and virB were important for virulence in those
strains as well. We therefore studied a clinical isolate of
serotype O1, NB10. For insertional mutagenesis, a 350-bp
internal vir4 fragment of 775.17B (underlined in Fig. 1) was
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FIG. 2. Schematic illustration of a 2.4-kb Kpnl-Xbal fragment harboring virB and vir4. Important restriction sites and insertion sites of
the recombinant plasmids pNQ7051 and pNQ7056 and of the transposon Tn5-132 are marked. Plasmid derivatives of pSKT1 and pSKC1 are
also shown. Deletions in pSKT4/pSKC5 and pSKT9 are indicated by shaded boxes. Note that the 1.4-kb kanamycin gene block in pSKT42

is out of scale.

subcloned into suicide plasmid pNQ705. The resulting plas-
mid, designated pNQ7051, and also pNQ7056 (described
above) were mobilized into the wt strain NB10 by conjuga-
tion. Insertion of the plasmids into the putative vir4 and virB
genes was confirmed by PCR (Fig. 4). Insertion mutants in
virA (named NQ104) and virB (named NQ107) which had the
mobilized suicide plasmids incorporated into vir4 and virB
on the chromosome of NB10 were isolated. The insertion
site of pNQ7056 in NQ107 was identical to the insertion in
NQ?706 (Fig. 4). The results were also confirmed by Southern
hybridization of Xbal-digested chromosomal DNA of the
isolated mutants (data not shown). A third exconjugant
(NQ105) with an insertion site of pNQ7051 outside of vir4
and virB, by nonhomologous recombination, was also iso-
lated for use as a control. The three strains, together with the
wt strain NB10, were used to infect rainbow trout by i.p.
infections. Both NQ104 (vir4) and NQ107 (virB) showed
considerably higher LDs,s compared with the wild-type
NB10 and NQ105, showing that these two mutants were

avirulent (Table 3). This strongly suggests that vir4 and virB
have identical chromosomal locations within NB10, as for
775.17B, and that vir4 and virB are essential for the viru-
lence of both V. anguillarum strains NB10 and 775.17B.
Phenotypic characterization of the vir4 and virB mutations.
To characterize the functional aspects of the vir4 and virB
mutations, a rabbit polyclonal antiserum, raised against
whole cells of strain 775.17B, was used. Total cell lysates of
775.17B (wt), VANT0 (vird), and NQ706 (virB) were pre-
pared and separated by SDS-PAGE. The separated lysates
were blotted to nitrocellulose filters, and Western analysis
was done, using the whole-cell antiserum, to detect potential
differences in the antigenic patterns of 775.17B, VAN70, and
NQ706. Interestingly, the lysates of VAN70 (vir4) and
NQ706 (virB) did not respond to the antiserum (Fig. 5).
Total cell lysates of 775.17B were then treated with either
proteinase K or periodic acid, and these lysates were sepa-
rated on SDS-PAGE and blotted to nitrocellulose filters.
Proteinase K treatment did not affect the antigenic pattern,

TABLE 2. LDs, values after i.p. infection of rainbow trout of the parent strain 775.17B, VAN70 (vir4), and NQ706 (virB) and
transcomplemented derivatives of these strains

. Transcomplementin, Geno of LD
Strain Genotype plazmid 8 plast}r'npifi (no. of b;gteria)
775.17B wt 1x10°
775.17B wt pSKT4 virB virA* 7 x 10°
775.17B wt pSKT9 virB* vird 7 x 10°
VAN70 vird::Tn5-132 1 x 107
VAN70 virA::Tn5-132 pSKT1 virB* vird* 2 x 10*
VAN70 virA::Tn5-132 pSKT4 virB virdA* 2 x 10°
VANT70 virA::Tn5-132 pSKT9 virB* vird 1 x 107
VAN70 virA::Tn5-132 pSKT42 virB virA* 5 x 10°
NQ706 virB::pNQ7056 7 x 108
NQ706 virB::pNQ7056 pSKC1 virB* vird* 2 x 10°
NQ706 virB::pNQ7056 pSKC5 virB virA* >1 x 107
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FIG. 3. PCR-generated fragments of different strains of V. an-
guillarum, serotype O1, using vird (primers Al and A2; see Mate-
rials and Methods) (lanes A to D) and virB (primers Bl and B2; see
Materials and Methods) (lanes F to I)-specific primers. The strains
tested were 775.17B (lanes A and F), NB10 (B and G), 53-507 (C and
H), and 6018/1 (D and I). Lane E is a 1-kb DNA ladder (Bethesda
Research Laboratories).

