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Vibrio vulnificus serovar E (formerly biotype 2) is the etiologic agent that is responsible for the main
infectious disease affecting farmed eels. Although the pathogen can theoretically use water as a vehicle for
disease transmission, it has not been isolated from tank water during epizootics to date. In this work, the mode
of transmission of the disease to healthy eels, the portals of entry of the pathogen into fish, and their putative
reservoirs have been investigated by means of laboratory and field experiments. Results of the experiments of
direct and indirect host-to-host transmission, patch contact challenges, and oral-anal intubations suggest that
water is the prime vehicle for disease transmission and that gills are the main portals of entry into the eel body.
The pathogen mixed with food can also come into the fish through the gastrointestinal tract and develop the
disease. These conclusions were supported by field data obtained during a natural outbreak in which we were
able to isolate this microorganism from tank water for the first time. The examination of some survivors from
experimental infections by indirect immunofluorescence and scanning electron microscopy showed that V.
vulnificus serovar E formed a biofilm-like structure on the eel skin surface. In vitro assays demonstrated that
the ability of the pathogen to colonize both hydrophilic and hydrophobic surfaces was inhibited by glucose. The
capacity to form biofilms on eel surface could constitute a strategy for surviving between epizootics or

outbreaks, and coated survivors could act as reservoirs for the disease.

Vibrio vulnificus serovar E (formerly biotype 2) is a primary
pathogen for eels and a secondary pathogen for humans (2,
35). As a human pathogen, this serovar probably behaves like
the biotype 1 of the species, causing sporadic diseases and
outbreaks in immunocompromised hosts (27, 36). As an eel
pathogen, this serovar causes a primary septicemia, named
vibriosis, that affects captured eels maintained in farms, occa-
sionally resulting in economic losses (5, 7, 8, 13, 18). The
incidence of the vibriosis in natural populations of wild eels is
unknown. In farms, the disease can suddenly appear and cause
high mortality rates (7, 8, 13, 18). After antibiotic treatment,
the disease usually disappears and reappears as recurrent out-
breaks that are often associated with stress factors such as
changes in pH and nitrite levels (R. Barrera, personal commu-
nication). The onset of a new outbreak can be delayed by
lowering water salinity, which partially inhibits the pathogen’s
ability to survive and spread (3, 21). However, the origin of the
infection, the mode of transmission, and the reservoir between
outbreaks or epizootics have yet to be determined.

It has been suggested that eel-virulent strains, like the avir-
ulent ones (biotype 1), are natural inhabitants of aquatic eco-
systems (3, 21). This hypothesis is mainly based on laboratory
results that demonstrate the ability of eel-virulent isolates to
survive in artificial seawater microcosms for years (21) and to
use water as a vehicle for infection (3). However, field data do
not support this hypothesis because attempts to isolate eel-
virulent strains from sources other than moribund eels, includ-
ing tank water sampled during epizootics, have been unsuc-
cessful to date (4, 7, 18). In these studies, the isolation method
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followed was that developed for biotype 1 of the species:
preenrichment in alkaline peptone water (APW) (1% NaCl
[pH 8.6]), supplemented or not with antibiotics, followed by
seeding on different selective and differential media (cello-
biose-polymyxin B-colistin [CPC] agar or CC agar) (4, 7, 18).
Collection strains of V. vulnificus serovar E grow well on both
media, developing yellow colonies due to the fermentation of
cellobiose (7, 18). The absence of natural water isolates of this
pathogenic serovar could suggest that eel-virulent strains do
not survive in natural waters and that the disease is mainly
transmitted by direct host-to-host contact.

In this work, the mode of transmission of the disease to
healthy eels and the putative reservoirs of the pathogen be-
tween outbreaks or epizootics have been investigated by means
of laboratory and field experiments. Firstly, direct and indirect
host-to-host transmission was evaluated by cohabitation exper-
iments between donor (diseased) and recipient (healthy) eels.
Second, the portals of entry into the eel body were studied by
patch contact challenges and oral-anal intubations. Third, the
role of survivors as disease carriers was investigated by bacte-
riological analysis and microscopic examination of infected eel
tissues. Finally, the presence of this microorganism in tank
water as well as the time course of the disease were monitored
during one natural outbreak registered in an eel farm. To
isolate this microorganism from the fish farm tank water, two
selective media were employed after enrichment with APW:
CPC agar (23) and VVM agar (11). The VVM agar has been
designed recently and has not been used for the isolation of
serovar E from fish farm water before.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strain CECT 4604 of V. vulnificus
serovar E was used in this study. This strain was originally isolated as a pure
culture of opaque (encapsulated) colonies from internal organs of a diseased eel
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FIG. 1. Eel drawing indicating the specific rubbing sites (points A
and B) between healthy and infected (by strain CECT 4604) eels in
direct-contact challenges, and the sites where pieces of filter paper
soaked in a cell suspension of this strain were placed in patch contact
challenges.

