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Aeromonas salmonicida is the etiological agent of furunculosis in salmonid fish. The disease is responsible for
severe economic losses in intensively cultured salmon and trout. Bacterin vaccines provide inadequate
protection against infection. We have constructed an aromatic-dependent mutant of A. salmonicida in order to
investigate the possibility of an effective live-attenuated vaccine. The aroA4 gene of A. salmonicida was cloned
in Escherichia coli, and the nucleotide sequence was determined. The codon usage pattern of aro4 was found
to be quite distinct from that of the vapA gene coding for the surface array protein layer (A layer). The aro4
gene was inactivated by inserting a fragment expressing kanamycin resistance within the coding sequence. The
aroA::Ka" mutation was introduced into the chromosome of virulent A. salmonicida 644Rb and 640V2 by allele
replacement by using a suicide plasmid delivery system. The aro4 mutation did not revert at a detectable
frequency (<10~"!). The mutation resulted in attenuation when bacteria were injected intramuscularly into
Atlantic salmon (Salmo salar L.). Introduction of the wild-type aroA4 gene into the A. salmonicida mutants on
a broad-host-range plasmid restored virulence. A. salmonicida mutant 644Rb aroA::Ka" persisted in the kidney
of brown trout (Salmo trutta L.) for 12 days at 10°C. Vaccination of brown trout with 10’ CFU of 4. salmonicida
644Rb aroA by intraperitoneal injection resulted in a 253-fold increase in the 50% lethal dose (LD;,) compared
with unvaccinated controls challenged with a virulent clinical isolate 9 weeks later. A second vaccination after

6 weeks increased the LD, by a further 16-fold.

Aeromonas salmonicida is a gram-negative, nonmotile,
psychrophilic bacterium which causes furunculosis, an eco-
nomically important disease of salmonid fish. The disease
can affect a wide variety of both farmed and feral teleost fish,
but the principal concern is in the intensive culture of
salmonids in which the organism can inflict severe losses
.
Clinical furunculosis is generally manifested as a hem-
morhagic septicemia with tissue necrosis and splenomegaly
(24, 29). Disease symptoms can be induced in healthy fish by
the injection of purified extracellular products (11). A num-
ber of potential virulence factors have been identified (10).
These include a glycerophospholipid-cholesterol acyltrans-
ferase, which is the major lethal toxin of A. salmonicida (25);
a 70-kDa serine protease (40) which can cause muscle
liquefaction; and a surface array protein layer (A layer)
which may function as an adhesin and protects the bacterium
from killing by preimmune and immune serum (32, 36, 38).

Despite early successful attempts at vaccination (8), the
disease continues to pose a major threat to the fish-farming
industry. Recent vaccines have been bacterin preparations
(reviewed by Austin and Austin [1] and Hastings [15]), but
the efficacy of these preparations has been poor. The nature
of the protective antigens remains to be established. The
apparent lack of correlation between antibody and protec-
tion (30) suggests that cell-mediated immunity may be im-
portant.

It is well established that live vaccines stimulate cell-

* Corresponding author.

2172

mediated immunity better than do killed whole-cell vaccines.
Aromatic-dependent mutants of the following pathogens
have been shown to be avirulent and to stimulate protective
immunity: Salmonella typhimurium (17), Salmonella typhi
(34), Salmonella choleraesuis (33), Shigella flexneri (53),
Bordetella pertussis (42), Yersinia enterocolitica (4), and
Bacillus anthracis (21). aro mutants are attenuated because
they prevent biosynthesis of p-aminobenzoic acid, which is
required for folate biosynthesis. The bacteria fail to grow in
tissue because of the absence of p-aminobenzoic acid and
because exogenous folate cannot be taken up.

Cipriano and Starliper (6) reported protection of brook
trout and Atlantic salmon with an attenuated strain obtained
by repeated laboratory subculture. Recently, Thornton et al.
(52) isolated a slowly growing, aminoglycoside-resistant
mutant and a rapidly growing pseudorevertant of A. salmo-
nicida. Both strains were avirulent, and the pseudorevertant
strain conferred protection against challenge when adminis-
tered by intraperitoneal injection or immersion. Thus, it
seems likely that protection can be induced by a live-
attenuated vaccine.

Here we describe construction of an aromatic-dependent
mutant of A. salmonicida and experiments to test its poten-
tial as a vaccine to protect fish from experimentally induced
furunculosis. The aro4 gene was cloned and sequenced, and
an aro4 mutant of A. salmonicida was constructed by allelic
replacement. The aro4A mutant was shown to be attenuated
in both Atlantic salmon (Salmo salar L.) and brown trout
(Salmo trutta L.) and to stimulate protective immunity in
brown trout.
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TABLE 1. Bacterial strains

Organism and

i Relevan isti
strain elevant characteristic

Comment Source or reference

A. salmonicida

SPUP1 Nal* Virulent, A* strain isolated from hatchery  Fish disease group, University College,
disease outbreak Galway, Ireland
644Rb Nal” Virulent, A* strain isolated from clinical Fish disease group, University College,
disease outbreak (in vivo passaged) Galway, Ireland
640V2 Nal” Virulent, A* strain isolated from clinical Fish disease group, University College,
disease outbreak (in vivo passaged) Galway, Ireland
SPUP1/M8 AroA~ aroA::Ka" mutant This study
644Rb/M1 AroA~ aroA::Ka" mutant This study
644Rb/M2 AroA~ aroA::Ka" mutant This study
640V2/M1 AroA~ aroA::Ka" mutant This study
640V2/M2 AroA~ aroA::Ka" mutant This study
7222V A layer™ A-layer-deficient mutant Fish disease group, University College,
Galway, Ireland
E. coli
WL95 P2 lysogen A Spi~ selection 26
TB1 Alac-proAB ($80lacZAM15) Host for pUC plasmids 54
hsdR rpsL
AB1321 PproA2 aroA?2 his4 thil lacY1 51
S17-1 RP4 2-Tc::Mu Km::Tn7 Tra*  Mobilizing donor for conjugation 48
recA Tp* Sm"
71-18 Alac-proAB (F' proAB M13 propagation 54
lacI?ZAM15)

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. The prop-
erties of the bacterial strains and plasmids are listed in
Tables 1 and 2.