while periodate treatment almost completely abolished the
response, indicating that the antigen recognized by the
antiserum was a carbohydrate structure, presumably LPS
(Fig. 5). LPS was therefore prepared from 775.17B (wt) and
VANT70 (vir4) by the method of Westphal and Jann (39).
Also, the LPS of Salmonella typhimurium LT2A was pre-
pared to compare the prepared LPS of V. anguillarum with
a classical LPS pattern of a smooth S. typhimurium strain.
Both the water and phenol phases were analyzed for the
presence of LPS. Intrinsically, *’P-radiolabelled LPS prep-
arations of the three strains were also prepared in parallel.
The preparations were separated by SDS-PAGE and silver
stained (data not shown) or autoradiographed (Fig. 6). The
water-phase preparations of the V. anguillarum strains
showed no obvious difference when 775.17B (wt) and

FIG. 4. PCR-generated fragments of V. anguillarum 775.17B and
NBI10 and avirulent mutants generated from these strains. Lane A,
775.17B with virA-specific primers (primers Al and A2; see Mate-
rials and Methods); lane B, VAN70 with a vir4-specific primer (Al)
and a Tn5-132-specific primer; lane C, VAN70 with a vir4-specific
primer (A2) and a Tn5-132-specific primer; lane D, NB10 with
vir4-specific primers (Al and A2); lane E, NQ104 with a vird-
specific primer (Al) and a pNQ705-specific primer; lane F, NQ104
with a vird-specific primer (A2) and a pNQ705-specific primer; lane
H, 775.17B with virB-specific primers (primers Bl and B2; see
Materials and Methods); lane I, NQ706 with a virB-specific primer
(B1) and a pNQ705-specific primer; lane J, NQ706 with a virB-
specific primer (B2) and a pNQ705-specific primer; lane K, NB10
with virB-specific primers (Bl and B2); lane L, NQ107 with a
virB-specific primer (Bl) and a pNQ705-specific primer; lane M,
NQ107 with a virB-specific primer (B2) and a pNQ705-specific
primer. Lane G is a 1-kb DNA ladder (Bethesda Research Labora-
tories).

INFECT. IMMUN.

TABLE 3. LD;, values after i.p. infection of rainbow trout with
the wt strain NB10, NQ104 (vird), NQ107 (virB), and NQ105
(virB* vird*)

. LD.

Strain Genotype (no. of b;?:teria)
NB10 wt 20
NQ104 vird::pNQ7051 2 x 107
NQ107 virB::pNQ7056 2 x 107
NQ105 virB* vir4*, pNQ7051 30

VAN?70 (virA) were compared. Both strains showed a rough
LPS pattern containing a predominant core similar to the
core of S. typhimurium (Fig. 6, lanes A to C). In contrast, the
phenol-phase preparations showed a clear difference be-
tween 775.17B (wt) and VAN70 (virA). The wt strain showed
four high-molecular-weight bands which were lacking in the
mutant (Fig. 6, lanes D and E). The silver-stained separated
preparations showed the same pattern as the radiolabeled
preparations, although the O-polysaccharide side chain lad-
der of S. typhimurium was more pronounced in the silver-
stained gel (data not shown).

The LPS preparations of 775.17B (wt) and VAN70 (vir4)
were also blotted to nitrocellulose filters after SDS-PAGE.
The whole-cell antiserum described above and, in addition,
an antiserum raised against LPS from V. anguillarum 40T (a
phenol-phase preparation) were used in the blottings. The
sera gave identical results. In the water-phase preparations
of 775.17B (wt) or VANT0 (vird), no antigenic reaction was
observed, while a pattern identical to the one observed for
the total cell lysate of 775.17B (Fig. 5, lane A) was found in
the phenol-phase preparation of 775.17B (wt) but not for
VANT70 (virA) (data not shown). Thus, these results suggest
that the major surface antigen is LPS in nature.

