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The humoral and cellular immune responses of rainbow trout were investi-
gated following injection with formalin-killed Vibrio anguillarum in Freund’s
incomplete adjuvant (FIA) in terms of reactivity towards di#erent antigen
preparations of the bacterium. Vaccinated fish were compared with control
fish that had been injected only with FIA. The antigen preparations used for
the comparative studies were formalin-killed bacteria, extracellular products
(ECP), outer membrane proteins (OMP) and cytoplasmic membrane proteins
(CMP). Humoral antibody as measured by ELISA was detected with all
antigen preparations. As evaluated by ELISPOT and by proliferation assays,
leucocytes isolated from vaccinated fish reacted most strongly with the OMP
preparation. This observation suggests the existence of undefined potent
antigenic components among these proteins. In proliferation assays, the tested
antigen preparations contained components that were mitogenic to cell
cultures from unvaccinated fish. However, in terms of antibodies measured
by ELISA and ELISPOT techniques, only vaccinated fish reacted with the
V. anguillarum preparations. ? 1997 Academic Press Limited

Key words: rainbow trout, Vibrio anguillarum, immunity, ELISA, ELISPOT,
leucocyte proliferation assay.
I. Introduction

Vibrio anguillarum, a Gram-negative bacterium causing vibriosis in fish, is
one of the most important bacterial pathogens a#ecting aquaculture in
Denmark and worldwide (Sørensen & Larsen, 1986; Egidius, 1987; Austin &
Austin, 1993). Development of vaccines against this pathogen has improved
the control of the disease (Smith, 1988; Austin & Austin, 1993), but occasional
outbreaks in vaccinated fish have been reported (Airdrie et al., 1989; Tiainen
et al., 1994).
Previous studies indicate that lipopolysaccharide (LPS) from V.

anguillarum induces protective immunity in salmonids (Evelyn & Ketcheson,
1980; Aoki et al., 1984; Bøgwald et al., 1992). However, there is still much to
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learn about the mechanisms of the protective immunity and which bacterial
components in the vaccine induce this protection. Antibodies have been
demonstrated to contribute to protection against V. anguillarum in ayu
(Plecoglossus altivelis) (Muroga et al., 1995), coho salmon (Oncorhynchus
kisutch) (Groberg, 1982) and rainbow trout (Oncorhynchus mykiss) (Harrell et
al., 1975; Viele et al., 1980) passively immunised with V. anguillarum anti-
serum. Other studies, however, reveal protection against infection after
vaccination even though the antibody response is low, as might be expected
after an oral or immersion administration (Croy & Amend, 1977; Kusuda et al.,
1978; Kawano et al., 1984). Thus, in these studies cell-mediated immunity may
be important for protection, and it is possible that both humoral and cellular
immunity are required for a protective response to V. anguillarum. In order to
test T cell immunity, V. anguillarum preparations have been analysed in
proliferative assays in leucocyte cultures from fish. These studies show thatV.
anguillarum preparations contain both mitogenic and specific components
(Yui & Kaattari, 1987; Thuvander, 1989), but the actual role of cell-mediated
immunity to V. anguillarum requires further investigation. To address this,
we have in the present study investigated the immunogenicity of V. anguil-
larum of serogroup O1 by evaluating the antigen-specificity of the humoral
and cellular immune responses in rainbow trout vaccinated with formalin-
killed whole bacterial cells in oil adjuvants. Immune responses were analysed
against various preparations of V. anguillarum: formalin-killed bacteria, rich
in antigens of somatic origin; extracellular products (ECP), representing a
mixture of secreted antigens; and outer membrane proteins (OMP) and
cytoplasmic membrane proteins (CMP), containing antigens from the bac-
terial cell envelope. Changes in serum antibody titres and the number of
antibody-secreting cells reacting with the individual V. anguillarum antigen
preparations were studied for a period of 13 weeks after vaccination, and the
proliferative responses of leucocytes to the preparations were examined after
4 weeks.
II. Materials and Methods

ANIMALS AND IMMUNISATIONS

Rainbow trout (Oncorhynchus mykiss), of 150–200 g body weight at 15–18)C,
were immunised by intraperitoneal injection of 5#108 formalin-killed V.
anguillarum serogroup O1 cells suspended in phosphate-bu#ered saline (PBS)
and emulsified in Freund’s incomplete adjuvant (FIA). Controls received PBS
in FIA.