Bacteriological media. Escherichia coli strains were grown
in L broth (LB) or on L agar (LA) (43). A. salmonicida
strains were grown in brain heart infusion (BHI; Difco) broth
or Trypticase soy agar or broth (TSA or TSB; Difco). The
following antibiotics were used at the indicated concentra-
tions: for E. coli, ampicillin (100 pg/ml), tetracycline (10
pg/ml), chloramphenicol (20 pg/ml), and kanamycin (40
wng/ml); for A. salmonicida, nalidixic acid (30 png/ml), tetra-
cycline (2 pg/ml), ampicillin (15 pg/ml), chloramphenicol (3
wng/ml), and kanamycin (40 pg/ml).

M9 minimal media (43) was used for E. coli. Fe,SO, (10
pg/ml) was added to the medium for the growth of strains
AB1321 and AB1360, as was p-aminobenzoic acid (10 ng/
ml), where appropriate.

A. salmonicida strains were grown on defined media to

test for the Aro~ phenotype. It consisted of M9 salts (43),
glucose, MgSO,, and CaCl, at the concentrations used in the
E. coli minimal medium with the addition of Aeromonas salts
(14) to 1% (vol/vol). All amino acids except the aromatic
amino acids tryptophan, phenylalanine, and tyrosine were
added to 100 pg/ml to form the aromatic compound-deficient
medium. Complete defined medium contained 10 pg of
p-aminobenzoic acid per ml and 100 pg of the aromatic
amino acids per ml. Alternatively, a semidefined medium
was used when amino acids were provided in the form of
acid-hydrolyzed casein (1% [wt/vol]; Difco), which lacks
tryptophan.

Attempts were made to select Aro* revertants of A.
salmonicida aroA::Ka" by growth in liquid minimal medium
without aromatic supplements. The mutant was grown in 100
ml of BHI broth to the stationary phase. Cells were washed
in sterile saline and were then inoculated into 1 liter of
Aeromonas liquid minimal medium (as described above but
without agar) and shaken (150 rpm) at 22°C for 21 days.

TABLE 2. Plasmids

Plasmid Relevant characteristic Comment f;’f‘;‘;g

pBR322 Ap’ Tc* Cloning vector 3

pUC18 Ap* Cloning vector, X-Gal selection® 54
pSUP202 Tc" Ap* Cm" ColE1 ori Mob* Broad-host-range mobilizable suicide vector 48
pGSS33 Ap" Tc¢" Cm" Sm* IncQ Tra* Mob* Broad-host-range mobilizable vector 47

PAA2 AroA* Ap’ Pstl aroA fragment in pUC18 This study
pPAAl AroA* Ap' Tc’ EcoRI aroA fragment in pBR322 This study
pGSSA2 Tc" Cm* Sm* Pst] aroA fragment in pGSS33 This study
pSUP202A2 Tc' Cm* Pstl aroA fragment in pSUP202 This study
pSUP202AA2 Tc" Cm" Deletion of aro4 EcoRI fragment from pSUP202A2 This study
PAAK2 Tc™ Ap* Ka™ AroA~ aroA::Ka" in pAAl This study
pSUP202K2 Tc" Ap® Ka" AroA™ EcoRI fragment with aro4::Ka" in pSUP202 This study
pSUP202K3 Tc" Cm" Ka* AroA~ Pst] fragment with aro4::Ka" in pSUP202 This study

2 X-Gal, 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside.
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Samples were removed at 3-day intervals and tested for the
presence of bacteria with the ability to grow on aromatic-
deficient minimal agar.

Congo red agar (20) comprised TSA with 30 pg of Congo
red (Sigma) per ml. Protease production was detected by
incorporating 1% skimmed milk into TSA. Hemolysin pro-
duction was detected on TSA containing 5% horse erythro-
cytes.

DNA manipulations. Restriction endonucleases, the DNA
polymerase I Klenow fragment, and T4 DNA ligase were
obtained from the Boehringer Corporation or Promega and
were used according to the recommendations of the manu-
facturers. Sequencing-grade Taq polymerase was purchased
from Promega, and T7 DNA polymerase (Sequenase) was
obtained from United States Biochemicals. Standard proce-
dures were used for molecular cloning and DNA hybridiza-
tion (2, 43). DNA probes were prepared by nick translation
with [a->’P]dATP (Amersham).

Preparation of A. salmonicida genomic DNA. A 5-ml culture
of A. salmonicida was grown statically for 48 h in TSB at
22°C, and 0.2 ml was inoculated into 100 ml of fresh TSB in
a 250-ml Erlenmeyer flask, which was incubated with shak-
ing (200 rpm) for 28 h at 22°C. The cells were harvested at
10,000 x g for 10 min and washed twice in 10 mM Tris-
HCI-25 mM EDTA-150 mM NaCl (pH 7.5) (TE,). The pellet
was freeze-thawed twice at —20°C, washed again in TE,,
resuspended in 2 ml of 1.0 M NaCl, and left on ice for 1 h
with intermittent vortexing. The cells were pelleted at 10,000
X g for 10 min and resuspended in 0.5 ml of 10 mM
Tris-HCI-25 mM EDTA (pH 7.5) (TE,) containing lysozyme
(Sigma) at 5 mg/ml. The cells were left on ice for 20 min. The
viscous lysate was diluted by the addition of 1 ml of TE,, and
the DNA was precipitated by the addition of 2 volumes of
cold (—20°C) ethanol. The DNA was spooled, dissolved in 5
ml of TE,, reprecipitated, and dissolved in TE,. It was
extracted twice with Tris-saturated phenol and then sub-
jected to repeated phenol-chloroform extractions. The DNA
was precipitated with ethanol, spooled, washed twice in 70%
alcohol, and dissolved in 2 to 3 ml of 10 mM Tris-HCl-1 mM
EDTA (pH 8.0).

Construction and screening of an A. salmonicida gene
library. A. salmonicida chromosomal DNA was partially
digested with Sau3AI and size fractionated on sucrose
gradients (43), and 15- to 20-kb fragments were ligated to
BamHI-digested 22001 vector DNA (22). The ligated DNA
was then packaged in vitro (43). Phage particles were prop-
agated on E. coli WL95 to select for recombinants (26). A
recombinants carrying the aroA4 gene of A. salmonicida were
identified by infecting E. coli AB1321aroA and selecting for
the growth of complementing plaques on minimal agar
without aromatic supplements. A high-titered stock of one
AaroA recombinant phage was prepared, and phage particles
were purified by sedimentation in CsCl density gradients.
Phage DNA was isolated by formamide extraction (37).

