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ABSTRACT: The infection route of Flavobacterium psychrophilum into rainbow trout Oncorhynchus
mykiss was studied using bath and cohabitation challenges as well as oral challenge with live feed as
a vector. Additionally, the number of bacterial cells shed by infected fish into the surrounding water
was determined in the cohabitation experiment and in challenge experiments at 3 different water
temperatures. The experiments showed that skin and skin mucus abrasion dramatically enhanced
the invasion of F. psychrophilum into the affected fish in bath and cohabitation challenges. Disrup-
tion of the skin is discussed as an important invasion route for F. psychrophilum into the fish. The
shedding rate of F. psychrophilum by infected fish was associated with water temperature and the
mortality of the infected fish. High numbers of F. psychrophilum cells were released into the water by
dead rainbow trout during a long time period compared to the numbers of cells shed by live fish. The
results emphasise the importance of removing dead and moribund fish from rearing tanks in order to
diminish the infection pressure against uninfected fish in commercial fish farms. In immunohisto-
chemical examinations of organs and tissues of orally infected fish, F. psychrophilum cells were
detected in only 1 fish out of 31 studied. Mortality of the orally challenged fish was not observed in
the experiment.
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INTRODUCTION

Flavobacterium psychrophilum (previously Cytophaga
psychrophila and Flexibacter psychrophilus) is the
causative agent of BCWD (bacterial cold water dis-
ease) and RTFS (rainbow trout fry syndrome) and
causes serious disease outbreaks world-wide, mainly
in farmed salmonid fish in freshwater. Although this
pathogen is frequently present in salmonid fish farms,
the transfer mechanisms of F. psychrophilum from
infected into uninfected fish are still not completely
understood. A direct vertical transfer of F. psychroph-
ilum from infected brood fish to the offspring has been
suggested (Brown et al. 1997, Ekman et al. 1999).
There is also some evidence of a horizontal transfer of
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the pathogen from infected into non-infected fish
(Borg 1948, Holt 1987, Madsen & Dalsgaard 1999).
However, it is still unknown whether F. psychrophilum
is invading the fish through the skin, the gills or the
intestinal tract.

The skin of fish serves as the first barrier against in-
vading microorganisms. Numerous gland cells present
in the skin epidermis produce mucus, which may contain
specific and non-specific immune components such as
immunoglobulins, lysozyme, complement, C-reactive
protein, lectin, and haemolysin (Ingram 1980, Ellis 1981,
Fletcher 1982).

Mechanical injuries in the skin of the trunk or the
fins have been indicated as a plausible entrance port
of Flavobacterium psychrophilum into the fish (Borg
1948, Holt 1987). Such injuries may interfere with the
defence mechanisms enhancing the attachment, colo-
nisation and invasion of attacking pathogens present
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in the water. Bacteria may originate from 2 sources:
from populations of cells growing and dividing in the
water using nutrients present in the environment or
from a population of cells emitted directly from in-
fected dead or living fish.

In several studies it has been shown that artificially
infected fish subsequently will emit bacteria to the sur-
rounding water environment (Bullock & Stuckey 1977,
McCarthy 1977, Michel 1980, Rose et al. 1989, Enger et
al. 1992, McKibben & Pascho 1999). The infection pres-
sure these bacteria constitute on healthy fish depends
on the shedding rate from the infected fish. So far
detailed studies on the shedding rate of Flavobac-
terium psychrophilum by infected fish are lacking.

The bacteria residing in the water column most
probably will be attached to solid planktonic particles
and/or consumed by zooplankton, which subsequently
will serve as food for fish fry. In a previous study, the
fish pathogenic bacterium Vibrio anguillarum has
been successfully used for oral infection of juvenile tur-
bot Scophthalmus maximus using Artemia nauplii as
vectors (Grisez et al. 1996). The infection by Flavobac-
terium psychrophilum through the gastrointestinal
tract of naive fish has not previously been investigated.

The aim of this study was to investigate shedding
rate of Flavobacterium psychrophilum into water by
experimentally infected fish and to study invasion of
the pathogen into rainbow trout Oncorhynchus mykiss
with skin lesions using bath and cohabitation expo-
sure. In addition, possible invasion of F. psychrophilum
through the intestinal tract was studied.

MATERIALS AND METHODS

Bacterial strains and cultivation. The Finnish strain
T1-1 of Flavobacterium psychrophilum, originally iso-
lated from the brain of rainbow trout suffering from
RTFS, was used for bath and cohabitation challenges
and shedding rate experiments. The Danish strain
950106-1/1 (Madsen & Dalsgaard 1999) of F. psy-
chrophilum, isolated from the internal organs of a rain-
bow trout during a clinical outbreak of RTFS in a fresh-
water farm, was used for studying the oral transfer of
F. psychrophilum. The strains were stored in tryptone
yeast extract salts (TYES) broth (0.4 % tryptone, 0.05 %
yeast extract, 0.05 % MgSO, - 7H,0, 0.02% CaCl - 2H,0,
pH 7.2) supplemented with 15% (v/v) sterile glycerol
at —70°C. For each experiment the bacteria were
thawed and inoculated on TYES agar (TYES broth +
1.5% agar), and 1 to 3 colonies were transferred into
TYES broth and incubated for 2 to 3 d at 15°C with
shaking. The cells were harvested and washed twice
with sterile phosphate buffered saline (PBS, pH 7.2) by
centrifugation at 2500 x g for 10 min at 15°C. After the

final centrifugation the cells were re-suspended in
sterile PBS and immediately used in the experiments.
The number of bacteria (expressed as colony forming
units, CFU) in the suspension was determined using
10-fold serial dilutions and plate count technique on
TYES agar.

