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During the unusually warm summer in Denmark in 1994, 11 clinical cases of Vibrio vulnificus infection were
reported. These reports initiated an investigation of the occurrence of V. vulnificus biotypes in Danish marine
environments. Samples of coastal water, sediment, shellfish, and wild fish were analyzed by preenrichment in
alkaline peptone water amended with polymyxin B (2.0 x 10* Ulliter) followed by streaking onto modified
cellobiose-polymyxin B-colistin agar. V. vulnificus-like colonies were tested with a V. vulnificus-specific DNA
probe. Low densities of V. vulnificus were detected in water (0.8 to 19 CFU/liter) from June until mid-September
and in sediment (0.04 to >11 CFU/g) from July until mid-November. The presence of V. vulnificus was strongly
correlated with water temperature. However, we isolated V. vulnificus from water from a mussel farm at a lower
temperature than previously reported (7°C). In 1 of the 13 locations studied, V. vulnificus was found in mussels
in 7 of 17 samples analyzed; this is the first report of V. vulnificus in European shellfish. V. vulnificus was also
isolated from gills, intestinal contents, and mucus from wild fish. Although biotyping of 706 V. vulnificus strains
isolated during our investigations revealed that the majority of the strains (99.6%) belonged to biotype 1,
biotype 2 was detected in seawater at a low frequency (0.4%). Our findings provide further evidence that
seawater can serve as a reservoir and might facilitate spread of V. vulnificus biotype 2 to eels, with subsequent
spread to persons handling eels. In conclusion, our data demonstrate that V. vulnificus is ubiquitous in a

temperate marine environment and that V. vulnificus biotype 2 is not strictly confined to eels.

Vibrio vulnificus is an estuarine bacterium capable of pro-
ducing both septicemia and wound infections in humans (41).
Primary septicemia occurs mainly in people who have eaten
raw seafood, especially raw oysters, and in almost every case
the patient has a chronic underlying disease. The fatality rate
is high, up to 60% (35). In addition, V. vulnificus causes wound
infections by entering preexisting skin lesions during exposure
to seawater. The fatality rate for persons with wound infections
may be up to 20%, but amputation or surgical debridement is
often necessary (35).

V. vulnificus may be isolated from a wide variety of aquatic
ecosystems, and the occurrence of the organism is favored by
high temperatures and relatively low salinities. In the United
States, V. vulnificus has been reported on the Atlantic, Pacific,
and Gulf coasts (27, 28, 37). V. vulnificus occurs more rarely in
temperate areas than in subtropical waters, and studies of the
occurrence of this organism in temperate areas are few. How-
ever, V. vulnificus either has been isolated from water or has
been implicated in human infections during the summer
months in Denmark, Sweden, Germany, Holland, and Belgium
(14, 25, 33, 34, 51).

Oysters, clams, mussels, and fish, as well as water, sediment,
and plankton, have all been described as reservoirs for V. vul-
nificus (18, 38, 54). V. vulnificus has been isolated from waters
with temperatures ranging from 8 to 31°C and salinities be-
tween 1 and 34%o (27, 54). Despite an apparent tolerance for
wide ranges of salinities and temperatures, V. vulnificus is
observed at higher concentrations in water with temperatures
above 20°C and salinities between 15 and 25%o (26, 28).

In a comprehensive study of the distribution and ecology of

* Corresponding author. Mailing address: Department of Veteri-
nary Microbiology, The Royal Veterinary and Agricultural University,
Biilowsvej 13, 1870 Frederiksberg C, Denmark. Phone: 4535282704.
Fax: 4535282711. E-mail: lise.hoei@vetmi.kvl.dk.

V. vulnificus along the east coast of the United States, Oliver et
al. (38) attempted to correlate the presence of V. vulnificus
with the presence of fecal coliform bacteria. No correlation
between the presence of lactose-fermenting vibrios (including
V. vulnificus) and the presence of fecal coliform bacteria was
found. Tamplin et al. (45) actually found a negative correlation
between the presence of V. vulnificus and the presence of fecal
coliform bacteria, and V. vulnificus was most often detected in
waters with fecal coliform bacterial most probable numbers
(MPN) of less than 3 organisms per 100 ml.