in a Spanish fish farm (7). The strain was maintained as lyophilized stock at room
temperature (25°C) and as frozen stock at —80°C in Marine Broth (Difco) plus
20% (vol/vol) glycerol. Cells were cultured in modified salt water-yeast extract
(MSWYE) broth (28) with shaking or on MSWYE agar at 25°C for 24 h.

Experimental fish. European elvers (Anguilla anguilla) (body weight ranging
from 8 to 10 g) from a freshwater eel farm which had no history of V. vulnificus
infections were used in this study. Fish were held at 25°C in 80-liter glass tanks
of saline water (1% NaCl) with a system of filtration and recirculation. For the
challenge experiments, fish were held in 30-liter plastic containers with similar
filtration and aeration systems. Water was replaced daily in the case of patch
contact and gastrointestinal challenges.

Challenge experiments. The challenge procedures were performed according
to Amaro et al. (3) and Kanno et al. (19). All experiments were performed in
triplicate. Moribund fish were removed and bacteriologically analyzed before
death occurred. Mortalities were recorded daily and were considered only if the
pathogen was reisolated as a pure culture from livers or kidneys of moribund
elvers. Portions of internal elver tissues and the surface of survivors were directly
streaked onto plates with Tryptone soy agar supplemented with 0.5% (wt/vol)
NaCl (TSA-1). Identification of the pathogen was carried out by agglutination of
cells taken from the suspect colonies with rabbit antiserum raised against whole
cells of strain CECT 4604 (22).

(i) Immersion challenge. Bath challenges were performed according to Amaro
et al. (3). Briefly, elvers were immersed for 1 h in saline water (1% NaCl) at 26 =
2°C inoculated with stationary-phase cells of strain CECT 4604 at a final con-
centration of approximately 10° to 10° CFU ml~!. Mortalities were recorded for
14 days, and the 50% lethal dose (LDs,) was calculated by the method of Reed
and Miinch (32). Experiments were repeated at that dose and, after 24 and 48 h,
fish that showed external signs of vibriosis but were not moribund were trans-
ferred to new containers and used as donors (diseased fish) in cohabitation
experiments. For contact experiments, moribund fish were used as donors.

(ii) Cohabitation challenge. Ten donors were transferred to each of two
aquaria that contained 10 uninfected fish (recipients) (ratio of donors to recip-
ients, 1:1). In one tank, recipients were in direct contact with donors, and in the
other one, donors were placed in a water-permeable basket to avoid direct
contact with recipients. Two control experiments were made using healthy elvers
as donors. Mortalities were recorded over 22 days and coded as percent mor-
tality. To confirm shedding of the pathogen from donors, samples from the upper
layer of water, that is, at the air-water interface, were taken on days 14 and 21
and analyzed for the reisolation of V. vulnificus serovar E according to Amaro et
al. (3).

(iii) Direct-contact challenge. A group of 20 healthy elvers, anesthetized with
benzocaine (200 mg/liter) (Guinama), were individually brought into physical
contact with donors by gently rubbing their bodies either along its dorsal and
ventral length or at specific points on the lateral or ventral zones (sites A and B,
respectively, in Fig. 1). Afterwards, recipients were returned to a separate tank.
Control groups were rubbed against uninfected fish in the same way. Mortalities
were recorded for 40 days and coded as percent mortality.

(iv) Patch contact challenge. Pieces (2.5 mm?) of sterilized filter paper were
soaked in a cell suspension of strain CECT 4604 containing 10° CFU ml~".
Patches loaded with bacteria were applied for 1 min at different places on the
surface of anesthetized healthy elvers: eyes, mouth (outside), gills (inserted
between them), anus, pectoral fins, and anal, dorsal, and caudal zones of the long
joined fin (Fig. 1). To determine whether sites other than the contacted point
were contaminated with the pathogen, samples of elver surface were seeded onto
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TSA-1 plates. Fish were then returned to aquaria. Control groups were treated
with patches soaked in phosphate-buffered saline solution supplemented with
1% (wt/vol) NaCl (PBS-1) in the same way. Mortalities were recorded for 40 days
and coded as percent mortality.

