Vol. 62: 205-215, 2004

DISEASES OF AQUATIC ORGANISMS
Dis Aquat Org

Published December 13

Modulated heat shock protein expression during
pathogenic Vibrio alginolyticus stress of sea bream
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ABSTRACT: The effects of infective Vibrio alginolyticus and its extracellular product (ECP) on host
fish function are not well understood. In this study a partial biochemical characterization of the ECP
from an infective strain of V. alginolyticus isolated from diseased silver sea bream Sparus sarba was
achieved and the effects of live V. alginolyticus and ECP on hepatic heat shock protein (hsp) expres-
sion was compared. The ECP fraction was found to contain several hydrolytic enzymes including
both haemolytic and proteolytic activities. Intramuscular administration of ECP to sea bream resulted
in vibriosis with similar pathological signs as those observed with live V. alginolyticus administration.
Using quantitative immunoassays we assessed the levels of the major hsp families, hsp90, hsp70 and
hsp60, in hepatic tissue of diseased sea bream between 12 and 48 h post-infection. Throughout the
infective period, live V. alginolyticus did not alter hsp90 whereas ECP significantly reduced hepatic
hsp90 during the late stages of acute infection. The levels of hsp70 were found to be rapidly and dras-
tically increased with both live V. alginolyticus and ECP. The transcript levels of both gene members
of the hsp70 family (hsc70 and hsp70) were significantly increased with both live V. alginolyticus and
ECP. The levels of hsp60 remained unchanged with both live V. alginolyticus and ECP. The data pre-
sented in this study is the first report describing an effect of both live V. alginolytus and ECP on hsp

expression in diseased fish.
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INTRODUCTION

Under certain culture conditions, fish can be ex-
posed to both abiotic and biotic stress including ad-
verse water quality, hypoxia and infectious diseases.
A significant group of bacterial pathogens which are
predominant in marine fish belong to the genus Vibrio
and members of this genus are Gram-negative and
are found ubiquitously in both marine and estuarine
environments. Certain strains of Vibrio are patho-
genic for different species of aquatic animals causing
the diseased condition termed vibriosis. Classic signs
of vibriosis include general bacterial septicaemia,
haemorrhaging and skin lesions (Egidus 1987).
Although the onset of vibriosis is generally associated
with physical damage to the fish outer integument or
poor culture conditions (Colorni et al. 1981) it is possi-
ble that certain highly infectious strains such as those
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of V. anguillarum and V. salmonicida can cause
vibriosis without a pre-disposing factor (Hjeltnes &
Roberts 1993). Pathogenic Vibrio species possess an
array of key components which allow for host invasion
and proliferation, and a key strategy for Vibrio viru-
lence is related to the capability to sequester iron
from host tissues using a complex of siderophores and
iron transporting proteins coded for by either plasmid
or chromosomal located genes (Crosa 1980, 1984,
Actis et al. 1985, Conchas et al. 1991). Also, enzymatic
virulence factors associated with the extracellular
products (ECPs) have been demonstrated to be toxic
to fish (Biosca & Amaro 1996, Lee et al. 1997, Liu et al.
1997, Perez et al. 1998) and of the many components
found in ECP, protease and haemolysins are known to
play a major role in host tissue liquefaction and ery-
throcyte destruction respectively (Kodama et al. 1984,
Kreger et al. 1987).
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When normal cellular processes are adversely affec-
ted the synthesis of a group of proteins belonging to
the heat shock protein (hsp) families (hsp90, hsp70
and hsp60) are rapidly increased. Members of these
different hsp families play different roles in the cell;
for example, the hsp90 family is involved in steroid
receptor formation and protein folding (Smith & Toft
1993, Pratt 1997), the hsp70 family is necessary for
protein synthesis, translocation and protein folding
(Gething & Sambrook 1992), and mitochon-drial
bound hsp60 is defined as being involved in protein
stability and folding (Cheng et al. 1989, Ostermann et
al. 1989, Martin et al. 1992). Indeed all of these
groups of hsps have been demonstrated to be upregu-
lated in fish during abiotic stress (Iwama et al. 1998).
Evidence from mammalian studies has suggested that
hsps are important during disease as they may play
critical roles in immune function and protection
(Jacquier-Sarlin et al. 1994), antigen presentation
(DeNagel & Pierce 1993) and non-specific immune
responses (Guzik et al. 1999). Although strong evi-
dence exists for an important role of hsps in disease
responses for mammals, much less is known about
pathogenic stress and its effect on hsp90, 70 and 60
expression in fish. A better understanding on how all
of these cytoprotective proteins are modulated during
fish disease would aid our understanding of the host
response. In coho salmon both hepatic and renal
hsp70 were increased during infection with Renibac-
terium salmonarium (Forsyth et al. 1997) and similarly
Vibrio anguillarum infection resulted in elevated
hsp70 in liver and head kidney in juvenile rainbow
trout (Ackerman & Iwama 2001). A chinook salmon
embryo cell line (CHSE-214) exposed to heat shock
displayed an induction of a 90 kDa protein. This pro-
tein was also induced upon exposure of CHSE-214
cell line to an infectious strain of haematopoietic
necrosis virus (IHNV) (Lee et al. 1996). Although, at
first sight, this protein appeared to be a member of
the hsp90 family, further characterization based on
molecular mass, antigenic properties, subcellular dis-
tribution and subsequent gene isolation proved that
this protein was not hsp90 but a putative extracellular
solute binding protein (Cho et al. 1997, 2002); thus the
expression of hsp90 during fish disease still remains
to be established. The present study was performed in
order to obtain new information on pathogenesis
mechanisms of V. alginolyticus particularly in relation
to effects on host hsp expression. As pathogenesis
mechanisms could differ between infection caused by
live bacterium and infection caused by ECP, a clear
delineation between these 2 components in terms of
effects on host hsp expression was also studied. A bet-
ter understanding of V. alginolyticus pathogenicity as
well as the host response to infection will certainly