Subcloning the aro4 gene. A\aroA contained an insert of ca.
20 kb. Fragments were subcloned into plasmid vectors and
transformed into E. coli AB132laroA. A 4.3-kb Pstl frag-
ment which complemented the aro4 mutation of AB1321
was cloned in pUC18, forming pAA2, and a 2.0-kb EcoRI
fragment was cloned in pBR322, forming pAAL1 (Fig. 1). The
4.3-kb Pstl fragment was also subcloned into the broad-host-
range vector pGSS33 (47). This plasmid, designated
pGSSA2, was stably inherited in both E. coli and A. salmo-
nicida.

Construction of aroA::Ka". In order to isolate an Aro~
mutant of A. salmonicida, a kanamycin resistance determi-
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FIG. 1. Restriction map of aroA locus. The thick line represents
the 4.3-kb PstI chromosomal fragment harboring the aroA gene. The
arrow indicates the direction of transcription of the aro4 gene and
the extent of the coding region. The kanamycin fragment inserted
into the coding sequence in mutant constructions (see the text) is
indicated by the open triangle. The lines at the bottom indicate the
extent of chromosomal sequences cloned in plasmids pAA1l and
PAA2.

nant was inserted into the coding sequence of the aroA gene.
A Sall-Xhol fragment from Tn5 was ligated into the unique
Sall site in the aroA fragment of pAA1 (Fig. 1). Recombi-
nants were selected on agar containing tetracycline and
kanamycin, and one, designated pAAK2, no longer comple-
mented the aro4 mutation of E. coli AB1321, indicating that
the aroA gene had been inactivated.

An aroA mutation with longer flanking sequences was
constructed in plasmid vector pSUP202. The 4.3-kb aroA-
containing PstI fragment from pAA2 was subcloned into the
unique PstI site of pSUP202, forming plasmid pSUP202A2
(Tc* Cm" Ap® AroA*). The 2-kb EcoRI fragment of
pSUP202A2 carrying aroA was deleted, forming
pSUP202AA2 (Tc* Cm" Ap®).

The deleted 2.0-kb EcoRI aroA fragment of pSUP202AA2
was replaced by the 4.2-kb aroA4::Ka" EcoRI fragment from
PAAK?2 by cleavage with EcoRlI, ligation, and selection for
Ka" Cm" transformants. One recombinant containing the
aroA::Ka" fragment in the correct orientation with respect to
flanking chromosomal sequences was named pSUP202K3.

DNA sequencing. Chain termination reactions were carried
out by using the Klenow fragment of DNA polymerase I, T7
DNA polymerase, and Tag polymerase. Template DNA
consisted of single-stranded DNA prepared from phages
M13 tgl130 or M13 tgl31 (23, 31) or was denatured double-
stranded plasmid DNA (18). Oligonucleotides were made
with an Applied Biosystems PCR Mate oligonucleotide
synthesizer. Multiple alignments of protein sequences were
generated by using the CLUSTAL alignment program (16).

Bacterial conjugation. The E. coli strains were grown for
18 h in LB at 37°C with shaking, and 4. salmonicida was
grown statically in TSB for 3 days at 22°C. The E. coli
culture (20 ul) and the A. salmonicida culture (100 pl) were
mixed on the surface of a sterile 0.45-pm-pore-size filter
(Millipore) placed on a dried LA plate and incubated at 30°C
for 4 h. The filter was placed in 1 ml of saline, and the
bacteria were resuspended by vortexing. Dilutions were
plated on TSA containing antibiotics and incubated at 22°C
for up to 4 days.
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Vaccination and LD, determinations. Atlantic salmon
(Salmo salar 1.) or brown trout (Salmo trutta L.) weighing
between 10 and 100 g were kept in freely flowing dechlori-
nated tap water at ambient temperature (range, 5 to 14°C),
except for the experiment for A. salmonicida persistence in
the kidney, for which the water was maintained at 10°C with
immersible heaters. Fish were anesthetized in a solution of
benzocaine (55 ppm) before intraperitoneal injection with 0.1
ml of an unwashed culture of A. salmonicida aroA grown in
BHI broth (107 cells). Groups of four or five fish were
challenged by intramuscular injection of dilutions of cultures
of a virulent strain. The 50% lethal dose (LDs,) determina-
tions were calculated according to the method of Reed and
Muench (41).

In vivo passage of A. salmonicida. A. salmonicida strains
were passaged in fish to increase virulence. Two colonies
from a TSA plate were emulsified in 0.5 ml of phosphate-
buffered saline (PBS), and 0.1 ml was injected intramuscu-
larly into a group of five Atlantic salmon or brown trout. A.
salmonicida was isolated from the kidneys of dead fish by
streaking on a TSA plate. This was repeated four to six times
until the time to death was 2 days.

Serum antibody measurements. Blood was removed from
the caudal vein, and the serum was diluted serially twofold in
PBS. An equal volume of formalin-killed cells of the A-layer-
deficient mutant 7222V was added and incubated overnight
at 22°C. The titer was recorded as the reciprocal of the last
dilution which caused agglutination. Antibody titer measure-
ments were performed for pooled sera from groups of five
10- to 15-g fish.

Nucleotide sequence accession number. The aro4 coding
sequence has been submitted to the GenBank data base
under accession number L05002.

RESULTS

Cloning the aroA gene of A. salmonicida. A library of A.
salmonicida genomic DNA was constructed in A2001. Re-
combinants that could complement the aro4A mutation in E.
coli AB1321 were selected. One complementing phage,
NaroA, contained an insert of ca. 20 kb. Two fragments
which complemented the aro4 mutation of AB1321 were
subcloned from AaroA: a 2.0-kb EcoRI fragment in pBR322
(pPAAl) and a 4.3-kb PstI fragment in pUCI18 (pAA2).
Restriction mapping indicated that the EcoRI fragment in
pAAL1 was contained within the PstI fragment of pAA2 (Fig.
1).

Nucleotide sequencing of the aro4 geme. The DNA se-
quence of the 2.0-kb EcoRI fragment of pAA1l was obtained
(Fig. 2). The complete open reading frame is not entirely
contained within the EcoRI fragment. However, it is very
likely that the ATG codon partly overlaps the GAATTC
EcoRlI site (see the legend to Fig. 3).