Fish. Rainbow trout for the bath challenge, cohabita-
tion challenge and shedding rate experiments (weight
~0.2 g) were obtained from a commercial freshwater
fish farm in Finland without any previous history of
infection with Flavobacterium psychrophilum. The fish
were kept in a 0.225 m? fibreglass tank with continu-
ously flowing well water of 10°C. Prior to each experi-
ment the fish were transferred to aquaria containing
aerated well water and acclimatised for a minimum of
3 to 5 d. Fish were fed ad libitum with a commercial
(Ewos) feed throughout the experiments.

Rainbow trout (weight 2 to 4 g) for possible oral
transmission of Flavobacterium psychrophilum were
previously obtained from a freshwater rainbow trout
farm in Denmark, where RTES or CWD has never been
demonstrated, and kept in re-circulated tap water.
For the experiments the fish were transferred to 10 1
aquaria at 12 to 13°C and fed a commercial feed
(Dansk Jrredfoder A/S) throughout the experiments.

Polyclonal antiserum against Flavobacterium psy-
chrophilum. For specific detection of F. psychrophilum
in fish tissue and aquarium water using epifluores-
cence microscopy, rabbit polyclonal antiserum against
F. psychrophilum strain T1-1 was prepared according
to the method of Lancefield et al. (1975) modified by
Lorenzen & Karas (1992). In order to eliminate a
slight cross-reaction of the anti-T1-1 serum observed
with yellow-pigmented, non-characterised bacterial
isolates biochemically different from F. psychrophilum
(Wiklund et al. 2000), absorption of the antiserum was
done by the following method: Two cross-reactive iso-
lates were cultivated in separate tubes containing
TYES broth for 3 d at 15°C with gentle shaking. The
cultures were centrifuged at 2500 x g for 15 min at
15°C and the bacteria were washed twice with PBS
(pH 7.2). After the second washing, the pellets were re-
suspended in 10 ml PBS and pooled, and the cells were
killed by autoclaving (20 min, 121°C). The suspension
was centrifuged as above, the supernatant was dis-
carded and 1 ml of the rabbit antiserum was added.
The suspension was vortexed and incubated for 2 h
at 37°C following incubation overnight at 4°C on a
shaker. Subsequently the suspension was centrifuged
as above, and the supernatant was collected and cen-
trifuged at 10000 x g for 20 min at 15°C. Finally, the
supernatant (antiserum) was sterile filtered (0.22 pm,
Millipore) and stored at —20°C until used.

The specificity of absorbed antiserum was tested
against several Flavobacterium psychrophilum strains
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(including F. psychrophilum type strain NCIMB 19477),
Flexibacter aquatile (NCIMB 86947T), Flavobacterium
columnare (NCIMB 2248"), Flavobacterium branchio-
philum (ATCC 330357T), Aeromonas salmonicida subsp.
salmonicida, Yersinia ruckeri, Listonella (Vibrio) an-
guillarum and Pseudomonas anguilliseptica by the
slide agglutination method.

Enumeration of Flavobacterium psychrophilum in
experimental water. The numbers of F. psychrophilum
in the water samples from the cohabitation and the
shedding rate experiments were determined by a
double-staining technique, as described by Hoff (1988),
with some modifications. Ten ml volumes of water
samples were filtered through a 25 mm diameter
(18.4 mm diameter of filtering capacity) and 0.2 pm
pore size polycarbonate filter (Millipore, GTTP 02500)
using a 12-funnel sampling manifold filter holder (Mil-
lipore). The filters were pre-stained before use by
soaking for at least 30 min in a solution containing
0.2% (w/v) irgalan black (CIBA-GEIGY) in 2% acetic
acid and thereafter flooded with sterile Milli-Q water.
After filtration of water samples the filters were
washed 3 times with 2 ml sterile Milli-Q water, placed
in sterile petri dishes and allowed to dry. The filters
were overlaid with 50 pl absorbed anti-F. psychroph-
ilum (T1-1 strain) serum diluted 1:100 in sterile PBS
and incubated for 20 min at room temperature. After
incubation, the filters were washed again with sterile
Milli-Q water and allowed to dry, followed by staining
of the DNA of F. psychrophilum with 250 pl 4',6-
diamidino-2-phenylindole (DAPI, Sigma) at a final
concentration of 1 ug ml™* for 5 min at room tempera-
ture. Thereafter washing with sterile Milli-Q water
was repeated and filters were covered with 50 pl of
fluorescein isothiocyanate (FITC) conjugated swine
anti-rabbit antibodies (DAKO, F0205) diluted 1:100 in
sterile PBS. After 20 min incubation in the dark, wash-
ing was repeated and the filters were placed on mi-
croscope slides, mounting medium was added (PBS-
glycerol, 1:1) and they were covered with cover
glasses. The number of F. psychrophilum were deter-
mined at 1000x magnification from the same filters
using an epifluorescence microscope (Leitz Aristoplan)
with an OSRAM HBO 100 W/2 mercury short arc lamp
as a light source. A filterblock D (BP 355-425 excita-
tion filter, RKP 455 dichromatic mirror, LP 460 suppres-
sion filter) was used for viewing DAPI staining, and a
filterblock E4 (BP 436/7 excitation filter, RKP 475 di-
chromatic mirror, LP 490 suppression filter) was used
for viewing FITC staining. The numbers of fluorescing
F. psychrophilum cells were counted in 20 randomly
chosen microscope fields. The numbers of F psy-
chrophilum ml™! in the water sample were calculated
by multiplying the average number of bacteria ob-
served per field by the total number of fields on a filter

(6750). The numbers of cells obtained was then divided
by the 10 ml filtered water volume. A minimum detec-
tion limit of 34 cells ml™! in the water samples was
obtained with this technique. One of the yellow-
pigmented bacterial strains biochemically different
from F. psychrophilum, used for absorption of the anti-
T1-1 serum, was used as a negative control and F. psy-
chrophilum strain T1-1 was included as a positive con-
trol in all analyses for controlling the specificity of the
antiserum.