The procedures for isolation and identification of V. vulni-
ficus have been improved during the last decade with the de-
velopment of a selective and differential cellobiose-polymyxin
B-colistin (CPC) agar (32) and a V. vulnificus-specific DNA
probe directed against the cytolysin gene (55). CPC agar in
combination with selective preenrichment in alkaline peptone
water supplemented with polymyxin B (2.0 X 10* Ulliter) has
been used to recover V. vulnificus from Danish coastal water
and sediment, as well as from imported seafood (13, 16). Also,
we found that the DNA probe is superior to the API 20E
system (bioMérieux, Marcy I'Etoile, France) for identification
of V. vulnificus (13).

To date, phenotypic and genotypic characterizations of V. vul-
nificus have not identified particular traits that predict patho-
genicity for humans. However, characterization of V. vulnificus
strains has led to subdivision of the species into two biotypes
which in the original description differed phenotypically, sero-
logically, and in host range (48). Recent research suggests that
biotyping should be based mainly on serological properties and
host range since the biochemical traits have been found to vary
(9, 11). Biotype 1 strains are pathogenic for humans, exhibit
several immunologically distinct lipopolysaccharide (LPS)
types, and are indole positive (11). Biotype 2 strains appear to
be virulent for both humans and eels and express a common
LPS type, and the majority of the biotype 2 strains are indole
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FIG. 1. Geographical locations of sampling sites. Coastal water samples were collected at locations 1 to 7. Sediment samples were obtained at locations 1 and 2.
Opysters were harvested in areas A and B, and blue mussels were harvested in areas C to M. Wild fish were caught in Kgge Bay and at location 2.

negative (2, 11). Little is known about the ecology of biotype 2
strains in the aquatic environment; until recently, these organ-
isms had been isolated only from diseased eels and a single
clinical case (3, 52). However, one V. vulnificus biotype 2 strain
was recovered from a sample of Danish coastal water in 1994
(24), which indicates that both biotypes are present in the
marine environment and that biotype 2 strains are not strictly
confined to eels.

The recent focus on V. vulnificus in Denmark stems from 11
clinical cases of V. vulnificus infection which occurred in the
unusually warm summer of 1994 (14). The route of infection in
10 of the 11 cases was a preexisting skin lesion, and the re-
maining case was an episode of near drowning. All of the
patients had a history of exposure to seawater or handling of
fish prior to infection, and none had consumed seafood (14). In
addition, three wound infections associated with handling of
fish were reported in the summer of 1995 (12). No clinical
cases of V. vulnificus were reported in 1996. All of the clinical
isolates were originally described as members of biotype 1 (14).
However, it was shown by ribotyping that one isolate actually
belonged to biotype 2, along with a strain isolated from a
wound infection in Denmark in 1991 (6, 24). This provided
further evidence that V. vulnificus biotype 2 should be regarded
as an opportunistic human pathogen (2, 52).

The aims of our study were to investigate the occurrence of
V. vulnificus in Danish coastal waters and especially to inves-
tigate the distribution of V. vulnificus biotype 2 strains in the
aquatic environment. Also, we wanted to determine if there
was any correlation between the occurrence of V. vulnificus
and the occurrence of indicator bacteria routinely used to
evaluate bathing water quality and presumptive Vibrio spp.

MATERIALS AND METHODS

Collection and treatment of samples. During the 1996 bathing season from
May to October, water was sampled weekly at the seven locations shown in Fig.
1. Two-liter samples of coastal water were collected by municipal food and
environmental control units as part of the routine control of bathing water
quality. The seawater temperature was measured in situ with a digital thermom-
eter correct to 0.1°C, and salinity was measured in the laboratory with a refrac-
tometer (S/Mill, Atago, Japan). Water samples were mixed, filtered through
0.45-pwm-pore-size membrane filters (Millipore, Bedford, Mass.), and analyzed