The predicted amino acid sequence of the S5-enolpyru-
vylshikimate-3-phosphate synthase (EPSP synthase; EC
2.5.1.19) enzyme encoded by the aroA gene of A. salmoni-
cida was deduced and aligned with the EPSP synthases of
other gram-negative bacteria by using the CLUSTAL mul-
tiple alignment program (Fig. 3). The EPSP synthases were
found to be highly conserved, with 37.6% residue identities.

The codon usage pattern of the A. salmonicida EPSP
synthase is given in Table 3. Also included is the recently
reported sequence of the A. salmonicida A-layer protein
(encoded by vapA) (5). The two genes have rather different
codon usage patterns. The G+C content of aro4 (60 mol%)
is much higher than that of vapA4 (49 mol%). The difference
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is most pronounced at the third positions of codons where
aroA is similar to that of genes from the closely related
species Aeromonas hydrophila (5).

Construction of A. salmonicida aroA::Ka". In order to
isolate an Aro™ mutant of A. salmonicida by allelic replace-
ment, the aroA gene was inactivated by inserting the kana-
mycin resistance marker of Tn5 at the Sall site of pAAl,
forming pAAK?2. This plasmid failed to complement the
aroA mutation in E. coli AB1321. The aroA::Ka' region of
PAAK?2 was cloned on a 4.2-kb EcoRI fragment into the
EcoRI site of the broad-host-range suicide vector pSUP202,
forming pSUP202K2, which was transformed into the E. coli
S17-1. Filter matings were then performed between E. coli
S17-1 (pSUP202K2) and A. salmonicida SPUP1. Transcon-
jugants selected on agar containing nalidixic acid and kana-
mycin occurred at a frequency of 1072 per recipient. The
majority of Ka" transconjugants (85%) were Aro*, while
15% were Aro~. Southern hybridization analysis of repre-
sentative Aro* and Aro™~ transconjugants demonstrated that
both classes arose following integration of the entire
pSUP202K2 plasmid into the chromosome at the aroA4 locus
(Fig. 4a). Chromosomal DNA was digested with Clal and
hybridized to plasmid pAA1 labelled with 3?P. This detected
two differently sized bands in the Aro~ and Aro™ isolates.
The aroA gene is located on a 3.5-kb Clal fragment which
contains within it the 2.0-kb EcoRI aroA fragment. Thus, the
predicted structure for the wild-type or mutated aroA locus
is a single hybridizing Clal fragment. The probe is also
homologous to the suicide plasmid pSUP202K2 which con-
tains a single Clal recognition site. The detection of two
hybridizing Clal fragments is consistent with the integration
of the entire pSUP202K2 plasmid into the wild-type aroA
locus, thereby introducing a novel Clal site in this region of
the chromosome. Thus, the two hybridizing bands detected
in the Aro™ and Aro™ isolates correspond to the two junction
fragments generated by the integration event. The nature of
the integration event also permits an explanation of the
observed phenotype of these strains. The 5’ EcoRlI site is
located within the coding sequence of the aroA4 gene (Fig. 2).
Integrants resulting from a crossover 5’ to the insertion have
an Aro~ phenotype because the aro4A gene becomes de-
tached from its natural promoter. Integrants resulting from a
crossover 3’ to the insertion have an Aro* phenotype
because the wild-type aro4 gene remains attached to its
natural promoter. Precise plasmid excision, which presum-
ably occurred by a crossover on the same side of the
insertion, resulting in restoration of the Aro* phenotype,
occurred at a frequency of 1077. It was not possible to
isolate derivatives of these Aro~ integrants when the plas-
mid had been eliminated by a crossover on the other side of
the insertion (allelic replacement) to form Aro~ Ka* Tc® Ap®
colonies. This could be explained by the low frequency of
the second recombination event.

Construction of aroA::Ka" cassette with longer flanking
sequences. In order to construct a suicide plasmid with
longer chromosomal sequences flanking the Ka" insert, the
4.3-kb PstI aroA fragment from pAA2 was cloned in the PstI
site of pSUP202, forming pSUP202A2. The 4.2-kb EcoRI
fragment containing aroA::Ka" from pSUP202K2 was then
inserted in place of the 2.0-kb EcoRI fragment of
pSUP202A2 carrying the wild-type aro4 gene, forming plas-
mid pSUP202K3 (aroA::Ka").

Isolation of A. salmonicida aroA::Ka" by allelic replacement.
The suicide plasmid pSUP202K3 was mobilized from E. coli
S17-1 into A. salmonicida SPUP1 (Nal‘) at a frequency of
1072 per recipient. Approximately 5% of Ka" transcon-
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atGAATTCGTTGCGTT >CA GT >CC 100
m N 8 L R L E P I 8 RV AGEVNTLUZPUGS ST K SV S NU RATLTULTULAA AL 34
TTGCCC CCA SGAC CA TTC 200
A R GTTRILTNILILDSDDTIRUEMTLAALTO QLG VI KTYZKTLS 67
AAGAC: TC TTGC AACCTGTTCC TGCCGGTACTGCCATGCGT 300
A D KTE ECTVHGLU GRSV F AV S APV NTILTPFTLGIDNA AGTA AMTR 100
CCTC *GGCCC ATGCTGGGC 'CATCGGCCATC TGCCTTG 400
P L CAALCTLSG SGEZYNMLGGETPRNMNETET RTPTIGEHTLTVYVUDTCTL A 134
CGT CCTGAAAAA TACCCGC 'GTCGATGG 500
L XK GA HEIQYLIKIKDGTYU?PZPULVVDAIEKGTLUWGU GDVHUVDGa 167
TCCAGCCAGTTCC' TTT *CACATCA TGGTCTCCAAG 600
8 V 8 8 Q F L TAV FUL X AAPA ADMKAPVTIZPR RTIZETITZEKSGTETLTVSK 200
CCCTAC >GTC \CGACAACTACAAGCTGTTCTACATCAAGGGCAACCAGAGCATTG 700
P Y I DITTULHTIMDNSSGV YV IEHBDINTYT KTLTFZYTIZ KGN QS STIUV 234
TCAGCCCGGGTGACTTCCTGGTGGAAGGGGACGCCTCCAGCACTTCTTACTTCCTCAC ATCAAGGGCA C *aq 800
8 PG D F L V EGDA AS S A S Y P FULAAGATIT KG G KTV VR RUVYVTOGTIO G 267
CA CTTCGCC >GCCCGCATCAC TCATCGAGGCAGAGCAAGGCCCG 900
K H 8 I @6 DI HF ADVULTEHRXXKGARTITWGUDUDT FTIUZEA ADTET GQGQGT?P 300
Sall
ICGTCGAC? T CTC! AAC 1000
L H G VD XD XNUEHETIUZPDVGHDHESGA QS HCLZPRUVZPUPHSO QHEH 334
AT ACTGG( 'CACC AAGC CGACCTTCATTAC 1100
L QL AV RDUDURTCTZPCTU HGHETRRAQAGVYVY SETZEEGTTT FTIT 367
et AGCACGC "GACACCTACA. GG TTCTCGC 1200
R D AADUPAQARTRERDRBRIETLU QR SRTIANMTCTFS STULVATLSTUDTIA 400
GTCACCATC T TAC “CAGCGTCAGC 'CCTGTCC TG 1300
VTINDUPGCT S XKTUPPUDYUPFPDIXKXTULASV S QAV > 427