SAMPLING AND ISOLATION OF LEUCOCYTES AND SERUM

Fish were anaesthetised with MS-222 and samples of peripheral blood and
head kidney were collected. Erythrocyte-free leucocyte suspensions were
prepared by sedimentation using Lymphoprep (Nycomed, Oslo, Norway)
density gradient centrifugation. The leucocytes were collected at the
interface layer, washed twice and diluted in Leibovitz L-15 medium (Biological
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Industries, Israel) supplemented with 100 IU penicillin per ml, 100 µg strepto-
mycin per ml, 10 IU heparin per ml, 1 mM glutamine and 5% fetal calf serum
(FCS). Blood samples for antibody analysis were allowed to clot for 2 h at
room temperature and centrifuged. Serum was collected and stored at "20) C
until assayed.

BACTERIA AND BACTERIAL ANTIGENS

Formalin-killed V. anguillarum

Vibrio anguillarum from a 24-h broth culture was inactivated with
0·9% formaldehyde solution for 2 h at room temperature and washed by
centrifugation with PBS.

Outer membrane proteins (OMP) and cytoplasmic membrane proteins (CMP)

The OMP and CMP were prepared as previously described by Davies (1991).
In brief, V. anguillarum from a 24-h broth culture was harvested by centri-
fugation (8000 g), washed in 20 mM Tris bu#er (pH 7·2), and resuspended in
this bu#er containing 10 mM ethylenediaminetetraacetic acid (EDTA). The
cells were disrupted by sonication and unbroken cells were sedimented by
centrifugation (8000 g). The supernatant containing the total cell envelope
fraction was subjected to high speed centrifugation (45 000 g) and the sedi-
ment resuspended in Tris bu#er containing 0·5% sarcosyl to solubilise the
cytoplasmic membrane selectively. The remaining outer membrane fraction
was pelleted by centrifugation (45 000 g). Both the solubilised CMP (super-
natant) and the OMP (pellet) were filtered through a 0·22 ìm pore-size
membrane and concentrated by ultra-filtration. Protein concentrations were
measured with a bicinchoninic acid (BCA) kit (Sigma, U.S.A.) using bovine
serum albumin as standard.

Extracellular products (ECP)

A 24-h broth culture of V. anguillarum was centrifuged and the supernatant
containing ECP was sterile-filtered and concentrated by ultra-filtration. The
protein concentration was measured by the BCA method.

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of
V. anguillarum preparations was carried out using a commercially available
electrophoresis system (NuPAGE from Novex, San Diego, California, U.S.A.).
Proteins (5 ìg/lane) were separated by a 10% polyacrylamide gel at neutral
pH, run with a non-reducing 3-(-N-morpholino) propane sulfonic acid (MOPS)
bu#er. Proteins were stained with Coomassie blue.

ELISA

Antibodies against V. anguillarum were detected with an indirect, enzyme-
linked immunosorbent assay (ELISA). Polystyrene microtitre plates were
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coated with 100 ìl per well of formalin-killed bacteria (108 ml"1) or of the
antigen preparations (10 ìg protein ml"1) and incubated overnight at room
temperature. The plates were washed three times with PBS containing 0·05%
Tween 20 (PBS-T), blocked for 1 h with a solution of PBS-T containing 5%
FCS, and washed three times with PBS-T. Serum samples diluted in PBS-T
were added to duplicate wells and incubated for 1·5 h. After incubation, the
plates were washed three times in PBS-T, and a monoclonal mouse antibody to
rainbow trout IgM (4C10) (Thuvander et al., 1990) was added to each well and
allowed to react for 1 h at room temperature. After washing three times with
PBS-T, a peroxidase-labelled rabbit antibody to mouse immunoglobulin (Ig)
(Dako, Glostrup, Denmark) was added and allowed to react for 1 h at room
temperature. Bound peroxidase activity was measured with H2O2 as substrate
and o-phenylene diamine (OPD) as colour reagent in citrate-phosphate bu#er,
pH 5, and the O.D. was read at 450 nm after 30 min at room temperature.

ELISPOT

The number of anti-V. anguillarum antibody-secreting cells was detected by
a solid-phase immunoenzyme assay (ELISPOT) essentially as described by
Aaltonen et al. (1994). Polystyrene microtitre plates were coated overnight at
room temperature with 100 ìl per well of formalin-killed bacteria (109 ml"1) or
of the antigen preparations (10 ìg protein ml"1). After three washes with PBS,
the plates were blocked for 1 h at 20) C with Leibovitz L-15 medium containing
5% FCS. Leucocytes, isolated from head kidney or blood and suspended in
Leibovitz L-15 medium containing antibiotics, heparin, glutamine and FCS,
were added to wells and incubated overnight at 20) C. The plates were washed
three times in PBS-T and monoclonal mouse antibody to rainbow trout IgM
was added and allowed to react for 1·5 h at room temperature. After washing
three times with PBS-T, a peroxidase-labelled rabbit antibody to mouse Ig
(Dako) was added and allowed to react for 1 h at room temperature. After
washing three times with PBS-T, the bound antibodies were visualised
by the addition of tetramethyl benzidine/dioctyl sodium sulphasuccinate
(TMB/DONS) substrate in 0·6% agarose solution. The spots were counted with
a dissection microscope.