by using a three-tube MPN method with alkaline peptone water preenrichment
supplemented with polymyxin B (APWP) (1% NaCl, 2.0 x 10* U of polymyxin
B per liter; pH 8.6) incubated at 37°C for 18 to 24 h, followed by streaking onto
modified CPC (mCPC) agar (13, 32, 44). The total number of presumptive Vibrio
spp. cells was estimated by streaking 0.1 ml of a water sample onto thiosulfate-
citrate-bile-sucrose (Difco Laboratories, Detroit, Mich.) agar plates in duplicate
and incubating the plates for 18 to 24 h at 37°C. Coliform bacterial, presumptive
Escherichia coli, and fecal streptococcal organisms were enumerated by using
standard procedures as previously described (46, 47). Sediment samples were
collected weekly from locations 1 and 2 with a Van Veen sediment grab (Fig. 1).
Samples of seawater and sediment were transported to the laboratory in insu-
lated boxes containing cooling elements and were processed within 4 h of col-
lection. Approximately 0.5 to 1 kg of top-layer sediment was transported in a
sealed sterile plastic bag to the laboratory, where 300 g of sediment was homog-
enized with an equal volume of phosphate-buffered saline (pH 7.5) in a sterile
stainless steel Waring commercial blender at high speed for 60 s, followed by
inoculation into a three-tube MPN series with APWP. Samples of blue mussels
(Mytilus edulis) and oysters (Oestra edulis and Crassostrea gigas) were obtained
from July until December 1996 from a total of 13 sites (Fig. 1). Samples were
collected by local fish inspectorates and were sent overnight in insulated boxes
containing cooling elements to the laboratory, where they were processed. Two
250-ml water samples were collected along with each shellfish sample; one was a
surface water sample, and one was a sample obtained from above the seabed at
the shellfish sampling site. The shellfish were shucked aseptically with an auto-
claved oyster knife, and the meat and liquor from 10 oysters or 25 mussels
(approximately 100 to 200 g [pooled wet weight]) were homogenized for 60 s in
a sterile Waring blender that contained an equal volume of phosphate-buffered
saline. Homogenized samples (20, 2, and 0.2 g) were inoculated into APWP and
incubated at 37°C for 18 to 24 h, after which samples showing turbidity were
streaked onto mCPC agar. From July until October 1996, a total of 136 wild fish
were analyzed; these fish included 29 flounders (Platichthys flesus), 14 eelpouts
(Zoarches viviparus), and 93 eels (Anguilla anguilla) that were caught at various
locations in Kgge Bay and in the waters near location 2 (Fig. 1). The fish were
caught with hook and line or in traps and were transported live at outdoor
temperatures to the laboratory in plastic buckets. Approximately 1 g of mucus,
gills, and intestinal contents was removed aseptically from each decapitated fish.
Pooled samples of mucus, gills, and intestinal contents from five fish or samples
from single fish were preenriched for 6 to 8 h in alkaline peptone water at 37°C
and streaked onto mCPC agar. Samples from fish kidneys were streaked directly
onto blood agar plates (Blood Agar base [Difco] supplemented with 5% citrated
calf blood) and incubated at 20°C for 18 to 48 h to investigate if the fish were
colonized with other fish-pathogenic bacteria. All mCPC plates were incubated
at 40°C for 18 to 24 h.

Identification of V. vulnificus by colony hybridization. Two V. vulnificus-like
colonies were picked from each mCPC plate, cultured in veal infusion broth
(Difco), and streaked onto blood agar plates to determine purity. Colony blots
were prepared in triplicate from pure cultures grown on blood agar for 18 to 24 h
at 37°C. Colonies were transferred to no. 541 filter paper (Whatman, Maidstone,
United Kingdom) by overlaying the agar plates for 30 min. Cells were lysed by
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TABLE 1. Occurrence of V. vulnificus in water and mussels
samples collected from area G in 1996

Presence of V. vulnificus

Sample date Water Mussel sample Mussel samples
(day/mo) temp (°C)  depth(s) (m)* Water
0g 1g Olg samples”
24/9 14 1 +< 4+ + -/
1/10 13 1 + + — —/=
22/10 11 1 + - - —/—
29/10 10 1 — - — —/—
29/10 10 6 + - - —/—
511 10 1 — - — —/—
511 10 1 + - - —/—
511 10 6 — - — —/—
511 10 6 - - — —/—
11/11 8 1,6 + + — +¢
11/11 8 1,6 + - - +
18/11 7 1,6 - - — -
18/11 7 1,6 - - - +
26/11 5 1,6 - - — -
26/11 5 1,6 - - — -
17/12 3 1,3 - - — -
17/12 3 1,3 - - — -

“ Mussels were cultivated on ropes, and various sampling depths were possible.