The total cell lysates of the transcomplemented excon-
jugants of VAN70 (vir4) and NQ706 (virB) were also tested
by Western blotting (Fig. 7), and a perfect correlation was
found between the expression of the major surface antigen
and virulence for the transcomplemented VAN70 excon-

A B (o D E E
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. 80
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R -
" 3
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FIG. 5. Immunoblotting after SDS-PAGE of total cell lysates,
using rabbit antiserum directed against whole cells of V. anguil-
larum 775.17B. Lane A, untreated lysate of 775.17B; lane B,
proteinase K-treated lysate of 775.17B; lane C, periodate-treated
lysate of 775.17B; lane D, untreated lysate of VAN70; lane E,
untreated lysate of NQ706; lane F, prestained molecular weight (10%)
standards (Bio-Rad).
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30-
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FIG. 6. Autoradiogram after SDS-PAGE of intrinsically 3?P-
radiolabelled LPS preparations isolated from V. anguillarum and S.
typhimurium. Lanes A to C are water phases after extractions as
described by Westphal and Jann (39); lanes D to F are the phenol
phases. Lanes A and D, V. anguillarum 775.17B; lanes B and E, V.
anguillarum VANTO0; lanes C and F, S. typhimurium LT2A. The
apparent molecular weights (10°) from the Electrophoresis Calibra-
tion Kit (Pharmacia) are indicated. ;

jugants. Transcomplementation of NQ706 with pSKCl1
(virA* virB™) resulted in a response with the whole-cell
775.17B antiserum, while transcomplementation with
pSKCS5 (vird* virB) did not. This established that an inser-
tion into virB results in avirulence due to the absence of virB
per se and not because of a downstream polar effect on vir4.

When total cell lysates of the clinical isolate NB10 and its
isogenic mutants NQ104 (vird) and NQ107 (virB) were
analyzed by Western blottings, using the whole-cell 775.17B
antiserum, the same result was achieved. The antigenic
pattern obtained for 775.17B was also seen in the wt NB10
but not in the avirulent mutants NQ104 and NQ107.

The major surface antigen is a constituent of the outer
sheath of the flagellum. The phenotypic characterization of
the avirulent mutants suggested that the expression of a
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FIG. 7. Western blotting after SDS-PAGE of total cell lysates,
using rabbit antiserum directed against whole cells of the wt
775.17B. Lane A, prestained molecular weight (10°) standards
(Bio-Rad); lane B, lysate from 775.17B; lane C, lysate from VAN70
(virA); lane D, lysate from VAN70/pSKT1 (vird*); lane E, lysate
from VAN70/pSKT4 (vir4™); lane F, lysate from VAN70/pSKT9
(virA); lane G, lysate from VAN70/pSKT42 (vird*); lane H, lysate
from NQ706 (virB); lane 1, lysate from NQ706/pSKC1 (virB™); lane
J, lysate from NQ706/pSKCS5 (virB).
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major surface LPS antigen was lost in the avirulent mutants.
Immunogold electron microscopy, using the whole-cell an-
tiserum described above, showed that the antibody only
recognized the outer sheath of the polar flagellum of the wt
strain 775.17B, not the sheath of the avirulent mutant
VANT70 (Fig. 8A and B). The flagellum of V. anguillarum had
been shown earlier to be composed of a flagellin core
structure surrounded by an outer sheath (5). Our studies
confirmed this observation and demonstrated that the anti-
body bound solely to the outer sheath and not to the flagellin
filament (Fig. 8C). Interestingly, no binding of antibody to
other surface-located structures was found, although the
antiserum used was raised against whole cells. When the
avirulent mutant VAN70 (vird) was transcomplemented
with plasmid pSKT1 (vir4*), the binding of the antibody to
the flagellum could be restored (Fig. 8D). Moreover, immu-
nogold electron microscopy of the avirulent insertion mutant
NQ706 (virB) showed no binding of the antibody, while the
transcomplemented NQ706/pSKC1 (virB*) recovered bind-
ing of the antibody to the outer sheath of the flagellum (data
not shown).