(v) Gastrointestinal tract challenges. A volume of 0.1 ml of a serial 10-fold
dilution (from 10 to 105 CFU ml~") of strain CECT 4604 was inoculated into
groups of six elvers through the mouth to the stomach or through the anus to the
intestine with a sterilized silicone tube (1 mm in diameter) attached to a plastic
syringe. Control fish were given saline solution (0.85% NaCl, pH 7.0) in the same
way. To determine the importance of transmission through food, intragastric
intubations employing commercial feed contaminated with CECT 4604 were
performed. The feed was autoclaved (121°C for 20 min) to avoid possible com-
petition with any microorganism present in the sample. Then, it was aseptically
homogenized with PBS-1 at a ratio of 1:4, and the mixture was incubated for 24 h
at 28°C. Afterwards, this homogenate was diluted with an equal volume of
bacterial suspension and maintained at room temperature for 30 min to allow the
adsorption of the bacterial cells to the particulate material. The doses assayed
and the procedure used were the same as in the oral inoculation of bacterial
suspension alone. Control fish were challenged with sterile feed homogenate.
Mortalities were recorded for 14 days and coded as percent mortality.

Survival in eel skin mucus. Eel mucus was collected by placing healthy elvers
in sterile flasks for approximately 5 min (12). After removing the fish, the mucous
material within each flask was taken and filtered through 0.8- and 0.45-wm-pore-
size filters (Millipore) and stored at —80°C until used. Survival of strain CECT
4604 in mucus solution was assayed in duplicate by inoculating bacterial station-
ary-phase cells resuspended in PBS-1 in samples of mucus at a level of around
10° CFU ml~'. The mixture was incubated at room temperature for 4 h, sam-
pling every 60 min for plate counts on TSA-1.

Detection by immunofluorescence. Tissue samples from moribund and survi-
vor elvers positive for V. vulnificus serovar E were processed for examination by
immunofluorescent antibody technique (IFAT) as described by Marco-Noales et
al. (22). Briefly, tissue smears of gills, body surface, intestine, kidney, blood, and
liver were placed within the circled areas of black slides, dried, fixed with 2%
(vol/vol) formalin, and covered for 1 h with a primary antibody solution (diluted
in PBS-1) at room temperature. After being washed, slides were incubated for
1 h with a solution of the secondary antibody at the same temperature. PBS-1 and
tissue samples from healthy elvers were used as negative controls. Finally, slides
were mounted with 50% (vol/vol) glycerol in PBS-1 with 25 mg of 1,4-diazabi-
cyclo-(2,2,2)-octane (DABCO; Sigma) ml~' and examined at a magnification of
X1,250 with a Zeiss epifluorescence microscope using a 450- to 490-nm band
pass filter, FT510 beam splitter, and LP520 barrier filter.

Scanning electron microscopy. Scanning electron microscopy was used to
analyze the tissues of survivors that were positive for V. vulnificus serovar E
isolation. Pieces of elver tissue were fixed with 2.5% (vol/vol) glutaraldehyde in
0.1 M phosphate buffer (0.48% [wt/vol] K,HPO,, 1.12% [wt/vol] Na,HPO,, pH
7.5) at room temperature for 2 h and then postfixed in 1% (wt/vol) osmium
tetroxide for another 2 h. After being washed in distilled water (three times, 10
min each), samples were dehydrated in a graded alcohol series (30, 50, and 70%
for 5 min each and then 100% for 20 min) and critical-point dried in CO, in a
Tousimis Autosamdri model 814 critical-point dryer. Finally, samples were
coated with AuPd in a Bio-Rad model E5600 sputtering apparatus for examina-
tion with a Hitachi H-4100 scanning electron FE microscope at 5 to 10 kV of
accelerating potential. Micrographs were made with Agfapan ISO100 film.