help to design future strategies of disease prevention
and protection. Here we report on the partial bio-
chemical characterization of the ECP from a patho-
genic V. alginolyticus strain isolated from silver sea
bream Sparus sarba. We also report on the effects of
both live V. alginolyticus and ECP administration on
the expression of major heat shock protein families
hsp90, hsp70 and hsp60 in sea bream hepatic tissues.

MATERIALS AND METHODS

Experimental fish. Juvenile silver sea bream
Sparus sarba weighing approximately 15 to 20 g
were obtained from a local fish farm with no reported
history of vibriosis. Fish were allowed to acclimate to
laboratory conditions in seawater stock tanks for 2 wk
prior to experimentation. Fish were separated into
experimental tanks (500 1) equipped with a seawater
recirculation and fed on a prepared diet (Woo & Kelly
1995). The temperature of the experimental tanks
was maintained at 20 to 22°C throughout the experi-
mental period.

Heat shock regime. For the determination of hsp
expression, an acute heat shock procedure was used.
Fish were divided into 3 groups (n = 5) and acclimated
to opaque laboratory aquaria for 2 d prior to heat
shock experiments. The seawater in the aquaria was
changed daily and one group served as a control with
water temperature maintained at 20 to 22°C. The
second group of fish were subjected to a temperature
increase of approximately 0.12°C min™! using an im-
mersion heater until 32°C was attained, and the fish
were maintained at this temperature for a further 2 h
after which time they were killed by spinal transection
and the liver was removed. A third group of fish was
also subjected to the same temperature stress of 32°C
in the same manner as above and after 2 h the immer-
sion heater was removed and the fish were allowed to
undergo a recovery period of 24 h at 20 to 22°C prior to
tissue removal.

Bacteria and ECP preparation and toxicity test. A
strain of pathogenic Vibrio alginolyticus previously
isolated from diseased sea bream and shown to cause
vibriosis (Li et al. 1999, Deane et al. 2001) was cultured
for 24 h on 2216E marine agar (Difco Laboratories) and
then resuspended in sterile saline (0.85% w/v NaCl).
Viable counts were determined by spreading serially
diluted bacterial suspensions on TCBS selective agar
(Oxoid) and incubated at 28°C for 48 h. The ECP from
V. alginolyticus was obtained using the cellophane
plate technique (Liu 1957). Sterile cellophane sheets
were placed onto the surface of 2216E agar plates and
inoculated with 0.2 ml of an overnight culture of V.
alginolyticus. Plates were incubated at 28°C for 24 h
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and then cellophane disks were washed with 3 ml of
cold 0.01M phosphate buffered saline (PBS, pH 7.2).
The bacteria were pelleted by centrifugation at 12000
x g for 20 min, the supernatant was collected, filter-
sterilized through a 0.22 pm membrane (Millipore) and
the protein content of the preparation was determined
(Lowry et al. 1951). Groups of juvenile sea bream were
given intramuscular injections of either saline, a pre-
determined LDs,dose of V. alginolyticus (4.85 x 10* cfu
fish™!) or a pre-determined LD, dose of ECP (0.92 mg
protein g body weight™!). After injections were com-
pleted, fish were divided into separate groups (n = 5)
for sacrifice at 12, 24, 36 and 48 h intervals post-injec-
tion. To assess if any changes could have been caused
by the handling or injection of fish per se a group of
fish (n = 7) which were not subjected to injections
(intact control) was also killed. Fish were killed by
spinal transection and the liver was removed, quick-
frozen in liquid nitrogen and then stored at -70°C until
analysis.