Bath challenge. In order to examine the influence of
dermal incision and non-intact mucus layer on the
susceptibility of rainbow trout to Flavobacterium psy-
chrophilum 6 groups of fish (weight 0.4 + 0.1 g) were
used. All fish in each group were anaesthetised using
benzocaine (ethyl p-aminobenzoate, 40 mg I}, Sigma)
before treatment. The dermis of the fish (n = 41) in
Group 1 (referred to as ‘Skin wounded') was wounded
with a 1 to 2 mm long incision on the left side of the
fish, immediately below the dorsal fin using a sterile
scalpel. The skin mucus layer between the head and
the dorsal fin on the left side of the fish (approximate
area 40 mm? [n = 41]) in Group 2 (referred to as '‘Non-
intact skin mucus’) was removed using a paper towel.
The fish (n = 40) in Group 3 (referred to as ‘Non-
injured') were not injured in any way. The time from
treatment of the fish to bath challenge was approxi-
mately 1 h. All 3 groups were bathed in well water con-
taining 3.8 x 10° CFU ml™! of strain T1-1 for 1 h with
aeration. Three groups of 20 fish each (Groups 4, 5
and 6) served as controls and were given the same
treatment as the fish in Groups 1, 2 and 3 respectively,
but 'bathed’ in well water without F. psychrophilum for
1 h. After bathing, the fish in Groups 1, 2 and 3 were
each separated into 2 replicates and kept in aerated
aquaria containing 101 of static well water. The fish in
Groups 4, 5 and 6 were kept in 3 separate aquaria. The
water in the aerated aquaria was changed regularly
during the experiment. The water temperature during
the experiment was 11 to 12°C. The mortality of chal-
lenged fish was monitored for up to 21 d after expo-
sure. All dead fish were collected daily and tissue sam-
ples from their spleen, kidney and skin ulcer (if any)
were inoculated on TYES agar plates, which were
incubated at 15°C for at least 7 d. Tissue samples from
the survivors from Group 1 and from 5 survivors from
the other groups were also inoculated on TYES agar.
Bacteria forming yellow colonies on the agar plates
typical to F. psychrophilum were identified using im-
munostaining and epifluorescence microscopy (Loren-
zen & Karas 1992).

In order to examine the effect of high, intermediate
and low doses of Flavobacterium psychrophilum in the
bath challenge, 6 groups of 20 (2 replicate groups
per bacterial dilution) ‘Skin wounded' rainbow trout



30 Dis Aquat Org 43: 27-38, 2000

(weight 0.6 + 0.1 g) were bath challenged with 3 dif-
ferent dilutions (6.0 x 10°, 6.0 x 10* and 6.0 x 102 CFU
ml™!) of strain T1-1 as described above. The 'Skin
wounded' control group (n = 20 fish group™!, 2 repli-
cates) was bathed in water without F. psychrophilum.
Mortality of the infected fish was recorded daily and
the experiment was terminated after 21 d. Presence of
F. psychrophilum in dead and surviving fish was exam-
ined as described previously.

Cohabitation challenge. In order to examine the
waterborne route for transmission of Flavobacterium
psychrophilum from infected to non-infected fish,
cohabitation challenge experiments were done using
‘Skin wounded’, 'Non-intact skin mucus’' and 'Non-
injured’ fish (weight 1.0 + 0.2 g, 20 fish per treatment,
2 replicates) as recipients as described in the bath chal-
lenge experiment. Three groups of 20 fish each given
the same treatment as the fish in '‘Skin wounded’,
‘Non-intact skin mucus' and ‘Non-injured’ groups
served as controls. Five fish per aquarium with the
anal fin clipped for identification were used as donors.
The donor fish were injected subcutaneously (s.c.) with
5.5 x 10° CFU fish™! of strain T1-1 of F. psychrophilum
or with PBS in the control groups. The fish of each
treatment were kept in separate aquaria containing
101 of static aerated well water. The infective load of F.
psychrophilum in the different aquaria, containing
donor and recipient fish, was measured using immuno-
fluorescence staining as described previously. Water
samples (10 ml) from a depth of 2 cm were taken from
the aquaria, using a sterile syringe, 1, 3, 5, 7, 9, 11, 13,
15, 17,19, and 21 d after injection of the donor fish. The
samples were stored for a maximum of 24 h at 4°C
before filtering and immunostaining. The whole water
volume in each aquarium was changed after the sam-
pling. The water temperature during the experiment
was 11 to 12°C. The presence of F. psychrophilum in
dead and surviving fish was examined as described
earlier.

Shedding rate experiments. In order to examine the
shedding rate of Flavobacterium psychrophilum by
infected fish, 3 experiments were done with rainbow
trout infected by s.c. injection, intraperitoneal (i.p.)
injection and bath challenge.