® Water samples (250 ml) were collected at the surface and at a depth of 6 m.

¢+, V. vulnificus detected; —, V. vulnificus not detected.

4 Data for surface sample/data for sample collected at a depth of 6 m.

¢ For samples that were collected on or after 11 November, the samples from
the two depths were mixed before analysis.

placing filters on no. 3 filter paper (Whatman) saturated with 10% sodium
dodecyl sulfate for 10 min, followed by denaturation on filter paper saturated
with 0.5 M NaOH for 20 min. Subsequently, the filters were placed three times
(for 1 min each time) on filter paper saturated with 1 M Tris (pH 7.0) to obtain
a neutral pH and then finally baked at 80°C for 2 h. Hybridization with an
alkaline phosphatase-labeled DNA probe directed against the cytolysin gene and
development of filters were done as previously described (55). The probe con-
centration was decreased from 10 to 1 nM compared with the method described
by Wright et al. (55), and the probe was reused three or four times, with 0.5 nM
fresh probe added for each hybridization. The alkaline phosphatase-labeled
probe was purchased from DNA Technology, Aarhus, Denmark. Strains of
V. vulnificus (ATCC 27562) and Vibrio cholerae O1 (V1075/25) (40) were in-
cluded as positive and negative controls, respectively, on all filters. MPN tables
were used to estimate the number of V. vulnificus cells originally present in a
sample (49).

Biotyping. All V. vulnificus isolates were tested for indole production in tryp-
tone broth (1% tryptone [Difco], 0.5% NaCl; pH 7.5) supplemented with Kovacs
indole reagent after 48 h of incubation at 37°C (7). In addition, 127 strains
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isolated from seawater, sediment, and wild eels collected in Kgge Bay during the
summer of 1995 were included in the biotyping studies.

Statistical methods. Statistical analysis was performed with the Statistical
Analysis System (SAS Inc., Cary, N.C.) by using the General Linear Model
procedure for evaluation of the correlation between salinity and temperature,
the density of indicator bacteria, including presumptive Vibrio spp., and the
occurrence of V. vulnificus. The data were log transformed and were assumed to
be normally distributed. A linear relationship between log V. vulnificus MPN
counts and the additive main effects of salinity, temperature, and location was
assumed. The counts of presumptive Vibrio spp., coliform bacteria, presumptive
E. coli, and fecal streptococci were regarded as covariants. The individual effect
of each of the parameters and covariants was tested with additive tests against
the full model.

RESULTS

Isolation of V. vulnificus. Preenrichment of samples in
APWP followed by subculturing on mCPC agar was useful for
isolation of V. vulnificus. More than 95% of the presumptive
isolates on mCPC agar were identified as V. vulnificus when
they were tested with the cytolysin probe. Furthermore, it was
possible to isolate low numbers of V. vulnificus from seawater,
sediment, and shellfish by this method (Table 1 and Fig. 2).
Our initial experiments proved that preenrichment in alkaline
peptone water for 6 to 8 h was better than overnight preen-
richment in APWP when samples from wild fish were analyzed.
This finding may be explained by the lower level of background
flora in samples from healthy fish than in samples of seawater,
sediment, and shellfish, and therefore the addition of antibi-
otics may not be necessary.

Occurrence of V. vulnificus in water and sediment. V. vulni-
ficus was isolated from 72 (42%) of the 172 samples analyzed.
Table 2 shows the occurrence by site and sample type and also
shows the salinity and temperature ranges at sites that yielded
samples which were positive and negative for V. vulnificus. The
salinity and temperature ranges for water samples which con-
tained V. vulnificus were 5 to 17%o and 14 to 22°C, respec-
tively, but varied considerably between sites. In particular, it
should be noted that V. vulnificus was isolated at 9°C from the
sediment at location 1 (Copenhagen Harbor), whereas the
lowest recorded temperature for a water sample containing
V. vulnificus was 14°C. All of the sediment samples from loca-
tion 1 contained small blue mussels, and when these mussels
were analyzed individually, 8 of 13 samples were found to
contain V. vulnificus. The sediment samples remained positive
for V. vulnificus when all mussels were removed before analy-
sis. Statistical analysis revealed that there was a significant
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FIG. 2. Mean densities of V. vulnificus in samples of coastal water and water temperatures from the seven sites studied.
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TABLE 2. Occurrence of V. vulnificus in water and
sediment samples from the sites studied