GTGCGGGE 1307

FIG. 2. Nucleotide and deduced amino acid sequence of the aro4 gene of A. salmonicida. The nucleotide sequence of the aro4 gene is
presented in the top line, with the deduced amino acid sequence below it in the one-letter amino acid code. Note that the existence of the
methionine start codon has not been determined but is included here directly preceding the codon for Asn for the reasons described in the
legend to Fig. 3. >, a translational stop codon. The EcoRI and Sall sites are underlined.

jugants were both Aro~ and were susceptible to tetracycline
and to chloramphenicol, the expected phenotype of cells in
which allele replacement has occurred at the aroA locus.
This was confirmed by Southern hybridization analysis (Fig.
4b). Genomic DNA from wild-type and mutant cells was
cleaved separately with EcoRI and Clal and transferred to
nitrocellulose. The membrane was hybridized with pAAl
(which carries the wild-type aro4 gene and also hybridizes
to pSUP202) labelled by nick translation. A single hybridiz-
ing band occurred in all lanes, with that of the Aro™ mutants
being 2.2 kb longer than the corresponding band from the
wild type (Fig. 4b). This corresponds to the size of the
Sall-Xhol fragment inserted in the aro4 gene in plasmid
pSUP202K2. No bands corresponding to pSUP202 se-
quences were seen, demonstrating that the plasmid had been
eliminated.

Reversion tests performed with A. salmonicida aroA::Ka"
failed to reveal any Aro* revertants among 10! bacteria.
This was in contrast to the aforementioned Aro~ integrants
which reverted at a frequency of 10~7. Mutants grew nor-

mally on minimal agar to which aromatic supplements had
been added.

Introduction of the aro4::Ka" mutation into virulent strains
of A. salmonicida. A. salmonicida SPUP1, which was used in
preliminary allele replacement experiments, was found to
have lost virulence for brown trout (both the wild type and
mutant derivatives failed to cause disease when 10° CFU
were injected intramuscularly). Accordingly, the aroA::Ka*
mutation was transferred into freshly passaged, highly viru-
lent strains 644Rb and 640V2. The mutants were isolated as
described above by using the minimum number of laboratory
subcultures and were then stored at —70°C. The frequency
of transfer of pSUP202K3 and the frequency of isolation of
bona fide allelic replacement recombinants were the same as
those for strain SPUP1. The structure of chromosomal
mutants was verified by Southern hybridization (data not
shown). Wild-type and mutant strains were indistinguishable
when grown on nutrient agar or in broth. Their growth rates
in BHI broth were identical, and mutant and wild-type
bacteria expressed the same levels of extracellular hemoly-
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1 60
EC M---ESLTLQPIARVDGTINLPGSKTVSNRALLLAALAHGKTVLTNLLDSDDVRHMLNAL
ST M---ESLTLQPIARVDGAINLPGSKSVSNRALLLAALPCGKTALTNLLDSDDVRHMLNAL
YE M--LESLTLHPIALINGTVNLPGSKSVSNRALLLAALAEGTTQLNNLLDSDDIRHMLNAL
AS N---NSLRLEPISRVAGEVNLPGSKSVSNRALLLAALARGTTRLTNLLDSDDIRHMLAAL
BP MSGLAYLDLPAARLARGEVALPGSKSISNRVLLLAALAEGSTEITGLLDSDDTRVMLAAL

* R K, KNRRRK | KRR RRRRRK, R K kRRRRR kAR AN

61 120
EC TALGVSYTLSADRTRCEIIGNGGPLHAEGALELFLGNAGTAMRPLAAALCLGSNDIVLTG
ST SALGINYTLSADRTRCDITGNGGALRAPGALELFLGNAGTAMRPLAAALCLGQONEIVLTG
YE QALGVKYRLSADRTRCEVDGLGGKLVAEQPLELFLGNAGTAMRPLAAALCLGKNDIVLTG
AS TQLGVKYKLSADKTECTVHGLGRSFAVSAPVNLFLGNAGTAMRPLCAALCLGSGEYMLGG
BP RQLGVS--VGEVADGCVTIEGVARFPTEQA-ELFLGNAGTAFRPLTAALALMGGDYRLSG

SR . * JERK kI kAR kk hkk K * *

121 180
EC EPRMKERPIGHLVDALRLGGAKITYLEQENYPPLRLQG-GFT-GGNVDVDGSVSSQFLTA
ST EPRMKERPIGHLVDSLRQGGANIDYLEQENYPPLRLRG-GFT-GGDIEVDGSVSSQFLTA
YE EPRMKERPIGHLVDALRQGGAQIDYLEQENYRR-CIAG-GFR-GGKLTVDGSVSSQFLTA
AS EPRMEERPIGHLVDCLALKGAHIQYLKKDGYPPLVVDAKGLW~GGDVHVDGSVSSQFLTA
BP VPRMHERPIGDLVDALRQFGAGIEYLGQAGYPPLRIGGGSIRVDGPVRVEGSVSSQFLTA