Biofilm formation assays. Biofilm formation was evaluated according to
O’Toole and Kolter (31) by the ability of cells of strain CECT 4604 to adhere to
the wells of 96-well microtiter dishes made of polystyrene (hydrophobic surface)
or to glass tubes (hydrophilic surface). Three growth media were employed:
MSWYE broth, MSWYE broth plus 1% (wt/vol) glucose (MSWYE + G), and
eel skin mucus. The medium (100 pl/well or tube) was inoculated with an
appropriate dilution from an overnight Luria-Bertani (LB) culture. The assay
was started with a relatively small number of cells (around 5 X 10° CFU ml™")
in the case of MSWYE and MSWYE + G, or with a high one (approximately 107
to 108 CFU ml ') in the case of eel mucus. The plates or tubes were incubated
at 28°C for 5 and 10 h. Biofilm formation was quantified by the addition of 200
wl of 95% (vol/vol) ethanol to crystal violet-stained samples, and the absorbance
was determined with a plate reader at 540 nm (Multiskan Askcent; Labsystems).

Eel farm monitoring during a natural outbreak. The isolation of V. vulnificus
serovar E from water was attempted during a natural outbreak registered in an
eel farm by using a two-step procedure with enrichment and selection (18, 29, 34)
immediately after the first dead animal appeared. The outbreak affected animals
maintained in fresh water at 27°C. The vibriosis was confirmed at day 2 after
isolation and biochemical and serological identification from moribund eels (7).
A drug susceptibility test was performed according to Biosca et al. (8). Mortal-
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FIG. 2. Cumulative mortality of recipient elvers challenged by co-
habitation with donor elvers (ratio, 1:1) previously infected by immer-
sion with strain CECT 4604. (A) No physical contact. (B) Physical
contact. The experiments were performed with donor elvers infected
for 24 h (M) or 48 h ([J) before the cohabitation challenge.

ities in terms of kilograms of dead fish were recorded daily. To isolate serovar E
from water, volumes of 100 ml of tank water were filtered at days 2 and 7. Filters
were incubated for 12 h in APW at room temperature. An aliquot of 1 ml from
the enrichment broth was tested by spreading on selective CPC agar (23) and
VVM agar (11) plates. The yellow colonies were purified on TSA-1 and bio-
chemically and serologically identified.

RESULTS

Bath challenges. Under the assay conditions of temperature
and salinity, the LDs, was around 10° CFU ml ™. V. vulnificus
serovar E was isolated as a pure culture from internal organs
and the surface of moribund elvers. Fish started to die at day
2 postchallenge, but external hemorrhages and ulcers were
already apparent in some animals by day 1. Fish with similar
external signs, taken at days 1 and 2, were used as donors for
cohabitation experiments. V. vulnificus serovar E was not iso-
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lated from the internal organs of survivors, but it was recovered
as a mixed culture from surface samples.

Cohabitation challenges. In all cohabitation experiments,
mortalities were always higher than 80% in the recipient
groups. The results of two representative experiments are
shown in Fig. 2. Differences were found in the time of death
between experiments with and without a physical barrier be-
tween donors and recipients. In the first case, it was clearly
dependent on the infection stage of donors: deaths started
much earlier if the elvers used as donors were taken at 48 h
instead of 24 h post-water-borne infection (Fig. 2A). In the
second case, the time of death was around 7 to 11 days after
challenge, depending on the experiment, but was apparently
independent of the donor’s infection stage (Fig. 2B). Thus,
interestingly, the presence of a physical barrier did not delay
the time of death when donors were in an advanced stage of
infection. In fact, mortality was higher and faster in the parti-
tioned group than in the group cohabiting with 48-h-postinfec-
tion fish. It was confirmed that the donor fish shed cells of V.
vulnificus serovar E into the water, since this microorganism
was isolated on TSA-1 as a mixed culture from all water sam-
ples.

All moribund fish showed typical signs of vibriosis caused by
V. vulnificus serovar E (7), and this microorganism was reiso-
lated as a pure culture from internal organ and external sur-
face. At 15 days after challenge, some survivors showed a thick
mucous layer coating the body surface that was partly shed
over time. V. vulnificus serovar E was recovered as a pure
culture from this external layer. Control fish did not show signs
of disease.

Direct-contact challenges. Mortalities of 10% were reached
when the tested group was rubbed against infected fish along
the whole body. Direct contact at specific sites (in points of
lateral and ventral zones [A and B in Fig. 1]) resulted in 100%
survival of recipient fish at 40 days postchallenge. In the group
rubbed against healthy fish, there was neither visible change
nor mortality.