Partial biochemical characterization of bacteria and
ECP. The enzymatic and haemolytic activities of live
Vibrio alginolyticus and the prepared ECP were de-
termined using plate assays as previously described
(Sudheesh & Xu 2001). Agarose plates supplemented
with either 1% w/v caseinate, 1% w/v gelatin, 0.2%
w/v starch, 2.5% v/v egg yolk, 1% v/v Tween 80 or
0.3% w/v chitin were used for caseinase, gelatinase,
amylase, lecithinase, lipase and chitinase determina-
tion respectively. Haemolytic activity was determined
using blood agar supplemented with either 5% v/v sil-
ver sea bream, black sea bream or rabbit erythrocytes.
Activities were determined by spot inoculating ECP
(25 pl) into small wells cut into agarose plates. The
appearance of a clear lytic halo around each well was
considered as positive and the ratio of the diameter of
the lytic halo to that of the colony well was calculated.
Total proteolytic activity of ECP was determined using
a multiprotein substrate, azocasein (Sigma) and the
inhibitory effects of 10 mM concentrations of phenyl-
methylsulfonyl fluoride (PMSF), ethylenediaminete-
traacetic acid (EDTA), ethylene glycol-bis (2—amino-
ethyl-ether) N,N,N’, N’ tetraacetic acid (EGTA), sodium
dodecyl sulfate (SDS), HgCl, and KMnO, were deter-
mined as previously described (Lee 1995). One unit of
proteolytic activity was defined as an increase in
absorbance of 0.001 at 440 nm.

Protein extraction and quantification. Liver samples
were homogenized in 1 ml of protein extraction buffer
(4 M urea, 0.5% w/v SDS, 2 mM PMSF, 10 mM EDTA)
using an Ultra-Turrax T25 rotor stator homogenizer for
30 s, and then incubated at 95°C for 10 min. The sam-
ples were then sonicated for 10 min, centrifuged at
12000 x g for 10 min and the supernatant was de-
canted and measured for total protein content (Lowry

etal. 1951). Samples were read at 595 nm using a spec-
trophotometer (Milton Roy Spectronic) and protein
concentration calculated from a protein standard curve
of bovine albumin (Sigma).

Protein gel electrophoresis and immunoblotting.
One-dimensional SDS-PAGE was applied to resolve
proteins of different molecular size according to the
procedure described by Laemmli (1970) using a 4 %
(stacking) and 12% (separating) polyacrylamide gel.
The standard proteins used for SDS-PAGE were
bovine brain hsp70 and hsp90 and human recombi-
nant hsp60 (Sigma). For electrophoresis, 1.5 pg of full
range rainbow molecular weight marker (Amersham),
0.1 ng of hsp standard protein and a representative
liver protein sample (5 pg) was electrophoresed for
90 min at 100 V followed by transfer to nitrocellulose
membrane (Gibco-BRL) for 1 h at 150 V using a Bio-
Rad mini kit. After protein transfer the membrane was
air dried and then blocked by immersing overnight at
4°C in PBS containing 3 % w/v skimmed milk powder.
The membranes were rinsed for 1 h in PBS containing
0.05% v/v Tween 20 (PBS-T) and then incubated for
1 h with anti-mouse hsp antiserum (Sigma) diluted in
PBS-T. The dilutions of hsp90, 70 and hsp60 antiserum
were 1:500, 1:4000 and 1:1000 respectively. The mem-
branes were rinsed for a further 1 h in PBS-T before
incubating with antimouse IgG horseradish peroxidase
conjugate (Sigma) diluted 1:8000. After a final mem-
brane rinse, the bound hsps were detected using an
ECL development system (Amersham) and followed by
exposure to Hyperfilm (Amersham).

Hsp analysis using quantitative immuno-dot blot.
Quantitative immuno-dot blots were used to assess all
samples for hsp90, 70 and 60 amounts as described by
Deane et al. (2002). Nitrocellulose membranes were
prepared for blotting by immersing in 0.1 M PBS for
10 min and then fixed into a Bio-Dot microfiltration
manifold (Bio-Rad). An aliquot of 5 pg total protein
from each sample was adjusted to 100 pl, added to the
wells of the manifold and a vacuum was used to draw
the samples onto the membrane. For every immuno-
dot blot a series of hsp standards (1 to 100 ng) were
also applied. In order to ensure that all of the protein
sample was drawn onto the membrane, each well of
the manifold was washed with a further 200 pl of 0.1 M
PBS. The samples were fixed onto the membranes by
air drying overnight and membranes were probed and
visualized as previously described. For each sample
the optical density (OD) x area (mm?) was determined
using a GS-690 densitometer (Bio-Rad). The hsp con-
tent of each larval sample was calculated from the
standard curves of hsp90, 70 or 60.

Reverse transcriptase polymerase chain reaction
(RT-PCR) of hepatic hsc70 and hsp70 gene transcripts.
Total RNA was extracted from hepatic tissue of exper-
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imental fish using a Qiagen RNeasy mini kit (Qiagen)
and treated with DNasel (Gibco-BRL). For first strand
cDNA synthesis, 1 ng of total RNA from each sample
was added to a reaction mix (20 pl), containing 0.5 pg
oligo DT primer (Pharmacia, LKB), 2 pl dithiothreitol
(0.1 M), 1 pl ANTP mix (10 mM, Pharmacia, LKB), 4 nl
reaction buffer and 1 pl of Superscript II reverse tran-
scriptase (200 U pl™!, Gibco-BRL). First-strand cDNA
synthesis was allowed to proceed at 42°C for 1 h after
which time the reaction was incubated at 70°C for
15 min and then stored at 4°C. PCR amplification of
first-strand cDNA was performed with a series of
oligonucleotide primers designed from previously
cloned hsc70 (cognate) and hsp70 (inducible) genes of
silver sea bream (GenBank accession numbers
AY436786 and AY436787 respectively). As a normal-
ization control for each RT-PCR, primers specific for a
540 base pair fragment of 18S rRNA were designed
according to previously published sequence (Hara-
sewych et al. 1997). All primers were synthesized by
Genset (Singapore) and had the following sequences:
Hsc70:

5'-ATCAGTGATGACGACAA-3' (sense)

5'-TGACCCCCCCCCAGGGGC-3' (antisense)
Hsp70:

5'-ATCAGTGAGGAGGACAAA-3' (sense)

5'-CTGGGAGCCGCTTCCTGC-3' (antisense)
18s rRNA:

5'-GCCAAGTAGCATATGCTTGTCTC-3' (sense)

5'-AGACTTGCCTCCAATGGATCC-3' (antisense)

For each pair of specific primers, a PCR reaction
(50 pl) containing 5 pl of first-strand cDNA, 0.2 pl Taq
DNA polymerase (5 Upl™!, Promega), 5ul MgCl,
(26 mM), 5ul reaction buffer, 0.5 pl dANTP mix
(10 mM) and 1 pl of each primer (50 pM) was pre-
pared. PCR amplification was performed using a
PTC-100 thermal cycler (MJ Research) with cycle
parameters of 94°C for 1 min, 55°C for 1 min, 72°C for
1 min and a final extension of 72°C for 4 min. Ampli-
fication of hsc70 and hsp70 transcripts were per-
formed using 23 and 31 cycles of amplification
respectively, since preliminary experiments demon-
strated these parameters would allow for transcript
amplification within the linear phase of the PCR. All
PCR products were run on a 2% w/v agarose gels
(Bio-Rad) and gels were stained with ethidium bro-
mide to visualize bands. Negative controls were per-
formed with RNA samples subjected to the above
conditions, without the addition of reverse transcrip-
tase; no PCR products were detected for negative
controls indicating that the amplified gene fragments
were from first-strand cDNA template. A single PCR
product of 237 and 204 base pairs was obtained for
hsc70 and hsp70 amplification respectively and in
order to confirm the identity of these we subcloned

fragments into pCRscript plasmid vector (Stratagene)
and cycle sequenced using an ABI PRISM dye termi-
nator kit with reaction products run on an ABI 310
Genetic Analyzer (Perkin Elmer). All PCR samples
were stored at 4°C.

Semi-quantification of hsc70 and hsp70 transcripts.
In order to analyze all samples together DNA dot blots
were prepared using a Bio-Dot microfiltration mani-
fold (Bio-Rad). PCR amplification products (10 pl) from
all samples were diluted 2-, 4- and 8-fold in order to
confirm a linearity of detection during subsequent
scanning procedures and blotted according to instruc-
tions supplied with Hybond-N+ membrane (Amer-
sham). Membranes were then rinsed briefly in 20x SSC
(17.5% w/v NaCl, 8.8 % w/v trisodium citrate), and the
DNA fixed to the membrane by UV cross-linking. For
probing, purified cDNA fragments of each gene of
interest were radiolabeled using a Rediprime random
labelling kit (Amersham) and used for membrane
hybridization in Rapid-Hyb buffer (Amersham) at 55°C
for 16 h. After hybridization, membranes were washed
twice witha 2 x SSC /0.1 % SDS solution for 30 min fol-
lowed by a final wash in 0.1 x SSC /0.1 % SDS at 65°C
for 15 min and then exposed to a storage phosphor
screen (Molecular Dynamics) for 3 h at room tempera-
ture. The plates were scanned using the Storm
Phosphorlmaging system with ImageQuant software
(Molecular Dynamics) for quantification of amplified
fragments. The abundance of each specific gene frag-
ment was normalized to the corresponding 18S cDNA
abundance from the same sample.

Statistical analysis. Data from quantitative hsp
immuno blots and DNA dot blots were subjected to a
1-way ANOVA. In order to delineate significance
between groups a Student-Newman-Keuls test (Jandel
Scientific) was used. Significance was accepted if p <
0.05 and all data are expressed as mean + SEM.