No. of positive Positive samples ~ Negative samples

Locati Sample les/total - -
ocation type sampies/tota Temp Salinities Temp Salinities

no. of samples (C) (%o0) ¢C) (%0)
1 Water 13/19 15-22 7-17 9-16 9-14

1 Sediment 19/25 9-22¢ -t 6-16 —
2 Water 7/19 14-20 7-17 10-18 8-18

2 Sediment 6/19 16-20 — 10-18 —
3 Water 4/17 17-19 5-17 12-18  5-15
4 Water 2/9 14-20 9 12-20 8-11
5 Water 517 16-21 6-11 13-17  5-12
6 Water 517 15-20 5-9 13-17  5-15
7 Water 3/17 17-20 7-9 12-20  5-12

“ Temperature of the water column 1 m above where sediment was collected.
b salinity was not determined for sediment samples.

correlation (P < 0.0001) between densities of V. vulnificus and
water temperatures, whereas the salinity did not influence the
data. The seasonal relationship between the prevalence of V. vul-
nificus and water temperature is illustrated in Fig. 2. The sea-
sonal relationship between V. vulnificus and water temperature
is further emphasized in Fig. 3, which shows the mean water
temperatures at three popular recreational beaches in the pe-
riod from 1993 to 1996 and the approximate dates of clinical
cases in 1994 and 1995 (12, 14). Figure 3 shows that the mean
water temperatures were above 20°C in 1994 and 1995 when
the clinical cases occurred. Statistical analysis further demon-
strated that there was no correlation between the occurrence
of presumptive Vibrio spp. and E. coli and the density of V. vul-
nificus. However, significant correlations between the occur-
rence of V. vulnificus and the occurrence of coliform bacteria
(P < 0.0015) and between the occurrence of V. vulnificus and
the occurrence of fecal streptococci (P < 0.0022) were found.
Presumptive Vibrio spp. were present at concentrations of less
than 10 cells per ml of water in almost every water sample
analyzed (data not shown). The specific locations where sam-
ples were collected did not influence the results.

Occurrence of V. vulnificus in shellfish. Sampling of blue
mussels was initiated in September 1996, and samples were
received from areas C to M (Fig. 1). The salinities and surface
water temperatures in these areas were studied in September
and ranged from 18 to 35%o0 and from 12 to 14°C, respectively.
Only the sample from area G was found to be positive for
V. vulnificus, which led to extended monitoring of this area

25 T

Temperature °C
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until December 1996. In area G, mussels were cultivated on
suspended ropes attached to floating rafts, whereas at the
other sampling areas mussels were cultivated on the seabed at
depths varying from 2 to 10 m. Table 1 shows the results
obtained with water and mussel samples from area G. V. vul-
nificus was found in mussels at water temperatures between 8
and 14°C and at a salinity of approximately 17%oc throughout
the sampling period. V. vulnificus was detected in water when
the water temperatures were 7 to 8°C, but not at higher tem-
peratures. Sampling of oysters at areas A and B was carried out
in August when the water temperature was approximately
20°C; the water salinities at these two areas were 35 and 20%o,
respectively. V. vulnificus was not detected in any oyster sample
or in water samples from the oyster beds.

Occurrence of V. vulnificus in wild fish. Table 3 shows the
distribution of V. vulnificus in samples of gills, mucus, and
intestinal contents from eels, eelpouts, and flounders. The ma-
jority of the positive samples were obtained in late August and
early September when the water temperatures were high (Fig.
2). No V. vulnificus or other fish-pathogenic bacteria were
detected in kidney samples. The highest prevalence of V. vul-
nificus was found in the gills from eels; 19 (26%) of 73 samples
were positive. The prevalence of V. vulnificus in the mucus and
intestinal contents of eels was lower; 3 of 20 (15%) and 4 of 73
(5%) of the samples were positive, respectively. We detected
V. vulnificus in 4 of 75 samples from eelpouts and flounders.
However, none of the mucus samples from these two fish
species contained V. vulnificus.