Patch contact challenge. Immediately after the patch con-
tact challenge, V. vulnificus serovar E was isolated from the
specific contact site. However, because a mucous layer sur-
rounds eels, this microorganism was occasionally isolated from
other body surface areas near to the contact site. In general,
this method of restrictive infection proved to be effective, since
the results obtained in the different experiments were quite
similar (Table 1). In all cases, the highest mortality was re-

TABLE 1. Cumulative mortality of elvers (average weight, 10 g)
challenged by patch contact at specific body sites with papers
soaked in a cell suspension of strain CECT 4604

Patch contact Cumulative % mortality = SD on days:

site 0-5 5-10 10-20 20-35
Anus 0 0 0 54.7 = 8.6
Anal fin 0 0 0 16 £ 2.1
Caudal fin 33+33 40 40 57327
Dorsal fin 6.7 4.2 32=+8 32+8 46.7 = 2.5
Eyes 0 8+49 8+49 10.7 = 4.3
Gills 62.5 £ 16.5 100 100 100
Mouth 0 0 0 4+21
Pectoral fins 0 8+8 44 = 2.7 61313
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TABLE 2. Mortality of elvers (average weight, 10 g) after
gastrointestinal challenge with strain CECT 4604

Dose (CFU/g Inoculated %

Challenge zone of fish) material Mortality
Stomach (via mouth) =2.5 X 10’  Bacterial cells 0
1.5 X 107  Bacterial cells + feed 33
Intestine (via anus) <29 X 10> Bacterial cells 100

corded when the gills were contacted with the vibrio-loaded
filter paper. In this case, an average cumulative mortality of
62% was achieved before the first week. Lower cumulative
mortalities were recorded when the eyes and the dorsal fin
were contacted, and the lowest one when mouth or anal fin was
challenged. Dead fish showed typical signs of vibriosis, with
petechiae and general hemorrhages and exophthalmic and
large ulcers, mainly at the contact site. In the control group,
neither mortality nor external change was registered.

Gastrointestinal tract challenges. Mortalities of 100% oc-
curred at a dose of <2.9 X 10° CFU g~ in the group chal-
lenged through the anus (Table 2). In fish challenged through
the mouth with bacterial cells alone, no mortality was recorded
at a dose of 2.5 X 10" CFU g~ ! (Table 2). However, the in-
tragastric inoculations with V. vulnificus serovar E-laden feed
at a similar bacterial dose resulted in the death of 33% of the
fish after 3 days (Table 2). Among control groups receiving
only saline solution or only sterile feed homogenate, neither
mortality nor visible change was observed. Moribund fish showed
external hemorrhages, mainly in the ventral part of the body,
and a hemorrhagic intestine.

Survival in skin mucus. Cells of V. vulnificus serovar E
survived and successfully multiplied in skin mucus, reaching a
fourfold increase in number of viable cells at the end of the
incubation period (data not shown).

Microscopic observations. Tissue samples from external and
internal organs of moribund eels that were positive for V. vulni-
ficus serovar E isolation were processed by IFAT. Cells of the
pathogen appeared clearly stained in fluorescent green, and
some of them showed a polar flagellum (Fig. 3). In samples
from fish challenged by patch contact, cells were detected in
the specific contact site (Fig. 3G). IFAT was also used to
analyze the mucous layer coating the body of survivors, which
was positive for V. vulnificus serovar E isolation. Green cells
forming a kind of network, kept together by an extracellular
immunoreactive substance, were clearly observed (Fig. 4).
Scanning electron micrographs of the same samples appear in
Fig. 5. In these samples, the epidermis, the external layer made
up of wrinkled cells (indicated by arrows in Fig. 5B and C), and
the dermis, a thicker, internal layer placed under the first one
(Fig. 5B and C), were clearly distinguishable. Among epider-
mal cells, that is, on the outer part of eel skin, microcolonies of
bacteria adhering to the interstices were observed (Fig. 5D to
F). Bacterial cells showed a great amount of fibrillar extracel-
lular material (Fig. 5D to G) that formed bridges among bac-
teria and eel epidermal cells (Fig. 5D and E). Flagella were
observed in some bacteria (Fig. 5F).