RESULTS
Vibrio alginolyticus ECP characterization

The ECP isolated from a pathogenic strain of Vibrio
alginolyticus was assessed for a number of enzymes
using plate assays. We detected high amylase and
caseinase activities, and moderate chitinase, gelati-
nase, lecithinase and lipase activities. Haemolytic
activity appeared to be specific for fish erythrocytes as
no lytic zones were present in agar plates supple-
mented with rabbit erythrocytes (Table 1). Proteolytic
activity was found to be completely inhibited by
KMnO, and partially by PMSF, EDTA and EGTA and
HgCl,. SDS seemed to have little effect on proteolytic
activity (Table 2).
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Table 1. Enzymatic characterization of the isolated extra-

cellular product (ECP) of pathogenic Vibrio alginolyticus. The

activity tested and the respective substrate used for plate

assays are indicated. The ratio of hydrolytic zone to well

diameter was calculated, (++) = a ratio between 2 and 5, (+) =
a ratio between 1 and 2 and (-) = no lytic zone observed

Table 2. Effect of various inhibitors on proteolytic activity of

Vibrio alginolyticus extracellular product (ECP). Isopropanol

was used to dissolve PMSF and distilled water was used to

dissolve all other inhibitors. The concentration of each in-

hibitor used was 10 mM and relative activity is expressed as
a percentage of that obtained with respective control

Activity Substrate Lytic zone
tested used size
Caseinase Caseinate ++
Gelatinase Gelatin +
Amylase Starch ++
Lecithinase Egg yolk +
Lipase Tween 80 +
Chitinase Chitin +
Haemolysin Silver sea bream erythrocytes +
Haemolysin Black sea bream erythrocytes +
Haemolysin Rabbit erythrocytes -

Temperature stress

Immunoblots were used to determine the presence
of hsp families in sea bream hepatic tissue and a single
band for each hsp type was observed (Fig. 1). The
effect of an acute heat shock on hsp expression was
studied using groups of fish subjected to a +12°C
increase in water temperature for 2 h (Fig. 2). Hepatic
hsp90, 70 and 60 levels were increased significantly
(p <0.05) by 1.5-, 2.4- and 1.7-fold respectively in com-
parison with control groups. Fish that were subjected
to a 24 h recovery period following heat shock did not
display any significant differences (p < 0.05) in hsp90,
70 or 60 levels when compared to control groups.

Effects of live Vibrio alginolyticus and ECP
administration on hepatic hsp expression

Prior to administration of bacteria or ECP a group of
fish were sacrificed and assayed for hsp levels, calcu-
lated as ng mg~! total protein. Hepatic hsp90, 70 and
60 levels were 14.9 + 1.8, 2.8 + 0.4 and 14.1 + 1.7 png
mg~! total protein respectively and these values served
as intact controls. Fish injected with live bacteria
exhibited pathological signs of disease such as abdom-
inal swelling, haemorrhaging and ulceration around
the site of injection. Similar pathological signs of dis-
eases were observed with fish injected with ECP and
no pathological signs of disease were observed in fish
injected with a pre-heated (70°C) ECP preparation.

The expression of hsp families during live Vibrio algi-
nolyticusinfection and ECP administration was assessed.
Hepatic hsp90 remained unchanged with live V. algi-
nolyticus administration in comparison to controls at all
time points assessed. When ECP was used it was found
that hsp90 amounts were significantly decreased by 29

Inhibitor % Relative activity
Control (distilled water) 100
Control (isopropanol) 100
SDS 96
HgCl, 64
EGTA 6
EDTA 5
PMSF 5
KMnOy, 0
A
160
105 <4 hsp90
75
50
B
160
105
75 <4— hsp70
50
C
105
75
50 <4— hsp60
35

bl

Fig. 1. Immunoblot detection of silver sea bream hepatic (A)

hsp90, (B) hsp70 and (C) hsp60. For each immunoblot, stan-

dard and hepatic hsp are indicated in Lanes 1 and 2, respec-

tively. The position of protein molecular size markers in kDa
is indicated to the left of each immunoblot

and 59 % at 36 and 48 h post-infection respectively, in
comparison to control groups (Fig. 3). Hepatic hsp70 was
significantly increased by 3.1-, 4.0- and 2.9-fold at 24, 36
and 48 h post-infection respectively, with live V. algi-
nolyticus administration, and also increased by 2.8-, 2.0,
3.0- and 3.4-fold at 12, 24, 36 and 48 h post-infection
respectively following ECP administration (Fig. 4).
Throughout the time course of this study it was found



210 Dis Aquat Org 62: 205-215, 2004

W
S
*

%ok

[s53 (oo}
S W
1 1

-

%k sk

HSP amount
S &
HH
*

|—I—

HSP70

S W
1

HSP90 HSP60

Fig. 2. Effect of heat shock on silver sea bream hepatic hsp90,
70 and 60. The hsp values for control (20°C, white columns),
heat shock (32°C for 2 h, light grey columns) and heat shock
followed by 24 h recovery period (dark grey columns) are
indicated. Hsp values are calculated as pg mg™ total protein
and data are expressed as mean + SEM (n = 5). *Significant
(p < 0.05) differences between control and heat shock groups;
**significant (p < 0.05) differences between heat shock and
heat shock + recovery groups

that hepatic hsp60 levels were not significantly
changed with administration of eitherlive V. alginolyti-
cus or ECP in comparison to saline controls (Fig. 5).