LEUCOCYTE PROLIFERATION ASSAY

Leucocytes were cultured in flat-bottomed microtitre plates with 1#105

cells per well. Each well held 200 ìl Leibovitz L-15 medium with antibiotics,
heparin, glutamine and FCS. On the basis of initial dose-response
studies, antigens were used at the following concentrations: formalin-killed
V. anguillarum, 107 whole cells ml"1; ECP, OMP and CMP, 10 ìg protein
ml"1 and phytohaemagglutinin (PHA), 5 ìg ml"1. All tests were carried out in
triplicate. Cultures were incubated for 6 days at 20) C. At 22 h prior to harvest,
0·5 ìCi of [3H]thymidine (Amersham, U.K.) was added to each well. The cells
were harvested onto fibreglass paper, and the incorporated radioactivity was
measured in a liquid scintillation counter. The proliferative responses were
expressed as counts per minute (cpm). Stimulation index (SI)=cpm stimulated
culture/cpm unstimulated culture.
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STATISTICAL METHODS

Antibody titres in two groups of fish at 13 weeks after vaccination and
proliferation responses were compared by means of Mann-Whitney U-test for
unpaired samples. The five groups of antibody titres were compared by
Kruskal-Wallis analysis.

III. Results

ANTIGEN PREPARATIONS OF V. ANGUILLARUM

ECP, OMP and CMP were analysed by SDS-PAGE with Coomassie blue
staining of protein bands. Figure 1 shows that the individual preparations
contained certain components specific to the preparation while other bands
were common to all preparations.

THE HUMORAL IMMUNE RESPONSE TO V. ANGUILLARUM ANTIGENS

Humoral immune responses were analysed in ELISA. Vaccinated fish
produced antibodies reacting with all antigen preparations of V. anguillarum.
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Fig. 1. SDS-PAGE of antigen preparations from V. anguillarum stained with
Coomassie blue. A, cytoplasmic membrane proteins (CMP); B, outer membrane
proteins (OMP); C, extracellular products (ECP). Migration of molecular weight
markers is shown on the right in kilodaltons.
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Serum antibody titres started to rise 2 weeks after vaccination, and reached
maxima at 4, 6 or 8 weeks after vaccination, depending on the antigen
preparation against which they were tested (Table 1). A high antibody titre to
ECP was observed 4 weeks after vaccination. The antibody titre to OMP, CMP
and formalin-killed bacteria peaked after 6 to 8 weeks, but there was no
significant di#erence (by Kruskal-Wallis analysis) between the titres to the
tested antigen preparations 8 weeks after vaccination. Significantly elevated
antibody titres were still observed 13 weeks after vaccination (P<0·05,
Mann-Whitney U test). In unvaccinated fish, which had received an injection
of PBS in FIA, antibody titres to all four preparations remained low through-
out the 13 weeks of the experiment. The ELISPOT assay was used to
visualise and enumerate antibody-secreting cells to V. anguillarum from both
peripheral blood and head kidney. Cells producing antibodies against ECP,
OMP and formalin-killed bacteria were found in both blood and head kidney
after vaccination with formalin-killed whole cells of V. anguillarum (Fig. 2).
Vibrio anguillarum-specific antibody-secreting cells were detected 2 weeks
after vaccination, and the maximum number of cells was observed after 8
weeks. The highest number of specific antibody-secreting cells was observed
when the OMP preparation was used as coating antigen. Suspensions of head
kidney leucocytes from vaccinated fish generally contained greater numbers
of antibody-secreting cells with specificity to V. anguillarum than the
same number of blood leucocytes. Thirteen weeks after vaccination, V.
anguillarum-specific cells were detectable only in head kidney.

THE CELLULAR IMMUNE RESPONSE TO V. ANGUILLARUM ANTIGENS

Leucocytes from vaccinated fish were stimulated in vitro with OMP, ECP,
CMP or formalin-killed bacteria 4 weeks after vaccination and the prolifera-
tive responses were compared with that of leucocytes from unvaccinated
Table 1. Serum antibody titres (medians) to major antigen preparations of V. anguil-
larum in rainbow trout vaccinated with the formalin-killed bacterium

Weeks after
vaccination

Antibody titre:

Unvaccinated
fisha (n=3)

Vaccinated fish (n=5):