The flagellum and the major surface antigen are expressed
during fish infections. Since it had been shown that VAN70
(virdA) was avirulent after i.p. infection, we asked whether
the flagellum and the major surface antigen were expressed
during fish infections. Therefore, the expression of these
structures in the fish was analyzed by immunogold electron
microscopy of bacteria isolated directly from the kidneys of
infected moribund rainbow trout (Fig. 8E and F). During fish
infections, it was found that the flagellar outer sheath was
indeed expressed by both 775.17B (wt) and VAN70 (vird);
however, the major surface antigen was expressed only by
the wt 775.17B.

DISCUSSION

In this report, we have identified a novel chromosomal
locus required for virulence of the fish pathogen V. anguil-
larum. This was achieved by screening transposon mutants
of V. anguillarum 775.17B for the loss of virulence in fish. Of
200 tested exconjugants, 2 were found to be avirulent after
both i.p. and immersion infections of rainbow trout, O.
mykiss. One of these mutants, VAN20, had two copies of
Tn5-132 inserted in the chromosome, while the other,
VANT70, had only one. VAN70 was, therefore, chosen for
further studies.

The plasmid-encoded iron-sequestering system and the
secreted metalloprotease of the bacterium are, so far, the
only well-described virulence determinants of V. anguil-
larum. No difference could be observed when the mutant,
VANT70, and its parent strain, 775.17B, were compared for
these factors. Moreover, no difference was seen for either
strain when another putative virulence factor, hemolysin,
was tested for activity. This suggests that VAN70 is defec-
tive in a novel virulence determinant not earlier described in
V. anguillarum.

The mutation in VAN70 was cloned and mapped to a
region on the chromosome which encompassed two pro-
teins, VirB and VirA. The order of transcription of the genes
was virB-virA, and the insertion site of transposon Tn5-132
was mapped to the 3’ end of vir4. By using the information
gained from nucleic acid sequence analysis, an insertion
mutant of virB was isolated (NQ706). This mutant was also
avirulent when injected into rainbow trout, indicating that
the gene products of both vird and virB are essential for
virulence in V. anguillarum.
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FIG. 8. Immunogold electron microscopy of the flagellum of V. anguillarum. (A) 775.17B (wt); (B) VANT70 (vird); (C) enlargement of a
flagellum of strain 775.17B where the sheath is partly removed (arrow); (D) VAN70/pSKT1 (vird*); (E) 775.17B (wt) isolated from the kidneys
of moribund fish; (F) VAN70 (vir4) isolated from the kidneys of a moribund fish. The antiserum used was a rabbit antiserum directed against
whole cells of 775.17B (24). Magnifications: x28,480 in panels A, B, and D to F; x70,310 in panel C.
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Because of the close proximity of vir4 and virB, it was not
obvious whether these genes were part of an operon or were
separate transcriptional units. The nucleic acid sequence
suggested potential promoters upstream of both virB and
virA that showed homology to the E. coli —35 and —10
consensus sequences. However, the —10 and the —35 boxes
were not optimally spaced when compared with E. coli
promoters. Also, potential ribosome-binding sites were
found for both genes, but the Shine-Dalgarno site suggested
for virA was not optimally positioned. There is a possibility,
however, that the transcriptional start point could be at the
GTG triplet situated 9 bp upstream of the indicated ATG
transcriptional start point of vir4, which would reduce the
spacing between the Shine-Dalgarno site and the potential
transcriptional start point of vird. Nucleic acid sequence
analyses of other Vibrio genes have also displayed promoter
sequences homologous to the consensus sequences of E. coli
(1-3, 10), and in some of these cases the spacing of the
different promoter sequences has not been optimal. Potential
terminator structures could also be found downstream of the
3’ end of virB and vir4. These observations suggested that
the two genes were contained within different transcriptional
units. The transcomplementation studies, in which different
plasmid derivatives were conjugated into VAN70 (vir4) and
NQ706 (virB) (Fig. 7; Table 2), showed that both vir4 and
virB are essential for virulence. However, it was not conclu-
sively shown whether vir4 and virB indeed were contained
within different transcriptional units.

Computer analyses of the virB and virA sequences re-
vealed that no signal sequences or membrane-spanning
regions were present in vir4 or virB. When computer homol-
ogy searches were performed with the search profiles of the
Genetics Computer Group (Madison, Wis.) with the pro-
grams TFASTA and FASTA, no significant homologies
could be found with any published nucleic acid or amino acid
sequence. This indicates that these genes are part of a novel
system important for bacterial virulence.