Subcutaneous injection: The shedding rate of Flavo-
bacterium psychrophilum by s.c. infected fish was
studied at 3 temperatures, 4, 11 and 15°C (3.9 + 0.2,
11.3 + 0.3 and 15.3 = 0.3°C). Rainbow trout (weight
1.6 = 0.5 g) were injected s.c. with 3.2 x 10* CFU of
strain T1-1 in 50 pl PBS. For each temperature 15 fish
challenged with F. psychrophilum and 10 fish injected
with only PBS, serving as control fish, were trans-
ferred to 5 separate aquaria each containing 5 fish,
which were kept as previously described. In order
to examine the shedding rate of bacterial cells, the

injected fish were transferred from the aquaria to
plastic containers of 3000 ml fresh well water free of
E. psychrophilum 1, 3, 5, 7, 10 and 14 d post-chal-
lenge. Furthermore, injected fish kept at 4°C were
also transferred to plastic containers 18, 21 and 24 d
post-challenge. After 1 h the fish were removed
from the plastic containers and samples of water for
enumeration of F. psychrophilum were taken from a
depth of 2 cm using a 10 ml sterile syringe. The sam-
ples were stored for a maximum of 24 h at 4°C before
filtering and were treated as previously described.
The shedding rate of F. psychrophilum from infected
fish was calculated as previously described and the
results are reported as number of cells shed fish™' h™'.
The well water in the plastic containers was changed
and containers were cleaned after every transfer of
fish. Moribund and dead fish from the aquaria were
collected daily and tissue samples from spleen, kid-
ney, skin ulcer (if present), intestine, eye and brain
were inoculated on TYES agar plates, which were
incubated at 15°C for at least 7 d. The identity of bac-
teria forming yellow colonies on the agar plates was
tested with the method described previously.

Intraperitoneal injection: Rainbow trout (n = 15,
weight 1.7 £ 0.5 g) were injected i.p. with 50 nl PBS
containing 1.3 x 10° CFU of Flavobacterium psychroph-
ilum strain T1-1 or with PBS in the control group (n =
10). The experiment was done at 11°C with conditions
as described in the s.c. injection challenge. Samples
of water from the plastic containers for enumeration of
FE. psychrophilum cells were taken and treated as
described previously.

Bath challenge: The shedding rate of Flavobac-
terium psychrophilum by bath infected fish was stud-
ied at 11°C. Rainbow trout (n = 15, weight 1.7 + 0.5 g)
were bath challenged in well water containing 2.6 x
10° CFU ml! of F. psychrophilum strain T1-1 for 1 h
and control fish (n = 10) were 'bathed’' in well water
without F. psychrophilum. Samples of the water from
the plastic containers for the enumeration of F. psy-
chrophilum cells were taken and treated as described
previously.

Release of Flavobacterium psychrophilum from
dead and infected rainbow trout. The number of F.
psychrophilum cells released from dead fish, previ-
ously infected with F. psychrophilum, into the water,
was studied in the following experiment. Five and 4
s.c. infected fish from 2 shedding rate experiments
done at 4 and 11°C, respectively, were kept in well
water at 4 and 11°C and transferred at irregular in-
tervals after death into a plastic container containing
500 ml of well water where they remained for 1 h.
Samples of water taken from the plastic containers for
enumeration of F. psychrophilum were treated as
described previously.
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Infection of zooplankton and rainbow trout. A pos-
sible oral route transfer of Flavobacterium psychroph-
ilum into rainbow trout was studied by using a labora-
tory culture of the zooplankton Daphnia magna as a
vector. A 3 d old culture of strain 950106-1/1 of F. psy-
chrophilum was washed twice with PBS, resuspended
into sterile medium M4 (Elendt & Bias 1990), adjusted
to an absorbance of 1.1 (at 520 nm) corresponding to
~10° CFU ml! and further 10-fold diluted into the
same medium, giving 102 CFU ml!. D. magna (1 spec-
imen ml™!) was added to this bacterial suspension
which was incubated at 15°C for 12 h. After incubation
the D. magna were washed 3 times with sterile PBS
and transferred into medium M4. Rainbow trout (n =
25) were individually fed with 5 D. magna incubated
with F. psychrophilum. As negative controls, rainbow
trout (n = 10) were each fed with 5 D. magna, incu-
bated in medium M4 without F. psychrophilum. Fish
injected i.p. with strain 950106-1/1 (5 x 10* CFU fish™1)
were included as positive controls (n = 6). The experi-
ment was repeated 3 times and the orally challenged
group (5 fish aquarium™) and the negative and posi-
tive control group (1 group aquarium™') were held in
aerated aquaria with static tap water at 12 to 13°C. A
part of the water in the aquaria was changed daily.
Mortality of the fish was monitored and dead fish
removed from the aquaria. In order to examine the
presence of F. psychrophilum in different tissues of fish
challenged by infected D. magna, 5 out of 25 infected
fish and 2 out of 10 negative control fish were sacri-
ficed 2 h, 1 d and 7 d post-challenge. Dead and sacri-
ficed fish were fixed by injecting 0.1 ml 4 % buffered
formalin into the abdominal cavity and then transfer-
ring the whole fish into the same fixative.

Detection of Flavobacterium psychrophilum in zoo-
plankton and rainbow trout. The presence of the bac-
terial cells in infected Daphnia magna and in tissues of
a fraction of the sacrificed fish was examined using an
immunohistochemical technique described by Loren-
zen & Karas (1992). Absorbed rabbit antiserum against
F. psychrophilum strain T1-1, diluted as described ear-
lier, was used. The spleen, intestine, liver, heart and
kidney of infected fish were processed for histology
and decalcified (Bruno & Poppe 1996), dehydrated
samples were subsequently cut and the sections were
stained immunohistochemically. The number of F
psychrophilum in and on D. magna was estimated by
the following experiment: Twenty-five D. magna were
incubated in medium M4 containing ~108 CFU ml! of
strain 950106-1/1 for 12 h at 15°C. After incubation D.
magna were washed twice with sterile medium M4
and transferred into 1 ml of sterile medium M4. D.
magna were subsequently comminuted using a mor-
tar, and the suspension was 10-fold serially diluted into
sterile medium M4. The numbers of F. psychrophilum

in the suspension were estimated by epifluorescence
microscopy and the plate count technique on TYES
agar. For the microscopical studies 10 pl of a 1:100
dilution of the suspension was pipetted into the well of
a special slide (Novakemi, 6 mm well, 10-207). The
sample was fixed with 3% paraformaldehyde and
immunostained. Absorbed rabbit antiserum against
FE. psychrophilum strain T1-1, diluted as described
earlier, was used. The sample was mounted with a
PBS-glycerol (1:1) and overlaid with cover glass.