Coating antigens

ECP OMP CMP Formalin-killed
bacteria

0 <10 <10 <10 <10 <10
1 <10 <10 <10 <10 <10
2 <10 20 20 <10 20
6 <10 14080 1920 640 2560
4 <10 2560 7680 2560 7680
8 <10 2560 7680 10240 5120
13 <10 960 1920 960 1280

aAntibody titre to ECP, OMP, CMP or formalin-killed V. anguillarum.
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controls. The average proliferative responses to V. anguillarum antigen
preparations and the T lymphocyte mitogen PHA were higher for leucocytes
isolated from the head kidney than for those isolated from blood (Fig. 3).
Formalin-killed bacteria and both preparations of the bacterial cell envelope
elicited elevated proliferative responses (SI>3) of head kidney leucocytes from
vaccinated fish, whereas ECP induced low stimulation (SI<3). Comparing the
average responses of vaccinated and unvaccinated fish, the responses to CMP
and formalin-killed bacteria were at the same level in the two groups. In
contrast, vaccinated fish were characterised by an increased response to OMP,
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Fig. 2. Number of anti-V. anguillarum antibody-secreting cells isolated from rainbow
trout. Head kidney and blood leucocytes secreting antibodies specific for bacterial
antigen preparations were isolated from vaccinated fish (n=5) and enumerated in an
ELISPOT assay. Values are means&S.E.M. X=Anti-V. anguillarum antibody-
secreting cells isolated from unvaccinated fish (n=3).
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although this di#erence was found to be statistically non-significant (by
Mann-Whitney U test) due to variation among individual fish.

IV. Discussion

In this study, humoral and cellular immune responses of rainbow trout to
V. anguillarum were analysed. Passive transfer of humoral immunity to
non-immune rainbow trout has been demonstrated (Harrell et al., 1975; Viele
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Fig. 3. Cellular reactivity to antigens. Proliferative responses were measured as
[3H]thymidine uptake of head kidney and blood leucocytes from vaccinated
(n=5) and unvaccinated (n=3) fish when cultured with V. anguillarum antigen
preparations 4 weeks after vaccination. Values shown are means&S.E.M.. The mean
proliferative responses of unstimulated cultures is shown as a horizontal line.
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et al., 1980), but protection after vaccination has also been observed in the
absence of measurable serum antibodies (Croy & Amend, 1977; Kusuda et al.,
1978; Kawano et al., 1984). Lack of correlation between antibody titres and
protection may have one or more of the following explanations: oral or
immersion administrations of vaccines may elicit secretory rather than serum
antibodies (Kawai et al., 1981); antibodies relevant for protection may not
be detected by the techniques employed; or cell-mediated protection may be
of major importance. Proliferative responses of V. anguillarum-stimulated
leucocyte cultures have been studied previously, with results indicating
that V. anguillarum antigens evoke both mitogenic and specific antigenic
responses (Yui & Kaatari, 1987; Thuvander, 1989).
The present work focused on the identification of immunodominant antigen

preparations of V. anguillarum. In previous studies, suggestions have
been made as to which components function as protective antigens (Kusuda
et al., 1978; Evelyn & Ketcheson, 1980; Itami & Kusuda, 1980; Chart & Trust,
1984), but to our knowledge, no tests of the immune responses to antigen
preparations covering the whole antigen repertoire of the bacterium have
previously been made. Our study demonstrated that vaccination of rainbow
trout with a single injection of formalin-killed V. anguillarum in oil adjuvant
provoked a strong and persistent immune response. Circulating antibodies
were found at similar levels to all the tested V. anguillarum antigen prep-
arations, whereas antibody secreting cells amongst blood and head kidney
leucocytes were predominantly specific for OMP. The fact that antigen
coating in both the humoral immune response assays was performed by the
same procedure excludes the possibility that the observed predominant
population of antibody secreting cells with specificity for OMP was due to
di#erent binding capacities of the antigen preparations to the microtitre
plates.
In leucocyte proliferation assays, all the tested preparations elicited some

mitogenic response. A mitogenic e#ect of V. anguillarum antigens has pre-
viously been attributed to a non-specific stimulation of Ig-positive (B) lym-
phocytes by surface LPS (Yui & Kaattari, 1987; Hardie et al., 1993), and it is
possible that the observed mitogenic response was due to LPS in the tested
antigen preparations. In this study, an antigen-specific proliferative response
could only be distinguished from a non-specific mitogenic response when
leucocytes were stimulated with the OMP antigen preparation.
The average proliferative responses and number of cells secreting anti-

bodies to V. anguillarum antigen preparations were generally higher for
leucocytes isolated from the head kidney than for blood leucocytes. This
observation agrees with the results of Reitan & Thuvander (1994), who found
that Atlantic salmon leucocytes isolated from the head kidney gave more
potent mitogenic and specific antigenic responses than those isolated from the
blood.
Protein preparations of V. anguillarum constitute a complex mixture of

di#erent components and only a limited number of the structures have so far
been characterized (Aoki et al., 1981; Chart & Trust, 1984; Santos et al., 1995).
The findings of this study indicate that the OMP preparation contained
immunodominant antigens.
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