Biofilm formation assays. To confirm that V. vulnificus se-
rovar E was able to form a biofilm, we performed an in vitro
assay previously described by O’Toole and Kolter (31). Strain
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CECT 4604 colonized both hydrophobic and hydrophilic sur-
faces when MSWYE and eel mucus were used as growth media
(Table 3). The strain formed a biofilm at the interface between
the air and the liquid medium and at the bottom of the wells or
tubes. Biofilm production was inhibited by the addition of
glucose to MSWYE (Table 3). In the presence of glucose, the
growth kinetics were distinct: cells achieved the stationary
phase earlier (at 5 h; data not shown) and the final cell rate was
lower (around 10% CFU ml™ ') (Table 3).

Field studies. During a natural outbreak in an eel farm,
affected fish showed external hemorrhages and ulcers mainly
located near the head and in the ventral part of the body.
Internally, the main signs were a pale liver and a hemorrhagic
intestine. Pure cultures on TSA-1 were obtained from all in-
ternal organs sampled of moribund fish. The isolated strains
presented API 20E profile 5006005 and agglutinated with the
specific antiserum against serovar E. From these results, they
were identified as V. vulnificus serovar E. The most effective
antibiotic in the drug sensitivity test, tetracycline, was used to
control the vibriosis (25 ppm as a bath followed by 80 mg/kg of
fish per day for 12 days), and the antibiotic treatment started
on day 3. After 24 h, the number of dying eels decreased, and
the outbreak was finally controlled at day 7. The time course of
the outbreak is shown in Fig. 6.

Samples of tank water were analyzed to check whether the
pathogen was present in a viable form. After enrichment in
APW and growth on selective media, mixed cultures were
obtained, and yellow colonies suspected of being the eel patho-
gen were purified and identified. V. vulnificus serovar E was
detected only from samples taken on day 2 and seeded on
VVM. The water isolates showed the same biochemical profile
in the API 20E system as the eel isolates and also agglutinated
with the specific antiserum. Other yellow colonies from CPC
agar and VVM agar were identified as V. vulnificus biotype 1
because they gave a code profile of 1146005 (99.9%) and were
negative for agglutination with the specific antiserum against
serovar E.

DISCUSSION

Transmission of the disease. Results of the cohabitation
experiments and direct-contact challenges suggest that the dis-
ease produced by V. vulnificus serovar E in eels is mainly
transmitted by water. First, the disease was transmitted from
donors to recipients who were separated by a physical barrier.
Second, physical contact between donors and recipients did
not enhance the effectiveness of transmission; mortality was
always higher than 80% regardless of contact among fish.
Third, the bacterium was isolated from the upper surface of
the water, with which this species seems to be preferentially
associated (3). These cells, probably originating from diseased
and moribund fish, indicated that the pathogen was effectively
released into water. Finally, the direct-contact challenges re-
sulted in a low mortality (10%) when whole surfaces were
contacted and in no mortality when contact took place at
specific sites. In cohabitation experiments, the time of death in
recipient eels was influenced by the infection stage of donor
fish, especially when they were physically separated. In this
case, the sole mode of disease transmission was through water,
so that the more advanced the stage of the disease, the more



FIG. 3. Epifluorescence micrographs of tissue samples from elvers infected with V. vulnificus serovar E, stained by IFAT using an anti-whole-
cell serum. Samples corresponding to blood (A), intestine (B), kidney (C), body surface (D), gills (E and G), and liver (F) are representative of
different experiments: bath challenge (A and B), cohabitation challenge with contact between donor and recipient fish (C and E), cohabitation
challenge without contact (D), and patch contact challenge in gills (F and G). Arrows indicate the polar flagellum. Bars, 2 pm.

4721



4722 MARCO-NOALES ET AL.

e A

APPL. ENVIRON. MICROBIOL.