RESULTS

Specificity of absorbed antiserum against
Flavobacterium psychrophilum

The absorbed antiserum raised against strain T1-1
of Flavobacterium psychrophilum reacted only with
tested F. psychrophilum strains.

Bath challenge

In the bath challenge experiments cumulative mor-
tality in the ‘Non-intact skin mucus' group (average
27 %; replicates 19 and 35 %) was much lower than in
the 'Skin wounded' group (average 95 %; replicates 90
and 100%), although the mortality in the 2 groups
occurred almost within the same time range (Fig. 1a,b).
Mortality did not occur in the ‘Non-injured’ group.
Dead fish in the ‘Skin wounded’ and ‘Non-intact skin
mucus' groups had deep open lesions extending from
the point where skin was wounded or mucus was
removed. Flavobacterium psychrophilum was isolated
from internal organs and skin ulcers of all dead fish in
the 'Skin wounded' and the 'Non-intact skin mucus’
groups, but from only 1 surviving fish in the 'Skin
wounded' group. Low mortality (average 3% in the 3
groups) without internal or external signs of the dis-
ease occurred in the '‘Control’ groups during the exper-
iment. Bacteria could not be isolated from these dead
fish.

Where rainbow trout were exposed to 3 different
dilutions of Flavobacterium psychrophilum, cumula-
tive mortality reached 58 % (replicates 47 and 67 %),
33% (replicates 26 and 40%) and 28 % (replicates 23
and 33 %) in the groups of fish bathed with 6.0 x 105,
6.0 x 10* and 6.0 x 102 CFU ml ™}, respectively (Fig. 1b).
F. psychrophilum was isolated from internal organs
(spleen and/or kidney) and skin lesions of all dead
fish. Low mortality (average 7 %; replicates 4 and 10 %)
without internal or external signs of disease occurred
in the 'Control’ group during the experiment. Bacteria
could not be isolated from these dead fish.
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Fig. 1. Flavobacterium psychrophilum infecting Oncorhynchus
mykiss. (a) Cumulative mortality of rainbow trout affected
with artificial skin wound (‘Skin wounded'), affected with
skin mucus removal (‘Non-intact skin mucus’) and not af-
fected (‘'Non-injured') and bath challenged with 3.8 x 10° CFU
ml~! of F. psychrophilum strain T1-1. The values are averages
from 2 replicates. The ‘Control’ group contained 3 groups of
20 fish each given the same treatment as the fish in the groups
mentioned above but ‘bathed’ in water without F. psychroph-
ilum. (b) Cumulative mortality of rainbow trout affected with
artificial skin wound (‘Skin wounded') and bath challenged
with different doses of the F. psychrophilum CFU ml!

Cohabitation challenge

Mortality and bacterial enumeration in the cohabi-
tation challenge experiments of each treatment are
averages from 2 replicates (Fig. 2). The donor fish
(s.c. infected) began to die 4 to 5 d post-challenge and
the cumulative mortality in the ‘Skin wounded’ group
reached 80% (replicates 60 and 100 %), in the 'Non-
intact skin mucus' group 90% (replicates 80 and
100%) and in the 'Non-injured’ group 100%. Dead
donor fish from the beginning of the experiments
showed necrosis and haemorrhage at the site of the
injection, and in fish from the middle and the end of
the experiment the skin necrosis had progressed into

open lesions. Significant mortality (average 64 %; rep-
licates 47 and 80%) of recipient fish occurred only
in the ‘Skin wounded' group (Fig. 2a), and these fish
showed deep, open lesions extending from the dermal
incision point. Two recipient fish died in the '‘Control’
group. Flavobacterium psychrophilum was isolated
from spleen and/or kidney and skin lesion of 93 % and
only from skin lesion of 7% of the dead donor fish.
F. psychrophilum was isolated from internal organs
and/or skin ulcer of 96 % of dead recipient fish. Bacte-
ria could not be isolated from dead fish from the ‘Con-
trol' group. F. psychrophilum could not be isolated
from surviving donor or recipient fish.

Flavobacterium psychrophilum cells were observed
in the water samples 1 to 3 d after injection of the donor
fish, and the highest numbers of F. psychrophilum cells
were detected 7 d after injection in all 3 groups. After
Day 9, F. psychrophilum could not be detected in the
analysed water samples. F. psychrophilum were not
observed in the ‘Control' group aquarium during the
experiment.

Shedding rate experiments
Subcutaneous infection

The shedding rate of Flavobacterium psychrophilum
by s.c. infected fish was associated with the water tem-
perature (Fig. 3a). At 4°C F. psychrophilum were not
detected in the water until 14 d after infection, and the
highest shedding rate by living fish occurred 18 d after
infection. The cumulative mortality of infected fish was
67 % (replicates 60, 60 and 80%). At 11°C F. psy-
chrophilum were detected 1 d after infection and the
highest number of cells were observed 7 d after infec-
tion. The cumulative mortality of infected fish reached
60% (replicates 20, 60 and 100%). At 15°C F. psy-
chrophilum were present in the water after 3 d, with
the highest number of cells occurring 7 d after infec-
tion. The cumulative mortality of infected fish was
40% (replicates 20, 40 and 60%). F. psychrophilum
was not detected in the control aquaria, and mortality
did not occur in the control groups during the ex-
periments. F. psychrophilum was re-isolated from all
organs of dead fish assayed, from organs of some sur-
viving and from none of the control fish (Table 1).
Dead fish showed skin necrosis and haemorrhages at
the site of injection, and in some fish skin necrosis
had progressed into open lesions. The numbers of F.
psychrophilum released from dead fish were much
higher compared to the number of cells shed by living
fish, and F. psychrophilum were emitted for up to 80 d
after death, when the experiment was terminated
(Fig. 3b).
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Flavobacterium psychrophilum cells (average 1.4 x
10* cells h™! fish™!, range 0 to 2.0 x 10* cells h™! fish™})
shed by i.p. infected fish were only detected in the
water samples 3 d post-challenge. F. psychrophilum
were not observed in the control aquaria. Mortality
of the infected fish did not occur during 14 d of mon-
itoring, and F. psychrophilum could not be isolated
from kidney, spleen, eye, intestine or brain of surviv-
ing fish.