Western blotting experiments, in which a polyclonal rabbit
antiserum directed against whole cells of the wt strain
775.17B was used, showed a difference in the expression of
a major surface antigen between the wt strains and the
avirulent mutants tested in this study. No expression of the
major surface antigen was observed in Western blottings
when total cell lysates of VAN70 (vird), NQ706 (virB),
NQ104 (vird), and NQ107 (virB) were analyzed, suggesting
that these mutants lacked the antigen. Transcomplementa-
tion analysis of vir4 and virB mutants by fish infections and
Western blottings showed a perfect correlation between
virulence and the presence of the major surface antigen,
suggesting that the expression of the major surface antigen is
a prerequisite for virulence. Interestingly, when a total cell
lysate of the other isolated avirulent transposon mutant,
VAN20, was analyzed by Western blotting, no reaction
could be seen with the whole-cell 775.17B antiserum, sug-
gesting that VAN20 did not express the major surface
antigen (data not shown). In addition, Southern hybridiza-
tion showed that the insertion sites of the transposon in this
mutant differed from that of VAN70 since neither vir4 nor
virB was affected in VAN20 (data not shown). This would
suggest that the expression of the major antigen is dependent
on several genes located at different loci of the chromosome
of V. anguillarum. Western blottings, using total cell lysates
from strains of V. anguillarum serotype O2 and the whole-
cell 775.17B antiserum, showed that the major surface
antigen was not expressed in V. anguillarum serotype 02,
indicating that the antigen is serotype specific (data not
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shown). PCR experiments, in which vir4- and virB-specific
primers designed for strain 775.17B were used on different
strains of V. anguillarum serotype O1, supported this the-
ory. The PCRs resulted in products with sizes corresponding
to those of vir4 and virB, indicating that the virB-virA4 region
is highly conserved, at least among strains of serotype O1.
The general importance of vir4 and virB in the virulence of
V. anguillarum was also shown by insertional mutagenesis
of vird and virB of a clinical isolate of V. anguillarum
serotype Ol.

The major surface antigen was resistant to proteinase K
treatment and sensitive to periodate treatment, indicating
that the antigen was LPS. When water-phase LPS prepara-
tions were analyzed, no obvious difference in the LPS
pattern could be detected between 775.17 (wt) and VAN70
(vird). However, in phenol-phase LPS preparations, dis-
crete high-molecular-weight bands were found in 775.17B
(wt) but not in VAN70 (vir4). There are different views
about whether the LPS of V. anguillarum can be isolated
from the water phase or not. Banoub and Shaw (4) claimed
that no LPS could be isolated from the water phase, while
Eguchi et al. (8) used a water-phase preparation for chemical
analysis of the LPS of V. anguillarum. We found that the
major antigen described herein could be isolated from the
phenol phase and that this antigen reacted with an LPS-
specific antibody. Since we also isolated LPS from the water
phase, this indicates that there are two different types of LPS
in V. anguillarum, one of which is very immunogenic and
located on the outer sheath of the bacterial flagellum. The
question regarding the chemical differences of these different
LPS structures is currently under investigation. At least in
one other bacterial genus, Pectinatus, a similar observation
with two distinct LPS has been reported (13).

Immunogold electron microscopy revealed that the major
surface antigen of V. anguillarum was located on the outer
sheath of the flagellum. In most described bacterial species,
the flagellar filament has been found to consist mainly of
flagellin subunits, but the flagella of some bacteria, including
the human pathogens Helicobacter pylori (12), Vibrio chol-
erae (16), and other vibrios (11), have been found to have an
outer sheath surrounding the flagellin filament. The studies
of this sheath have been limited, and no function has been
attributed to this structure. We demonstrate the novel find-
ing that the outer sheath of the flagellum is essential for the
virulence of V. anguillarum. We know from earlier studies
that the avirulent mutant VAN70 can invade fish and trigger
an immure response (24). This suggests that the sheath
structure is not needed in the initial stages of invasion, but
rather in the generation of a fulminant systemic infection in
the fish. We could also demonstrate that the flagellar sheath
indeed was expressed in vivo during fish infections. Thus,
the flagellum of V. anguillarum is a virulence organelle
expressed during the infection of fish and consists of a
structure on the outer sheath that is highly antigenic and
essential for virulence.
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