Biotyping. A total of 706 V. vulnificus strains from seawater
(325 strains), sediment (245 strains), wild fish (110 strains), and
shellfish (26 strains) were tested for indole production. Two
strains from seawater and one strain from sediment were in-
dole negative as determined by repeated tests and were as-
sumed to belong to biotype 2. The remaining strains were all
indole positive.

DISCUSSION

Until recently, V. vulnificus biotype 2 had never been iso-
lated from seawater, suggesting that this organism was trans-
mitted from one eel to another by direct contact and that it did
not survive well in seawater. In the present study, we isolated
biotype 2 strains from sediment and seawater samples, al-
though the frequency of isolation was very low. The low
probability of finding a V. vulnificus biotype 2 strain in an
environmental sample may explain why the occurrence of this
organism in seawater has not been reported previously. The

Human infections with V. vulnificus in 1994 and 1995
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FIG. 3. Mean water temperatures at three popular recreational beaches in Denmark from 1993 to 1996. The horizontal bar shows the time period when human

infections occurred in 1994 and 1995. Symbols: A, 1993; m, 1994; @, 1995; &, 1996.
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TABLE 3. Occurrence of V. vulnificus in samples of gills, mucus,
and intestinal contents from different fish species

Fish No. of positive samples/total no. of samples
species Gills Mucus Intestinal contents
Eels 19/73 3/20 4/73
Eelpouts 2/27 0/6 0/27
Flounders 1/5 0/5 1/5
Total 22/105 3/31 5/105

isolation procedure may also influence which biotype is de-
tected since a few biotype 2 cells present in a sample might be
overgrown by biotype 1 cells or other bacteria. Even though
virulence determinants, phenotypic properties, and physiolog-
ical characteristics of the two biotypes have been reported to
be similar in many respects (4, 8, 10, 11), our study revealed
that in the Danish marine environment the ecology of biotype
1 and the ecology of biotype 2 appear to be different. Biotype
1 can be isolated from various environmental sources, whereas
biotype 2 is rarely found in the environment. Our findings
indicate that the marine environment should be regarded as a
reservoir and possible vehicle of transmission for V. vulnificus
biotype 2. The biotype 2 strains isolated from water and sedi-
ment, along with biotype 2 strains isolated from wound
infections and diseased eels in Denmark, are currently being
characterized to determine their genotypes, serotypes, and
virulence for eels to further investigate the ecology of V. vul-
nificus biotype 2 in marine environments.

Studies of the seven coastal sites examined showed that the
occurrence of V. vulnificus in water was strongly correlated to
water temperature, as reported by other researchers (28, 39,
54). Most water samples containing V. vulnificus had temper-
atures above 15°C, similar to temperatures reported previously
(28, 45). However, V. vulnificus was detected in coastal water
obtained at a mussel farm at a temperature of 7°C, which is
lower than the temperature of any previously reported positive
sample (54). V. vulnificus has only occasionally been isolated
from the Gulf of Mexico when the water temperature is below
20°C (28), but it has been isolated from waters with tempera-
tures of 11 and 8°C in the Great Bay Estuary of New Hamp-
shire and Maine and in the Chesapeake Bay (39, 54). Detec-
tion of V. vulnificus at low temperatures, as seen in the present
study, may be a function of the sensitivity of the isolation
method and/or of adaptation of V. vulnificus to colder temper-
atures. The inability to isolate V. vulnificus when the temper-
ature drops below 7°C may be due to entry of the organism into
a viable but nonculturable state, a survival response by V. vul-
nificus to low-temperature stress which has been well described
(36).

The highest recorded mean density of V. vulnificus in sea-
water was 1.9 CFU/100 ml, which was reached 1 week after the
mean water temperature peaked at 22°C. In comparison, the
highest densities of V. vulnificus recorded in water in the Great
Bay Estuary and the Chesapeake Bay were 10* and 10> CFU/
100 ml at water temperatures of 23 and 27°C, respectively (39,
54). However, both of these areas have water temperatures
above 20°C for several months, and this could explain the
higher levels of V. vulnificus compared to the levels in Danish
coastal areas.

In the statistical linear model, V. vulnificus counts in water
samples did not correlate with salinity. All of the sampling sites
included in the present study had salinities ranging from 5 to
17%o, which in a previous study were reported to be optimal
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for isolation of V. vulnificus (28). Therefore, the lack of statis-
tical correlation between salinity and occurrence of V. vulni-
ficus may be explained by the fact that no sampling site had a
salinity that limited the growth of V. vulnificus.