Bath challenge

Flavobacterium psychrophilum were not detected in
any water samples in the shedding rate experiment
with fish challenged by bathing in a bacterial suspen-
sion. Mortality of the experimental fish did not occur
during 14 d of monitoring, and F. psychrophilum could
not be isolated from the kidney, spleen, eye, intestine
or brain of surviving fish.
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Fig. 2. Flavobacterium psychrophilum infecting Onco-
rhynchus mykiss. Cumulative mortality of donor and re-
cipient fish in the cohabitation challenge experiment.
The values are averages from 2 replicates. The recipient
fish were treated in 3 different ways: (a) with artificial
skin wound (‘Skin wounded'), (b) with skin mucus re-
moval (‘Non-intact skin mucus'), (c¢) not-affected (‘Non-
injured’). *Sampling occasion for the estimation of the
number of F. psychrophilum cells in the water. Dashed
line: detection limit (34 cells ml™!) of the method used

Table 1. Flavobacterium psychrophilum infecting Oncorhyn-

chus mykiss. Isolation of F. psychrophilum from subcuta-

neously injected dead, surviving and control fish. Results are

expressed as number of fish positive for F. psychrophilum/
number of fish examined

Group Organ 4°C 11°C 15°C
Dead Kidney 5/5 5/5 6/6
Spleen 5/5 5/5 6/6
Brain 5/5 5/5 6/6
Side muscle® 5/5 5/5 6/6
Intestine 4/5 4/5 2/6
Eye 3/5 3/5 3/6
Surviving Kidney 2/5 0/6 0/9
Spleen 2/5 0/6 0/9
Brain 1/5 0/6 0/9
Side muscle® 5/5 3/6 2/9
Intestine 0/5 2/6 0/9
Eye 0/5 0/6 0/9
Control Kidney 0/10 0/10 0/10
Spleen 0/10 0/10 0/10
Brain 0/10 0/10 0/10
Side muscle?® 0/10 0/10 0/10
Intestine 0/10 0/10 0/10
Eye 0/10 0/10 0/10
@At injection site

a - 100

r 60

)

F 20

Cumulative mortality (%) (lines)
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Fig. 3. Flavobacterium psychrophilum infecting Oncorhyn-
chus mykiss. (a) Shedding rate of F. psychrophilum cells by
subcutaneously infected rainbow trout held at different tem-
peratures and cumulative mortality of infected fish (n = 15 fish
temperature™!). *Sampling occasions for the estimation of
the average number of F. psychrophilum cells in the water.
The experiment was terminated 14 d after injection at 11
and 15°C and 24 d after injection at 4°C. (b) Release of F.
psychrophilum from dead rainbow trout held at 4 and 11°C.
Error bars = standard deviation

Oral route of transfer

The total number of Flavobacterium psychrophilum
cells on and in Daphnia magna was estimated to be
1.3 x 10° cells D. magna™' by epifluorescence micro-
scopy (Fig. 4) and 1.6 x 10° CFU D. magna * by plate
count. Since each fish was fed with 5 D. magna the
infection dose averaged 7.5 x 10° F. psychrophilum
cells fish™!. In the immunohistological sections of D.
magna, F. psychrophilum cells could clearly be de-
tected in the gastrointestinal tract.

A total number of 31 infected fish, 8 negative control
fish and 3 positive control fish were immunohistochem-
ically examined for the presence of Flavobacterium
psychrophilum in different organs. Of the infected fish
F. psychrophilum was detected in the stomach of
1 specimen sacrificed 2 h after feeding. Intact F. psy-
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chrophilum were not observed in any other sample
taken from fish fed with infected Daphnia magna.
From the microscopical examination of gastro-
intestinal tract sections from challenged rainbow
trout it was concluded that F. psychrophilum were
digested. Numerous fluorescing particles, which
were interpreted as cell wall fragments containing
binding sites for the polyclonal antibodies, were
observed in 79 % (n = 14) of the fish sacrificed first,
i.e. 2 h post-challenge, in 33% (n = 9) of the ex-
amined fish sacrificed after 1 d, but were totally
absent in sections made from fish sacrificed 7 d
post-challenge (n = 8). Intact F. psychrophilum
cells were detected only on sections made from
the spleen, intestine, liver, heart and kidney of
i.p. infected positive control fish. Bacteria or
fluorescent binding sites were not observed on
slices made on tissues from fish fed with D. magna
without F. psychrophilum. Three out of a total of
75 orally challenged fish, 2 out of 30 negative con-
trol fish and 15 out of 18 positive control fish died
during the experiment. F. psychrophilum could
not be detected in the orally challenged fish and
negative control fish using immunostaining of
different organs. F. psychrophilum was detected
in the positive control fish.

Cumulative mortality % (lines)

DISCUSSION

In the present study skin and skin mucus abra-
sion was found to enhance the invasion of
Flavobacterium psychrophilum into the affected
fish in bath and cohabitation challenge, but oral
transfer of the bacteria using Daphnia magna as a
vector was not demonstrated. The shedding rate
of F. psychrophilum by infected fish was associ-
ated with water temperature.