RT-PCR analysis of hsc70 and hsp70 transcripts

Using primers specific for either hsc70 or hsp70 in
RT-PCR analysis it was possible to detect both tran-
scripts; radioisotope probing of immobilized DNA fol-
lowed by subsequent high stringency washing was
used for semi-quantification of these transcripts. Using
this approach it was determined that the basal level of
hsc70 transcript was approximately 12-fold higher
than hsp70 transcript in unstressed fish (Figs. 6 & 7).
Analysis of hsc70 transcript showed that treatment
with live Vibrio alginolyticus caused an increase of
1.6-, 1.7- and 1.9-fold at 24, 36 and 48 h post-infection
respectively in comparison to control groups; treat-
ment with ECP caused an increase of 1.9-, 2.4- and
2.5-fold at 24, 36 and 48 h post-infection respectively in
comparison to control groups (Fig. 6). Analysis of
hsp70 transcript showed that treatment with live
V. alginolyticus caused a greater increase of 3.4-, 4.0-
and 3.2-fold at 24, 36 and 48 h post- infection respec-
tively in comparison to control groups; treatment with
ECP also caused an increase of 2.2-, 3.7-, 3.6- and
3.9-fold at 12, 24, 36 and 48 h post-infection respec-
tively in comparison to control groups (Fig. 7).

DISCUSSION

Many virulent factors, including bacterial surface
proteins and iron uptake systems, have been attributed
to pathogenicity in Vibrio spp. infections (Toranzo &

Barja 1993). In addition, the ECP fractions from patho-
genic Vibrio appear to play a major role during disease
and the enzymatic components of this fraction have
been implicated as important factors necessary for
invasion, survival and proliferation in host fish (Bale-
bona et al. 1998, Wang et al. 1998, Wang & Leung
2000). Although ECP is an important factor in patho-
genesis, a positive correlation between the patho-
genicity of a particular strain of Vibrio and the viru-
lence of the ECP from the same strain cannot be
assumed as cytotoxicity of ECP prepared from non-
pathogenic Vibrio strains can also occur (Toranzo et al.
1983). Since ECP is a complex of enzymatic and non-
enzymatic components, the profiles of which are
unique in different species of Vibrio, a complete bio-
chemical profile of this isolated fraction is difficult.
However, a partial biochemical characterization of the
ECP fraction from a pathogenic strain of V. alginolyti-
cus showed the presence of certain key enzymes
(caseinase, gelatinase, amylase, lecithinase, lipase,
chitinase and protease). The detection of these
enzymes was in agreement with the ECP enzymatic
profile previously reported for V. parahaemolyticus
although the ECP of V. parahaemolyticus exhibited
greater activities for these enzymes using identical
plate assays (Sudeesh & Xu 2001). Of particular inter-
est was the occurrence of protease activity in the iso-
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Fig. 3. Hepatic hsp90 expression during acute infection with
(A) live Vibrio alginolyticus or (B) ECP. Hepatic hsp90 values
are calculated as ng mg™! total protein and data are expressed
as mean + SEM (n = 5). White columns indicate saline control,
light grey columns indicate V. alginolyticus treated groups
and dark grey columns indicate ECP treated groups. An
asterisk above a column indicates a significant difference (p <
0.05) from saline control at the same time point. The amount
of hepatic hsp90 in intact control fish was calculated as 14.9 =
1.8 ng mg~! total protein (n = 7)
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Fig. 4. Hepatic hsp70 expression during acute infection with
(A) live Vibrio alginolyticus or (B) ECP. Hepatic hsp70 values
are calculated as ng mg~! total protein and data are expressed
as mean + SEM (n = 5). White columns indicate saline control,
light grey columns indicate V. alginolyticus treated groups
and dark grey columns indicate ECP treated groups. An
asterisk above a column indicates a significant difference (p <
0.05) from saline control at the same time point. The amount
of hepatic hsp70 in intact control fish was calculated as 2.8 +
0.4 pg mg™! total protein (n = 7)

lated ECP of V. alginolyticus as this appears to be one
of the most important factors for virulence (Inamura et
al. 1984, Kanemori et al. 1987) and it has been demon-
strated that purified proteases from Vibrio are toxic to
fish (Lee 1995) and shellfish (Sudheesh & Xu 2001).
The protease activity detected in the isolated ECP in
this study was completely inhibited by KMnO,, and
partially by HgCl,, PMSF, EDTA, EGTA indicating the
existence and importance of sulphydryl groups and
metalloprotease components. Using blood agar plates,
lytic zones were detected with sea bream erythrocytes
but not rabbit erythrocytes indicating the presence of
haemolytic activity specific for fish blood cells. Such an
activity for infective V. alginolyticus would be critical
as the first step of essential iron release from erythro-
cytes. The effects of ECP administration was tested by
intramuscular administration of an LD;, dose to sea
bream and it was clear that ECP could cause disease
with similar pathological signs as those associated with
a live V. alginolyticus infection. It was also observed
that there was a considerable degree of ulceration and
degradation of tissue surrounding the site of ECP
injection in sea bream. This ulceration was probably
caused by the concerted action of enzymes associated
with ECP. No disease or disease signs were detected in
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Fig. 5. Hepatic hsp60 expression after injection with (A) live
Vibrio alginolyticus or (B) ECP. Hepatic hsp60 values are cal-
culated as ng mg! total protein and data are expressed as
mean + SEM (n = 5). White columns indicate saline control,
light grey columns indicate V. alginolyticus treated groups
and dark grey columns indicate ECP treated groups. No sig-
nificant differences between treatments and saline control
were found. The amount of hepatic hsp60 in intact control fish
was calculated as 14.1 + 1.7 ng mg~! total protein (n = 7)

preliminary experiments with pre-heated ECP (results
not shown) therefore adding further support to the
importance of enzymatic activities for virulence.