KRK KRR KA ® *h ok kX k| . B T T
181 240
EC LLMTAP-LAP---EDTVIRIKGDLVSKPYIDITLNLMKTFGVEIENQHYQQFVVKGGQSY
ST LLMTAP-LAP---KDTIIRVKGELVSKPYIDITLNLMKTFGVEIANHHYQQFVVKGGQQY
YE LLMTAP-LAE---QDTEIQIQGELVSKPYIDITLHLMKAFGVDVVHENYQIFHIKGGQTY
AS FLMAAPAMAP---VIPRIHIKGELVSKPYIDITLHIMNSSGVVIEHEDNYKLFYIKGNQSI
BP LLMAAPVLARRSGQDITIEVVGELISKPYIEITLNLMARFGVSVRRDGWRAFTIARDAVY
SRR KK X KoL Kk _RRKRK KKK X *x L. L.
241 300
EC QSPGTYLVEGDASSASYFLAAAAIKGGTVKVTGIGRNSMOGDIRFADVLEKMGATICWGD
ST HSPGRYLVEGDASSASYFLAAGAIKGGTVKVTGIGRKSMQGDIRFADVLEKMGATITWGD
YE RSPGIYLVEGDASSASYFLAAAAIKGGTVRVTGIGKQSVQGDTKFADVLEKMGAKISWGD
AS VSPGDFLVEGDASSASYFLAAGAIKG-KVRVTGIGKHSI-GDIHFADVLERMGARITWGD
BP RGPGRMAIEGDASTASYFLALGAIGGGPVRVTGVGEDSIQGDVAFAATLAAMGADVRYGP

JRX JREKIK Rk kAAX kX K *.*ﬁ*.* R, Kk kk ok, kkk %
301 360
EC DYISC--=--- TRGELNAIDMDMNHIPDAAMTIATAALFAKGTTRLRNIYNWRVKETDRL
ST DFIAC------' TRGELHAIDMDMNHIPDAAMTIATTALFAKGTTTLRNIYNWRVKETDRL
YE DYIEC---=--- SRGELQGIDMDMNHIPDAAMTIATTALFADGPTVIRNIYNWRVKETDRL
AS DFIEA--=-=-< EQGPLHGVDMDMNHIPDVGHDHSGQSHCLPRVPPHSQHLQLAVRD-DRC
BP GWIETRGVRVAEGGRLKAFDADFNLIPDAAMTAATLALYADGPCRLRNIGSWRVKETDRI
. . * X ****** o es . e *, . *h
361 420

EC FAMATELRKVGAEV-EEGHDYIRITPPEKL--NFAEIATYNDHRMAMCFSLVALSDTPVT
ST FAMATELRKVGAEV-EEGHDYIRITPPAKL--QHADIGTYNDHRMAMCFSLVALSDTPVT
YE SAMATELRKVGAEV-EEGQDYIRVVPPAQL--IAAEIGTYNDHRMAMCFSLVALSDTPVT
AS TPCTHGHRRAQAGVSEEGTTFITRDAADPA--QARRDRHLORSRIAMCFSLVALSDIAVT
BP HAMHTELEKLGAGV-QSGADWLEVAPPEPGGWRDAHIGTWDDHRHAHCFLLAAFGPAAVR

. ok x . K kkRR K K o

421 446
EC ILDPKCTAKTFPDYFEQLARI-SQAA
ST ILDPKCTAKTFPDYFEQLARM-STPA
YE ILDPKCTAKTFPDYFEQLARL-SQIA
AS INDPGCTSKTFPDYFDKLASV-SQAV
BP ILDPGCVSKTFPDYFDVYAGLLAARD

Kok K kAEERRK Kk

FIG. 3. CLUSTAL computer alignment of the protein sequences
encoded by the aroA genes of gram-negative bacteria. Amino acid
residues conserved across all species are indicated by an asterisk,
with conservative substitutions indicated by dots. Gaps (-) are
introduced to produce the best alignment. The numbering system
does not correspond to any individual amino acid position in original
sequences but simply refers to the amino acids’ positions in the
alignment. The A. salmonicida sequence is indicated in boldface
type. The methionine start codon has not been identified but is
included in the position shown on the basis of a consideration of the
length and sequence of the other gram-negative proteins. The other
available gram-negative sequence from Salmonella gallinarum (13) is
not shown in the figure but is identical to the S. typhimurium
sequence, with the exception of four conservative amino acid substi-
tutions in nonconserved regions. The position of these differences is
indicated on the S. typhimurium sequence in boldface type. The
species from which the sequence is derived are indicated at the left of
the figure: EC, E. coli (9); ST, S. typhimurium (49); YE, Y. entero-
colitica (35); AS, A. salmonicida (this study); and BP, B. pertussis (27).

sin and protease. The aro4 mutants also produced pigment
and retained the A-layer surface array protein as determined
by the Congo red binding assay and their ability to autoag-
gregate in broth.
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Virulence of A. salmonicida aroA. Groups of four Atlantic
salmon parr (10 to 15 g) were injected intramuscularly with
10° cells of the wild-type strains 640V2 and 644Rb and their
isogenic Aro~ mutants. All fish injected with the wild-type
strains died within 3 days, while none of the fish receiving
the Aro™ mutants died or showed any signs of illness over a
14-day period. Thus, salmon parr were completely resistant
to challenge with mutant bacteria, whereas the wild-type
cells subjected to the same number of laboratory subcultures
were fully virulent. In order to demonstrate that the ob-
served attenuation was due exclusively to the aro4A muta-
tion, the wild-type aroA gene was transferred into A. salmo-
nicida 644Rb aroA::Ka"™ on a broad-host-range plasmid,
pGSSA2. An inoculum of 10° CFU killed four fish when
injected intramuscularly, and bacteria recovered from the
kidney of the dead fish had the expected phenotype (Aro™
Ka® Cm* Tc* Sm"). This showed that the attenuation of Aro™
recombinants was not the result of laboratory subculture.

Persistence of A. salmonicida 644Rb aroA in vivo. Forty
brown trout (100 g) were maintained at 10°C and injected
intramuscularly with 3.4 x 107 bacteria. Groups of four fish
were sacrificed at 2-day intervals, and viable counts of
bacteria recovered from the kidneys were determined (Fig.
5). Bacteria were detected up to approximately 12 days
postinjection and were no longer detectable after 14 days.

Protection experiments with A. salmonicida 644Rb aroA.
Brown trout were injected intraperitoneally with 5.4 x 107
CFU of 644Rb aroA::Ka'. The agglutinating antibody titer
was shown to rise from <2 to 128 at 6 weeks after injection.
A challenge experiment was performed on a group of fish 6
weeks after vaccination by injection with doses of virulent
bacteria ranging from 5 x 10* to 5 x 10' CFU. Only two
mortalities were recorded at the highest inoculum, suggest-
ing an LD, of about 10*. The LDy, of this challenge strain
for unvaccinated fish (measured at week 9) was 7.2 x 10
CFU. Some of the vaccinated fish received a second intra-
peritoneal injection of the Aro™ mutant (107 CFU) 6 weeks
after the first inoculation. After a further 3 weeks, challenge
experiments were performed to determine the LDy, for
vaccinated and unvaccinated fish. The LDy, for unvacci-
nated fish was 7.1 x 10*. In contrast, the LD, was 1.8 x 10*
in fish vaccinated once and 3 x 10° in fish vaccinated twice.
This demonstrates that vaccination of brown trout with
Aro~ A. salmonicida confers substantial protection against
challenge with a highly virulent strain.