The double-staining technique used in the present
study proved to be a fast and simple method for the
detection of Flavobacterium psychrophilum from water
samples. Although a slight non-specific cross-reaction
occasionally occurred between non-F. psychrophilum
and antibodies of the primary or the secondary anti-
serum, F. psychrophilum was easily distinguished
based on the size and the morphology of the cells and
the fluorescence intensity of stained cells.

The results of the present study demonstrated that
skin incision and to some degree non-intact skin mucus
layer seemed to enhance the invasion of Flavobac-
terium psychrophilum into rainbow trout. Attempts to
infect fish with F. psychrophilum without artificial skin
incision, or partially removed skin mucus before bath
challenge, failed in the present study. Similar results
were previously reported for coho salmon Oncorhyn-
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Fig. 4. Daphnia magna after incubation in a suspension of Flavobacterium
psychrophilum. Indirect immunofluorescence technique demonstrating F. psy-
chrophilum (dark green, indicated by arrows) adhering to the outer surface of

D. magna (magnification 40 x)

chus kisutch (Borg 1948). It has also been shown that
skin alterations in the fish, due to formalin bath treat-
ment, seem to facilitate the introduction of F. psy-
chrophilum into rainbow trout, subsequently causing
mortality (Madsen & Dalsgaard 1999). Repeated treat-
ment of juvenile rainbow trout with a therapeutic con-
centration of formalin affects the skin of the fish, caus-
ing a significantly thinned epidermis (Sanchez et al.
1998). However, in other studies F. psychrophilum has
experimentally been introduced into both coho salmon
and rainbow trout without using any mechanical or

chemical treatment of the skin (Holt
1987, Rangdale 1995). Instead an ex-
tended challenge time (5 and 10 h) has
been used (Rangdale 1995), but in 1
study the results were difficult to inter-
pret and the authors concluded that the
bath challenge technique was not a re-
liable method (Holt 1987). The results
of the present study as well as other
previous studies indicate that skin and
skin mucus of rainbow trout play an
important role in the defence against
F. psychrophilum. The non-specific
mechanisms of the immune system lo-
cated in the epithelial surfaces of the
fish, including skin, gills and gut, such
as lysozyme and phagocytic cells, are
reported to be of vital importance for
the defence against invading microor-
ganisms into fish fry (Tatner 1996, Yano
1996). Brown et al. (1997) reported that
F. psychrophilum was not as suscepti-
ble to lysozyme as was Aeromonas sal-
monicida. In farmed fish, for example,
skin parasite infections, vaccination,
therapeutic use of formalin, high am-
monia level, gas supersaturation in the
rearing water (gas bubble disease) and
handling of the fish (e.g. grading)
can cause damage to the skin, bypass
the non-specific mechanisms of the
immune system and thus promote the
invasion of F. psychrophilum into the
fish. Wood (1974) suggested that a high
water flow in rearing tanks might
physiologically weaken or physically
abrade the coho salmon fry, rendering
them more susceptible to F. psychroph-
ilum infection. It is thus recommended
that good management of the farmed
rainbow trout fry will significantly de-
crease the risk for a disease outbreak
of RTFS. Skin damage has also been
reported to facilitate the entrance of
other pathogens into fish, e.g. Vibrio anguillarum and
typical Aeromonas salmonicida into Atlantic salmon
Salmo salar (Svendsen & Boagwald 1997) and atypical A.
salmonicida into flounder Platichthys flesus (Wiklund
1995).

In the cohabitation challenge experiment significant
mortality among the recipient fish occurred only in the
‘Skin wounded' group. Bacterial levels around 102 cells
ml ! at start of the cohabitation experiments (Fig. 2a)
resulted in a much higher mortality (64 %) than that
(28%) in the bath challenge experiment with 6.0 x
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10?2 CFU ml™!. A continuous challenge of the recipient
fish in the cohabitation experiment with bacterial con-
centrations between 102 and 10* cells ml™! for several
days may have contributed to the high mortality. The
results support the observation by Borg (1948), who
was also able to infect only artificially scarified recipi-
ent coho salmon in a cohabitation challenge experi-
ment. In contrast, Madsen & Dalsgaard (1999) infected
only a few recipient rainbow trout, although the fish
were marked by cutting off the adipose fin, thus open-
ing an invasion route for the bacteria.

Interestingly, Flavobacterium psychrophilum were
not detected (absent or below detection limit) in water
samples after Day 9, once the mortality (from Day 4
to Day 8) of the s.c. infected donor fish had ceased
and dead fish had been removed from the aquaria.
Although the recipient fish in the 'Skin wounded’
group showed deep lesions at the point where the skin
was wounded, these fish did not seem to shed de-
tectable numbers (detection limit 34 cells ml™!) of F.
psychrophilum cells into the water. These results may
indicate that fish infected by F. psychrophilum from
the water emit low numbers of bacterial cells to the
surrounding tank water. The results from the cohabita-
tion experiments support the results from the bath
challenge experiments that introduction of F. psy-
chrophilum cells into fish is greatly enhanced by dam-
age to the skin; this is also the case if there is a contin-
uous moderate number (102 to 10% cells ml'!) of F.
psychrophilum for several days. Our results are com-
parable to previous studies with typical Aeromonas
salmonicida by Enger et al. (1992), who found that the
release of the bacterium into the water was dramati-
cally reduced once the i.p. infected donor fish had died
and was removed from the experiment. The recipient
fish did not seem to release A. salmonicida into the
water to the same extent as the donor fish. Enger et al.
(1992) summarised that i.p. injected fish seemed to
release more pathogens into the environment com-
pared to fish that received the infection from other dis-
eased cohorts.