FIG. 4. Epifluorescence micrograph of the mucous layer coating the surface of one survivor elver from experimental cohabitation challenge.
The sample was stained by IFAT with an anti-whole-cell serum against V. vulnificus serovar E. Bar, 5 pm.

bacteria were released and the more animals were infected in
a short time. The influence of the infection stage of donors was
less apparent when there was contact between donor and re-
cipient fish, probably because the pathogen was also transmit-
ted from infected to healthy individuals by the direct contact of
their bodies. Kanno et al. (19) reached the same conclusion
after a similar set of experiments performed with another fish
pathogen, Vibrio anguillarum, in ayu (Plecoglossus altivelis).
The field results obtained during a natural outbreak affect-
ing one eel farm support the hypothesis that water is the main
vehicle for disease transmission. The shape of the outbreak
curve, with a sharp rise to a peak, is more compatible with a
common-source outbreak than with a host-to-host one, which
is characterized by a relatively slow progressive rise (10). A
common-source outbreak arises as the result of a large number
of animals being infected by common source, such as water. In
fact, we successfully isolated V. vulnificus serovar E from tank
water during the outbreak, probably for two reasons. First, we
used a new selective medium which has recently been de-
scribed as the most efficient one for V. vulnificus isolation (11).
This medium contains MgCl, - 6H,O and KCl, which act as
stimulation growth factors for pathogenic vibrios (15). Second,
we were able to sample water from tanks before antibiotic
treatment had started. Currently, fish farmers start chemother-
apy when the first dead eels appear, before the diagnosis is
complete. Unfortunately, this practice is generally extended
because fish farmers fear the devastating effects of this vibrio-
sis. The use of drugs seemed effective, at least short term, since
the bacterium was not recovered from water after the antibi-
otic treatment, and the outbreak was apparently controlled in
1 week. From the results obtained in the present study, we can
also conclude that the medium VVM was more effective than
CPC agar in the recovery of V. vulnificus serovar E from water.
The use of this medium in the isolation of this bacterium from

aquatic ecosystems could improve our knowledge of the ecol-
ogy of this pathogen.

Portals of entry. Several authors have suggested that the
potential routes for penetration into fish of pathogenic bacte-
ria are the gills, the skin, and the digestive tract (6, 19, 26).
Nevertheless, a pathogen can use more than one portal of
entry to colonize the same fish (19, 26). The patch contact
challenge experiments demonstrated that the main portals of
entry used by V. vulnificus serovar E were the gills, followed by
the pectoral and caudal fins and the anus. Cells were able to
resist the bactericidal effect of the surface mucus (1) and even
proliferate, which correlates with the fact that mucosal damage
is not necessary to promote the disease caused by V. vulnificus
serovar E (3). Gills and anus are also important portals of entry
of V. anguillarum into rainbow trout (6) and ayu (19), respec-
tively.

Results of gastrointestinal challenges revealed that V. vulni-
ficus serovar E was rapidly destroyed in the stomach (probably
due to pH and digestive enzymes), but it could cause disease if
it arrived at the intestine. First, at low doses (10° CFU g™ 1),

TABLE 3. Biofilm formation on hydrophobic and hydrophilic
surfaces of strain CECT 4604 after 10 h of incubation in
different growth media, measured as absorbance
at 540 nm after extraction with ethanol
of crystal violet-stained cells

Mean Asy, = SD* for growth on:

Grox_vth

medium Hydrophobic surface Hydrophilic surface
MSWYE 0.55 = 0.05 (1.2 X 109) 0.65 £035(5 % 109)
MSWYE + G 0= 0.01 (2 X 10%) 0.05 = 0.10 (4 X 10%)
Eel mucus 0.36 = 0.03 (1 X 1010) 0.33 £ 0.06 (1.5 x 109)

“ The corresponding value in CFU per milliliter on TSA-1 is shown in paren-
theses.



FIG. 5. Scanning electron micrographs of the eel body surface of one survivor from experimental cohabitation challenge. (A, B, and C) It can
be observed that the layer is actually eel skin, distinguishing the epidermis and the dermis below. Among epidermal cells there were microcolonies
of bacteria (D to G) adhering to eel epidermis by means of an extracellular mesh-like substance (D and E) which also covered the bacterial cells
(E to G). Arrows indicate wrinkled cells of eel epidermis (B and C), a fragment of the photo amplified in picture E (D), and a bacterial flagellum
(F). Bars: 100 pwm (A), 50 pm (B), 10 pm (C), 5 pm (D), 1 pm (E and F), and 0.5 pum (G).