In this study, immunoblotting was used to determine
that levels of hepatic hsp90, 70 and 60 increased upon
acute heat shock and returned to pre-stress levels fol-
lowing a recovery period confirming a role of these
hsps as stress associated proteins. Presently there is a
paucity of data concerning the effect of pathogenic
stress on hsps in fish and in this study the concerted
expression profiles of the key hsp families, hsp90,
hsp70 and hsp60, in fish infected with a pathogenic
strain of V. alginolyticus is reported. Also, a compari-
son of effects of live V. alginolyticus and its ECP was
studied.

Of all the hsps, the hsp70 family has been most
widely studied as a biomarker of stress because of its
rapid and significant increase during cellular disrup-
tion (Ryan & Hightower 1996). One of the major induc-
ing factors for hsp70 upregulation in the cell is the
occurrence of damaged cellular proteins (Ananthan et
al. 1986) and the key role of hsp70 is to repair such pro-
teins (Gething & Sambrook 1992). During stressful sit-
uations such as host tissue undergoing destruction
from infective agents, we would expect damaged cel-
lular proteins and a subsequent hsp70 increase to
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Fig. 6. Hepatic hsc70 transcript expression after injection with
(A) live Vibrio alginolyticus or (B) ECP. A representative
agarose gel of RT-PCR products taken from different treat-
ment groups is shown above a bar chart and each lane is
labelled according to time post-infection (h). Molecular size
markers are shown on the left (in base pairs) and 18s and
hsc70 transcripts are indicated. For bar charts, the transcript
levels are expressed as normalized values (arbitrary units)
and data are expressed as mean + SEM (n = 5). White columns
indicate saline control, light grey columns indicate V. algi-
nolyticus treated groups and dark grey columns indicate ECP
treated groups. An asterisk above a column indicates a signif-
icant difference (p < 0.05) from saline control at the same time
point. The amount of hepatic hsc70 in intact control fish was
calculated as 0.32 £ 0.34 (n =7)
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Fig. 7. Hepatic hsp70 transcript expression after injection with
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according to time post-infection (h). Molecular size markers
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indicate saline control, light grey columns indicate V. algi-
nolyticus treated groups and dark grey columns indicate ECP
treated groups. An asterisk above a column indicates a signif-
icant difference ( p < 0.05) from saline control at the same time
point. The amount of hepatic hsp70 in intact control fish was
calculated as 0.025 + 0.005 (n = 7)
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occur. In this study data from immunoanalysis showed
a significant increase in liver hsp70 at 24 h post-infec-
tion and reached peak levels at 36 h. The elevation of
hsp70 reported in this study is in general agreement
with other studies which have also reported increased
hsp70 during fish disease (Forsyth et al. 1997, Acker-
man & Iwama 2001). The levels of hsp70 progressively
increased in liver and kidney of coho salmon infected
with Renibacterium salmonarium (Forsyth et al. 1997)
and an acute Vibrio anguillarum infection caused an
increase in hsp70 in liver and head kidney in juvenile
rainbow trout (Ackerman & Iwama 2001). The detec-
ted maximal peak of hsp70 in rainbow trout liver
occurred approximately 1 d before peak kidney hsp70,
which is suggestive of a tissue type specific response in
the dynamics of hsp70 expression. As all of these afore-
mentioned studies have used live bacteria to artificially
infect experimental fish, it remains to be established as
to whether any observed changes in hsp70 expression
can also be mediated via administration of ECP from a
pathogenic bacterial strain. To obtain some answers
to this, V. alginolyticus ECP was administered to sea
bream and it was found that a significant increase in
hsp70 occurred 12 h earlier than that seen with live
V. alginolyticus. The hsp70 family consists of 2 sepa-
rate and distinct proteins, a cognate type (hsc70) and
an inducible type (hsp70). Generally, hsc70 occurs at
constitutively expressed levels in unstressed cells
whereas hsp70 occurs at very low (sometimes unde-
tectable levels) in unstressed cells but is greatly
induced upon exposure to stress. When an antibody
capable of detecting both members of the hsp70 family
was used, then a clear delineation between separate
profiles would not be possible using immunoanalysis
alone. To address this issue we used RT-PCR coupled
with stringent radioisotope probing to measure sepa-
rate mRNA transcripts. Using this approach it was
found that hsc70 transcript was expressed constitu-
tively with levels 12-fold higher than hsp70 in control
fish. Upon exposure to live V. alginolyticus it was
found that hsp70 was induced to a greater extent (3.4-
to 4-fold) than hsc70 (1.6- to 1.9-fold) when compared
to control groups. A similar profile was found in ECP
administered fish (1.9- to 2.5-fold for hsc70 and 2.2- to
3.9-fold for hsp70) and as with immunoanalysis it was
observed that hsp70 was induced earlier with ECP
treatment. Although both hsc70 and hsp70 perform
key roles in the cell as protein chaperones, the major
role of hsc70 is generally associated with the protein
translocation pathway particularly during clathrin
uncoating (Ungewickell 1985, Green & Eisenberg
1990) whereas the role of inducible hsp70is associated
with cytoprotection via damaged protein repair (Anan-
than et al. 1986, Gething & Sambrook 1992). The
induction of hsc70 and hsp70 detected in this study