There are no previous reports on the shedding rate
of Flavobacterium psychrophilum by infected fish. The
results of the present study suggest that F. psy-
chrophilum are shed by infected living fish into the
water prior to death (10% to 10° cells fish! h™!). Addi-
tionally, very high numbers (10* to 108 cells fish™! h™?)
of F. psychrophilum can be released from a dead fish
for an extended period of time (>80 d). According to
the results from the shedding rate studies; it is sug-
gested that in commercial fish farms as well as in viru-
lence experiments an efficient removal of dead and
moribund fish from tanks should be performed in order
to decrease the number of F. psychrophilum in the
water and thus diminish the infection pressure.

The shedding of Flavobacterium psychrophilum by
s.c. infected rainbow trout and the mortality of the fish
was associated with the water temperature. Mortality
of infected fish and shedding of F. psychrophilum into
the water began later at 4°C than at 11 and 15°C. This
could be the result of a lower metabolic rate of the bac-
teria and/or fish and thus a slower spreading of the
bacteria in the fish at 4°C than at higher temperatures.
Re-isolation of F. psychrophilum from tissue of surviv-
ing fish (challenged with s.c. injection) without any
external or internal disease signs indicates possible
development of an asymptomatic carrier-state. F. psy-
chrophilum was isolated with higher prevalence from
tissues and organs of surviving fish from the experi-
ment done at 4°C than at 11 and 15°C (Table 1). The
results suggest that F. psychrophilum can survive at
low water temperature (around 4°C) in low numbers in
different organs and tissues of fish without causing
disease, indicating a slow or incomplete non-specific
immune response against F. psychrophilum in the
challenged fish. A stress factor affecting the infected
fish may subsequently initiate a disease outbreak.

To our knowledge, there are rather few previous
studies on the shedding of pathogenic bacteria by in-
fected fish. Rose et al. (1989) reported that intra-
muscularly challenged Atlantic salmon (weight 23 g)
shed between 5.7 x 10° and 2.1 x 10”7 CFU of Aeromonas
salmonicida fish™' h™!. These values are higher than
those obtained in our study (6.8 x 103 to 3.0 x 10° cells of
Flavobacterium psychrophilum fish-' h™'). In most other
studies the number of cells emitted from infected fish
per unit time was not evaluated; instead the number of
bacteria per water volume was measured mainly in or-
der to optimise cohabitation experimental procedures
(McCarthy 1977, Michel 1980, Enger et al. 1992, Mc-
Kibben & Pascho 1999). Unfortunately, we have not
been able to find any studies on the release of bacterial
pathogens from naturally infected fish.

In the shedding rate experiment done by i.p. injec-
tion of 1.3 x 10° CFU fish™! of Flavobacterium psy-
chrophilum, mortality did not occur, although 3.2 x
10* CFU fish™! was able to produce 60% cumulative
mortality among s.c. infected fish in the experiment at
the same temperature. This observation supports the
findings made by Holt (1987) suggesting that a consid-
erably higher number of bacteria were required to kill
50 % of coho salmon infected i.p. (LDso = 1.34 x 10° cells)
than by intramuscular injections (LD, = 8.2 x 10* cells)
and s.c. injections (LDso = 1.14 x 10° cells). It is obvious
that rainbow trout defence mechanisms in the peri-
toneal cavity neutralised the injected F. psychrophilum
cells, thus preventing colonisation.

There are no previous reports on challenge of rain-
bow trout with Flavobacterium psychrophilum using
oral infection through live vector organisms. Intact F.
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psychrophilum were not observed in organs or tissues
of the orally challenged fish, except in the stomach of
1 fish. However, numerous fluorescent particles, in-
terpreted as bacterial cell wall fragments, were fre-
quently present in sections of the gastrointestinal tract
of examined fish. The pH in the stomach of feeding fish
is considered to be between 2 and 5 (Jobling & Hjelme-
land 1992). In a previous study it was shown that the
majority of F. psychrophilum in sterile water at pH 4.01
were killed after 1 d, whereas the bacteria survived in
sterile tap water at pH 5 to 7 (Lorenzen 1994). In the
present study, the F. psychrophilum in the intestine of
Daphnia magna were hypothesised to be protected
from the low pH in the stomach of the fish. However,
partly or completely digested D. magna were observed
in several slides of fish stomach, which indicates that F.
psychrophilum were exposed to the low pH. The num-
ber of intact bacterial cells possibly transported further
to the intestine seems to have been too few for a suc-
cessful invasion and infection of the challenged fish.
The pathogenicity of the strain used in the present
study has been previously documented (for fish weight
1.1 g) (Madsen & Dalsgaard 1999), but the fish of our
study were 2 to 4 g and probably possessed a higher
immunocompetence, thus giving a better protection
against F. psychrophilum.

As a summary of this study, it can be concluded that
skin wounds markedly enhanced the invasion of Flavo-
bacterium psychrophilum into rainbow trout juveniles
(1 to 2 g) both in bath challenge and cohabitation ex-
periments. In addition, partially removed skin mucus
layer facilitated the entrance of F. psychrophilum into the
fish. This indicates the significance of intact skin and
mucus layer in inhibiting the invasion processes of F.
psychrophilum. It is also suggested that the ingestion of
the pathogen through living vectors is not an important
invasion route for F. psychrophilum. The present study
suggest the importance of management measurements
in the fish farms, i.e. removal of dead and moribund fish
from tanks in order to decrease the number of F. psy-
chrophilum cells in rearing water and thus diminishing
the infection pressure on uninfected fish, and avoidance
of unnecessary handling (e.g. grading) and if possible,
parasite infections to prevent damage to the skin.
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