4723



4724 MARCO-NOALES ET AL.

Onset of
antibiotic
treatment

8

N
(=]
I

Dead eels (in Kg) with vibriosis signs
N [
o o

-
o
L

Days

FIG. 6. Time course of an outbreak in a Spanish eel farm, which
affected fish maintained in fresh water at 27°C. The data show kilo-
grams of dead eels with signs of vibriosis over time.

the pathogen provoked 100% mortality when administered by
the anal route. Second, at high doses (107 CFU g™!), it was
avirulent by the oral route. Finally, when the pathogen was
administered associated with food material, some cells could
arrive at the intestine, proliferate, and begin the septicemic
process. In all cases, moribund eels showed external hemor-
rhages and a hemorrhagic intestine as the main signs. Previous
studies had demonstrated that V. anguillarum induced vibriosis
in ayu and eel by anal intubation but not by the oral route (19).
In these studies the pathogen was not administered with the
feed. Although many cells of V. vulnificus mixed with feed are
necessary to develop vibriosis, we cannot discard the possibility
that the pathogen can use the oral route to enter the fish body.
In fact, one of the characteristic signs when the pathogen
enters by the oral-anal route, the hemorrhagic intestine, was
detected in naturally infected eels during the natural outbreak
studied mentioned above.

Biofilm production and microscopic observations. Cells of
V. vulnificus serovar E were detected by IFAT in all tissue
samples analyzed, as vibriosis is a septicemic process and the
pathogen spreads to different eel organs (7). The bacterium
was also detected on the surface of the eels. Many cells showed
a polar flagellum, which points out that motility can be an
important virulence factor in vivo for development of vibriosis
caused by this pathogen, as it is for V. anguillarum (30).

Some survivor eels presented a mucous layer coating the
body, which contained a network of cells of V. vulnificus sero-
var E linked by an extracellular and immunoreactive matrix.
This pathogen produces a mucous layer of exopolysaccharidic
nature (9), essential to water-borne infection (3), which could
partially correspond to the immunoreactive matrix observed by
IFAT. Scanning microcopy showed that putative V. vulnificus
serovar E cells formed microcolonies adhering to epidermic
eel tissue by the extracellular material. This material built up
bridges among bacterial cells, bringing them together in aggre-
gates placed in the midst of eel cells.

In vitro experiments confirmed that the strain was able to
colonize both hydrophilic and hydrophobic surfaces, forming a

APPL. ENVIRON. MICROBIOL.

biofilm on the walls of the vessels even when eel mucus was
used as the growth medium. This ability has also been de-
scribed for other pathogenic vibrios that form a biofilm micro-
scopically similar to that observed by us (20, 37). Biofilm for-
mation in V. vulnificus serovar E was inhibited by glucose. The
addition of glucose to the growth medium also seemed to
prevent capsule production, measured as colony opacity (J. D.
Oliver, unpublished data). It has been reported previously that
this compound inhibits the adhesion to siliconized glass of
other marine vibrios (14). These results are in contrast to those
found in Escherichia coli, Salmonella spp., and Pseudomonas
fluorescens, in which glucose promotes biofilm formation (31)
or the secretion of molecules involved in intercellular commu-
nication through quorum-sensing systems (24, 33). More stud-
ies are needed to demonstrate the role of glucose in biofilm
formation and the relationship between biofilm formation and
capsule production.

The exogenous matrix of the biofilms has been reported to
contribute, in natural ecosystems, to (i) the attachment of
bacteria to marine organisms, such as plankton and fishes (25,
37), (ii) protection against a variety of environmental stresses,
such as pH shifts and osmotic shock (16), and (iii) preventing
access of several antimicrobial agents (17). This fact may ex-
plain how V. vulnificus survives between outbreaks and resists
the adverse physicochemical conditions imposed by dissolved
antibiotics and low water salinity.

In summary, the primary mode of transmission to healthy
eels of V. vulnificus serovar E is through water, and the main
portal of entry is via the gills. Bacteria can be released into
water, adhere to the eel surface, and multiply, forming a kind
of biofilm, which could constitute a strategy to survive between
outbreaks. The state in which fish carry a V. vulnificus serovar
E biofilm on the body surface could be considered a carrier
state. The carriers could act as reservoirs and develop the
disease under stress conditions. Because V. vulnificus serovar E
can also be an opportunistic human pathogen, it seems clear
that it would be advisable to set up proper management pro-
cedures at fish farms, including the reduction of overcrowding
(as direct contact between individual fish might accelerate the
spread of disease in crowded ponds), the prompt removal of
moribund fish, and the adoption of preventive measures by fish
farmers to avoid risks inherent in manipulating eels.
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