DISCUSSION

This paper describes the isolation of an insertion mutation
in the aroA gene of A. salmonicida. The first aroA::Ka*
construct in the suicide vector pSUP202 failed to yield the
desired double recombinants. Instead, all the Ka® colonies
tested had arisen by a single crossover that resulted in
plasmid integration. Because the EcoRI fragment carrying
aroA lacked the promoter, ribosome binding site, and ATG
codon, integration events resulting from a crossover in aroA
sequences 5’ to Ka" insertion were Aro~, whereas those that
resulted from recombination 3’ to the msemon were Aro”*
Attempts to isolate derivatives of the pSUP202K2 mtegrants
which were Aro~ by excision of the plasmid failed. The fact
that aroA::Ka* double recombinants were readily isolated
with pSUP202K3 when the Ka" insert is flanked by longer
stretches of homologous chromosomal DNA suggests that
the recombination frequency is determined, at least in part,
by the length of flanking sequences.

The expression of the aroA gene in pAAl as determined
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TABLE 3. Codon usage in A. salmonicida

Codon usage in®:

Codon usage in”:

A;g;go Codon aroA vapA A:;;go Codon aroA vapA

n RSCU n RSCU n RSCU n RSCU
Phe Uuu 2 0.31 10 0.74 Ser ucu® 2 0.38 11 2.44
Phe uucC 11 1.69 17 1.26 Ser UcCcC 10 1.88 8 1.78
Leu UUA 0 0.00 1 0.13 Ser UCA 1 0.19 0 0.00
Leu uUuG 9 1.26 9 1.17 Ser UCG 6 1.13 0 0.00
Leu CUU 3 0.42 5 0.65 Pro CCU 2 0.36 4 1.23
Leu CcucC 5 0.70 4 0.52 Pro CCC 6 1.09 0 0.00
Leu CUA 2 0.28 0 0.00 Pro CCA 4 0.73 1 0.31
Leu CUG 24 3.35 27 3.52 Pro CCG 10 1.82 8 2.46
Ile AUU 6 0.75 11 1.27 Thr ACU® 2 0.42 23 1.92
Ile AUC 17 2.13 15 1.73 Thr ACC 10 2.11 19 1.58
Ile AUA 1 0.13 0 0.00 Thr ACA 2 0.42 6 0.50
Met AUG 12 3 Thr ACG 5 1.05 0 0.00
Val GUU® 1 0.13 24 2.23 Ala GCU® 4 0.38 42 2.63
Val GUC 14 1.81 3 0.28 Ala GCC 20 1.90 8 0.50
Val GUA 3 0.39 10 0.93 Ala GCA 4 0.38 10 0.63
Val GUG 13 1.68 6 0.56 Ala GCG 14 1.33 4 0.25
Tyr UAU 0 0.00 2 0.80 Cys UGU 4 0.89 0 1.00
Tyr UAC 9 2.00 3 1.20 Cys UGC 5 1.11 0 1.00
Ter UAA 0 1 Ter UGA 0 0
Ter UAG 0 0 Trp UGG 2 4
His CAU 9 0.90 2 1.00 Arg CGU 9 2.16 10 4.29
His CAC 11 1.10 2 1.00 Arg CGC 5 1.20 2 0.86
GIln CAA 6 1.00 11 1.16 Arg CGA 4 0.96 0 0.00
Gin CAG 6 1.00 8 0.84 Arg CGG 3 0.72 1 0.43
Asn AAU 6 1.09 14 0.72 Ser AGU 3 0.56 2 0.44
Asn AAC 5 0.91 25 1.28 Ser AGC 10 1.88 6 1.33
Lys AAA 3 0.35 8 0.59 Arg AGA 1 0.24 0 0.00
Lys AAG 14 1.65 19 1.41 Arg AGG 3 0.72 1 0.43
Asp GAU 13 0.87 19 1.27 Gly GGU® 16 1.64 35 3.18
Asp GAC 17 1.13 11 0.73 Gly GGC 19 1.95 7 0.64
Glu GAA® 6 0.80 15 1.58 Gly GGA 1 0.10 1 0.09
Glu GAG 9 1.20 4 0.42 Gly GGG 3 0.31 1 0.09

“ The usage of each codon is presented as the number of occurrences () and as the relative synonymous codon usage (RSCU); the latter was calculated as
the number of codons observed divided by the number expected if all codons for an amino acid were used equally.
b Codon appearing at a significantly higher frequency in vapA than in aroA; significance assessed by the chi-square test (P < 0.025).

by complementation of the aro4 mutation in E. coli AB1321
is somewhat surprising because the EcoRI fragment is in the
wrong orientation to be expressed from the tezR promoter,
which transcribes across the EcoRI site in pBR322 (50).
There are no documented promoters that transcribe across
the EcoRlI site in a clockwise direction (50). However, some
transcription must occur to generate sufficient levels of
EPSP synthase to complement the aro4 defect in E. coli
AB1321. The ribosome binding site and ATG initiation
codon are also absent. Low levels of translation initiation
must be occurring in adjacent plasmid sequences or inter-
nally in the gene, but it is not obvious from examination of
the sequence how this happens.

Chu et al. (5) have recently reported the sequence of the
vapA structural gene encoding the surface array protein
which forms the A layer. Interestingly, the codon usage
patterns (Table 3) and moles percent G+C content of the two
genes are quite different; the G+C content of aro4 at the
third position of codons (72 mol%) is much higher than that

of vapA (49 mol%). The base composition and codon usage
of aroA are similar to those of genes from the closely related
species A. hydrophila (5) and are as might be expected for a
lowly expressed gene from a somewhat-G+C-rich genome
(the A. salmonicida genomic G+C content is 55 mol%).
Thus, the codon usage of vapA requires explanation. In
other instances in which a gene has been found to have an
anomalous base composition, it has been suggested that the
gene may been acquired by recent horizontal transfer from a
species with a different base composition (for example, see
reference 12). Thus, vapA could have originated in a more
A+T-rich genome.