suggests that the key processes of protein translocation
and cytoprotection are modulated during disease. The
increase of liver hsp70, observed with both Vibrio and
ECP, could have occurred via a number of different
routes such as: (1) cellular protein damage caused via
a direct destruction of host tissue with Vibrio or ECP
could have induced hsp70 as damaged proteins are
known to serve as triggers for hsp70 transcription
(Ananthan et al. 1986); (2) the hypoxaemia associated
with erythrocyte destruction could also have induced
hsp70 as hypoxic stress has been shown to upregulate
hsp70 (Mestril et al. 1994, Kobayashi & Welsh 1995);
and (3) disturbances within the ionic milieu during
infection could also cause hsp70 induction as persis-
tent ionic disruption can have deleterious effects on
normal cellular processes (Yancey et al. 1982, Burg et
al. 1997).

Presently the expression of hsp90 and hsp60 has not
been reported in diseased fish although both of these
hsp families are induced during abiotic stress of sea
bream (Deane et al. 2002). In this study it was found
that both hsp90 and hsp60 remained unchanged
throughout a live Vibrio infection. However, ECP
administration caused a significant decrease in hsp90
after 36 h post-infection whereas hsp60 remained
unaltered. It would appear from the data obtained in
this study that certain soluble components found
within V. alginolyticus ECP can modulate hsp90 in a
different manner from that observed with a live Vibrio
infection. It has been reported that hsp90 levels were
significantly decreased in spleen and liver of Trichi-
nella spiralis-infected rats in comparison to uninfected
controls (Martinez et al. 1999a,b). The physiological
function of decreased hepatic hsp90 in rats is presently
unknown but it was suggested that hsp90 downregula-
tion may be important in parasite establishment or an
important factor during the parasite infection cycle
(Martinez et al. 1999a,b). In the cell, hsp90 is a critical
component for steroid receptor formation (Bresnick et
al. 1989, Smith & Toft 1993, Bamberger et al. 1997,
Pratt 1997) and it has been demonstrated that any loss
of hsp90 would interfere with steroid receptor function
(Picard et al. 1990). The decreased levels of hepatic
hsp90 caused by V. alginolyticus ECP administration
detected in this study would also disrupt steroid recep-
tor function in the liver. Presently it is not possible to
draw any firm conclusions as to whether the factors in
ECP which are responsible for downregulating hsp90
would be produced by live bacteria in vivo. It may be
the case that high levels of such components are nec-
essary for causing decreased hsp90 and as such, mod-
ulatory effects may only occur when components are
administered in a more concentrated form such as
ECP. The observed biological effects of ECP on hsp90
expression may in its simplest case occur by directly
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interfering with liver function or via a more complex
route involving elements of the cell signalling path-
ways. The lack of hsp60 response found in this study
may be a consequence of non-inducing signals within
mitochondria where hsp60 is located playing an impor-
tant role in protein folding (Ostermann et al. 1989,
Martin et al. 1992). The acute nature of artificial Vibrio
infection may not have allowed for a significant hsp60
response although hsp60 can be modulated over
chronic periods of stress (Deane et al. 2002).

In summary, we have partially characterized the bio-
chemical properties of the ECP from a pathogenic
strain of Vibrio alginolyticus and it does appear that
enzymatic components of this fraction play a key role
in Vibrio pathogenesis. Importantly, the expression
profiles of host hsp90, hsp70 and hsp60 families upon
exposure to both live Vibrio and its ECP was described.
Itis clear that increased hsp70 expression can be medi-
ated by both factors and the rapid and drastic increases
in hsp70 during infection add support to its role as a
cytoprotective protein. The expression of hsp90 was
found to be downregulated by ECP but not live Vibrio,
and the factors responsible for such a specific effect
await further study. Although it can be concluded that
V. alginolyticus ECP preparation does have a modula-
tory effect on certain hsp families, the specific factors
responsible for this modulatory effect remain to be
established. Since ECP is likely to be composed pri-
marily of a mixture of enzymes with a moderate
amount of endotoxin components such as cell wall-
bound lipopolysaccharide (LPS), a clearer delineation
between effects caused by purified ECP and LPS fac-
tors awaits further study. Such comparisons between
live bacteria, purified ECP factors and LPS would cer-
tainly be important in understanding the pathogenic
mechanisms of V. alginolyticus.
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