The control of Danish coastal bathing water is based on the
use of presumptive E. coli and coliform bacteria as indicators
of water quality. No correlation between the occurrence of
presumptive E. coli and the occurrence of V. vulnificus was
seen, which is in agreement with studies reported previously
(15, 37, 39, 45). The reason for the apparent positive correla-
tion between the occurrence of coliform bacteria and fecal
streptococci and the occurrence of V. vulnificus is not known.

It has been suggested that Vibrio anguillarum and Vibrio
alginolyticus are better indicators than presumptive E. coli for
assessing the risk of contracting human bacterial infections in
the marine environment (31). In the present study there was no
correlation between the occurrence of presumptive Vibrio spp.,
defined as colonies growing on thiosulfate-citrate-bile-sucrose
agar at 37°C, and densities of V. vulnificus. The incubation
temperature (37°C) was chosen to give an estimate of vibrios
pathogenic to humans. The sensitivity of the method was 10
bacteria per ml of water, which means that low numbers of
vibrios were not detected. A possible correlation may have
been revealed by a more sensitive method, such as membrane
filtration, and/or a preenrichment step. Lower incubation tem-
peratures (20 to 25°C) may also have yielded higher levels of
vibrios since some Vibrio spp., including V. anguillarum, do not
grow well at 37°C.

No obvious correlation was found between V. vulnificus
counts in synoptic sediment and water samples. However, V. vul-
nificus was frequently found in sediment from Copenhagen
Harbor (location 1), which was found to be a natural habitat
for mussels. The persistence of V. vulnificus in the tissue of
filter-feeding shellfish has been described previously, and at
high water temperatures V. vulnificus can replicate in oyster
tissue and be released at rates as high as 100,000 cells per
oyster per h (21, 43). It has been suggested that V. vulnificus
overwinters in a floc zone at the water-sediment interface and
is resuspended in the spring following changes in temperature
(50). However, the distribution of V. vulnificus in sediment is
not clear-cut. Plankton and seawater samples collected at sites
where sediment samples were collected have been reported to
contain V. vulnificus when no V. vulnificus was found in the
sediment (27, 54). Nevertheless, sediment in and around oyster
beds has been reported to be more likely to contain V. vulni-
ficus than areas not associated with oysters (54). Our data also
indicate that the presence of mussels may favor the survival of
V. vulnificus in sediment by providing an environment suitable
for persistence and replication.

Samples from Danish shellfish cultivation areas were ana-
lyzed to determine if V. vulnificus was part of the natural
microbial flora in Danish oysters and mussels. V. vulnificus was
found in both water and mussel samples from 1 of the 13 blue
mussel cultivation areas tested. We found no obvious correla-
tion between the occurrence of V. vulnificus in water and the
occurrence of V. vulnificus in mussel samples. V. vulnificus was
isolated from water samples at low temperatures but not at
higher temperatures when the highest concentrations of V. vul-
nificus were obtained from the mussels. Temperature and sa-
linity values do not explain why V. vulnificus was detected only
in this area since other areas had similar values. The concen-
trations of V. vulnificus in blue mussels were very low, and the
low probability of finding a viable V. vulnificus cell may explain
why this organism was not isolated from other areas. However,
area G differed in several ways from the other areas investi-
gated: (i) mussels are cultivated in area G on suspended ropes,
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a cultivation method in which the mussels are raised above the
seabed and exploitation of food at all depths is more efficient
than exploitation of food when mussels are cultivated on the
seabed; (ii) cormorants (Phalacrocorax carbo) are present in
high numbers at the area G mussel farm; and (iii) area G is
among the most nutrient-rich water areas in Denmark. The
location of mussels in surface waters provides favorable tem-
peratures for growth of V. vulnificus during the summer, and
the high levels of nutrients may provide conditions favorable
for growth of V. vulnificus, even at low temperatures. The
presence of high numbers of defecating cormorants above the
mussel farm may be of importance for the prevalence of V. vul-
nificus in this particular mussel farm. One could hypothesize
that when cormorants eat mussels containing V. vulnificus, the
organisms may survive or even replicate in the intestines of the
birds and be released back into the environment in the feces.
The body temperature of birds is 41 to 42°C, a temperature
which allows growth of V. vulnificus (19). Furthermore, V. vul-
nificus and V. cholerae have been isolated from the intestinal
contents of a variety of seabirds from the Gulf of Mexico area
(17). Birds have also been reported to be a potential vector for
the fish-pathogenic bacterium Yersinia ruckeri, which has been
isolated from the intestines of several fish-eating birds (20, 53).
The role of birds in the ecology of V. vulnificus is currently
being investigated in our laboratory.