Alternatively, codon usage in other gram-negative bacte-
ria (notably enterobacteria) is known to vary with the level
of gene expression (19). While aroA4 is expressed at a low
level, vapA is probably very highly expressed, and its codon
usage may reflect that of a highly expressed gene in A.
salmonicida. The contrast between aro4 and vapA may
parallel the situation in the G+C-rich enteric species Serra-
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FIG. 4. Southern hybridization analysis of pAAK2 plasmid inte-
grants (a) and A. salmonicida aroA::Ka" (b). For panel a, chromo-
somal DNA (3 pg) isolated from 1 Aro* (lane 5) and 4 Aro~ (lanes
1 to 4) transconjugants was cleaved with Clal, and the products
were separated on a 0.8% agarose gel. The contents of the gel were
then transferred to a nitrocellulose membrane and probed with
pAAL, which was labelled with 3P by nick translation. The resultant
autoradiogram (exposed for 3 days at —70°C) is shown. The esti-
mated sizes (in kilobases) of the hybridizing fragments are indicated
on the right. For panel b, chromosomal DNA was isolated from an
aroA mutant of strain SPUP1 and cleaved separately with Clal and
EcoRI. Wild-type chromosomal DNA was included as a control.
The products were separated on a 0.8% agarose gel, the gel contents
were transferred to a nitrocellulose membrane, and the membrane
was then probed with plasmid pAALl labelled by nick translation.
Lanes: 1, wild-type DNA cleaved with Clal; 2, mutant DNA cleaved
with Clal; 3, wild-type DNA cleaved with EcoRI; 4, mutant DNA
cleaved with EcoRI.

tia marcescens (genomic G+C content, 59 mol%), in which
the G+C content at silent sites in genes varies from >80
mol% in lowly expressed genes to <50 mol% in highly
expressed genes (45). In vapA, five particular U-ending
codons (GUU, encoding Val; UCU, Ser; ACU, Thr; GCU,
Ala; and GGU, Gly) and an A-ending codon (GAA or Glu)
occur at frequencies higher than those in aro4 (Table 3). All
of these codons also occur at higher frequencies in highly
expressed E. coli genes (46). This may indicate that tRNA
abundances and anticodons (the factors which determine
which codons are optimal) are similar in the two species.
Knowledge of other highly expressed genes from A. salmo-
nicida may resolve this question.
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Log total kidney count

Days post injection

FIG. 5. Persistence of the 644Rb aro4::Ka" in the kidney of
brown trout at 10°C. Each point is the mean for four samples and is
expressed as the log of the total bacterial count in the kidney. Error
bars are +2 standard error of the mean. All four kidney samples on
day 14 yielded negative counts (<log 2).

This is the first report that an aromatic-dependent mutant
can act as a live vaccine to prevent a bacterial disease of fish.
The level of protection achieved from just a single dose is a
considerable improvement from the variable protection
achieved by vaccinating with killed whole-cell or subunit
vaccines (1, 15). In addition, the 16-fold increase in protec-
tion observed in fish which had received a second dose
suggests that immunological memory had been stimulated by
exposure to the vaccine.

There have been two previous reports of the use of
live-attenuated A. salmonicida strains as vaccines. Cipriano
and Starliper (6) used a laboratory-passaged attenuated
derivative of a previously virulent isolate to vaccinate brook
trout (Salvelinus fontinalis) and Atlantic salmon (Salmo
salar). This strain provided significant protection when
administered by intraperitoneal injection or by immersion.
The nature of the attenuation was not addressed, but since it
had lost its ability to autoagglutinate in broth, it probably
lacked the A layer. The strain was obtained by repeated
passage in broth and agar over a 12-month period, conditions
which are known to attenuate virulent strains of 4. salmo-
nicida (29). The principal objections to this type of live
vaccine are the possibility of reversion to virulence when the
organism is administered to a large number of fish and the
possibility of establishing carriers in immunized populations,
which would violate fish health policies.

A more recent report by Thornton et al. (52) described the
isolation of a slowly growing, aminoglycoside-resistant mu-
tant and a rapidly growing pseudorevertant of 4. salmoni-
cida. Both mutants continued to express a variety of factors
associated with pathogenesis but differed morphologically
from wild-type cells with respect to A-layer organization,
membrane antagonist sensitivity, and aerobic metabolism.
The slowly growing resistant mutant had lost virtually all
aerobic metabolism, while the pseudorevertant had partially
recovered the ability to metabolize certain carbon sources.
Both mutants were avirulent and did not persist in tissue.
The rapidly growing antibiotic-sensitive pseudorevertant
protected chinook salmon (Oncorhynchus tshawytscha)
from challenge with a heterologous virulent strain when
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administered by intraperitoneal injection or immersion. The
levels of protection achieved were a 10-fold and 35-fold
increase in LDy, for injection- and immersion-vaccinated
fish, respectively. The inability of these strains to persist in
fish tissue allays any fears of creating carrier status in
immunized populations. However, the rapid clearance of the
vaccine strain from fish tissue (it was cleared from the liver,
kidney, and spleen of immersion-vaccinated fish after ap-
proximately 48 h) is consistent with the abnormal A layer of
the strain (52) and suggests that this defect may limit the
ability of the vaccine to elicit an effective immune response.
Furthermore, passive immunity studies suggest that the
native A layer, or a closely associated antigen, is protective
(28, 36). Reversion to virulence is also possible with these
spontaneous mutants.

The aromatic-dependent mutant described here offers a
number of advantages. Perhaps the most important is the
rational approach to attenuation which results in a severe
metabolic deficiency affecting seven key metabolic pathways
(39) caused by a defined, nonreverting mutation. The aroA4
mutation renders the organism avirulent without affecting its
ability to produce virulence determinants, and, most impor-
tantly, it does not affect the A layer. This has important
implications for the induction of a high level of immunity and
is almost certainly a contributing factor to the persistence of
these mutants in tissue that is longer than that described by
Thornton et al. (52). However, this persistence is finite
because of the metabolic deficiency imposed by the aroA
mutation, thus preventing the occurrence of a carrier state in
immunized fish. Finally, the level of immunity achieved here
in brown trout by using the aroA vaccine strain is 25-fold
higher than that achieved by Thornton et al. (52) in terms of
LD;, compared with unvaccinated controls after a single
intraperitoneal dose. Thus, this vaccine approach offers
considerable promise as a means of preventing furunculosis
in farmed fish.
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