Bottom-feeding fish have been reported to play a role in the
ecology of V. vulnificus in Alabama and Gulf of Mexico waters
(18). High densities (10® CFU/g) of V. vulnificus were found in
the intestinal contents of fish that consumed mollusks and
crustaceans, and it was suggested that fish may play a role in
the growth and transport of V. vulnificus (18). V. vulnificus was
rarely (5% of samples) found to be a part of the microbial flora
in the intestines of eels, eelpouts, and flounders. The greatest
prevalence of V. vulnificus (21% of samples) was found in gills,
especially the gills of eels (26% of samples). This is to the best
of our knowledge the first report of isolation of V. vulnificus
from flounder and eelpout. Previous laboratory studies have
reported that V. vulnificus biotypes 1 and 2 both adhere to
mammalian cells but that only biotype 2 strains adhere to fish
cells, suggesting that specialized adhesins are produced (5, 8).
Specific adhesion was not investigated in the present study, but
the data indicate that V. vulnificus biotype 1 strains can colo-
nize fish. Fish mucus has been reported to contain proteins and
glycoproteins that react with environmental antigens and serve
as defense barriers to bacterial colonization (1, 22). The low
number of mucus samples found to contain V. vulnificus may
be explained by a possible bactericidal effect toward V. vulni-
ficus of fish mucus. Detection of V. vulnificus in samples from
Danish wild fish provides further evidence that estuarine fish
may be important in understanding the ecology of V. vulnificus
(18). Although our data do not support the hypothesis that
V. vulnificus overwinters in intestines of wild fish, migrating fish
colonized by V. vulnificus may facilitate the spread of this
organism to new areas where the bacterium can survive.

Shellfish are often implicated in the transmission of V. vul-
nificus infections in the United States, especially in states
bordering the Gulf of Mexico (23, 29, 30). Concentrations of
V. vulnificus in raw oysters from this region are reported to be
as high as 10° to 10° organisms per g of oyster during the
summer, when more than 90% of raw oyster-associated V. vul-
nificus infections, mainly septicemia, occur (23, 29, 42). Wound
infections due to occupational activities around seawater have
been reported to show a similar seasonal pattern, with the
highest number of cases occurring from April to October (23).
In Denmark, infections due to V. vulnificus, mainly wound
infections, occurred only in warm summers (12, 14). To date,

ApPL. ENVIRON. MICROBIOL.

no V. vulnificus infections have been associated with consump-
tion of raw shellfish in Denmark or elsewhere in Europe. No
epidemiological reports have established that there is a risk
associated with consumption of raw shellfish containing V. vul-
nificus in low numbers, as reported in this study.

The detection of V. vulnificus in samples from Danish wild
fish during the summer may have possible health implications
for fishermen. Fishermen are often exposed to the marine
environment on a daily basis and often have abrasions on their
hands because of their work. In 1994, 4 of 11 patients con-
tracted V. vulnificus wound infections when fishing (14), and in
1995, three wound infections associated with fishing were re-
corded. Fishing or handling of eels was involved in four of
these cases (12, 14). Fishermen are therefore at risk of V. vul-
nificus wound infections during the summer.

No human V. vulnificus infections were recorded during the
summer of 1996 when low concentrations (<2 CFU/100 ml) of
V. vulnificus in coastal water were detected. This may indicate
that the levels of V. vulnificus were too low to cause infection,
even in susceptible individuals. Epidemiological data from
1994 and 1995 suggest that the risk of contracting a V. vulni-
ficus infection following exposure to seawater is correlated to
water temperatures. Thus, medical doctors and authorities re-
sponsible for controlling bathing water quality should pay par-
ticular attention to potential V. vulnificus wound infections
when water temperatures exceed 20°C for several weeks.
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