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On the basis of cultural and biochemical properties as well as DNA homology
assays, 81 Vibrio strains isolated from diseased striped bass and from Chesapeake
Bay water were assigned to eight distinct groups. All organisms belonging to two
of the groups were pathogenic for striped bass and were identified as Vibrio
anguillarum, whereas organisms classified in the other six groups were nonpatho-
genic and were designated as Vibrio spp. Unlike the pathogenic V. anguillarum
strain 775 isolated in the Pacific Northwest, strains pathogenic for striped bass did
not contain any plasmids; however, they were similar to the Northwest isolates in
that virulence was correlated with their ability to grow in the presence of
nonimmune striped bass serum or under conditions of iron limitation. Sodium
dodecyl sulfate-polyacrylamide gel electrophoretic analysis of outer membranes
showed that additional proteins were induced in those organisms capable of
growth under conditions of iron limitation. It was of interest that 22 of the
nonpathogenic isolates harbored one or more plasmids which, by restriction
endonuclease analyses, were shown to be clearly different from the virulence

plasmid pJM1.

Vibriosis has been a particularly devastating
disease in the marine environment, affecting
salmonids and many other species of anadro-
mous and catadromous fish (1, 16-18, 20, 24, 32,
36, 37). Although most studies have focused on
Vibrio anguillarum as an etiological agent, other
members of the genus Vibrio have also been
implicated in epizootics of cultured and wild
marine fish throughout the world (20, 23, 25, 27,
28, 31, 34, 40) and with disease in larval and
juvenile bivalve molluscs and crustaceans (3, 5,
15, 39).

Virulent strains of V. anguillarum isolated
from salmonids in the Pacific Northwest have
been reported to harbor a specific plasmid class,
pIJM1, and a correlation between carriage of
pIM1 and virulence has been substantiated by
plasmid segregation studies in V. anguillarum
strain 775 (13, 14). It has also been reported that
this plasmid specifies an efficient iron-sequester-
ing system which enables bacteria to survive
under conditions of limited iron availability,
such as those imposed by the iron-binding pro-
teins, transferrin and lactoferrin, in the host fish
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system (8, 9). Later studies indicated that new
outer membrane proteins are induced under
conditions of iron limitation, and at least one of
these proteins is produced when the virulence
plasmid pJM1 is present (12). In addition, the
ability to withstand the bactericidal action of
nonimmune fish serum, a factor under chromo-
somal control, appears to be another component
of virulence (38).

In this study, we report the first molecular
characterization of marine vibrios isolated from
striped bass held in Chesapeake Bay water. Of
particular interest is a comparison of the molec-
ular factors associated with virulence of these
isolates with those reported for the Pacific
Northwest strains.

MATERIALS AND METHODS

Bacterial isolation and characterization. The marine
Vibrio strains used in this study were isolated from
moribund striped bass (Morone saxatilis) held in tanks
supplied with Chesapeake Bay water at Solomons
Island or Shady Side, Md. The fish showed symptoms
characteristic of vibriosis, including hemorrhaging of
the fins, eyes, and ventral surface as well as internal
petechiae. In addition, vibrios isolated directly from
water were examined for comparative purposes.

Morphological and biochemical characteristics of
the isolates were determined with the procedures
described by Shotts and Bullock (35). Gram stain,
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oxidase test, motility and morphology, fermentation of
glucose, and sensitivity to the vibriostatic agent 0/129
(Sigma Chemical Co.) and novobiocin (10 pg/ml)
(Difco Laboratories) were used to identify the isolates
as members of the genus Vibrio. Additional biochemi-
cal tests were conducted to group the different strains.
V. anguillarum reference strains (ATCC no. 14181,
19105, 19109, and 19264) and V. anguillarum strain 775
were included as controls.

The marine vibrios were routinely cultivated in
nutrient broth (Difco) supplemented with 0.5% yeast
extract and 1.5% NaCl and were maintained at 15°C
under mineral oil on slants of tryptic soy agar (Difco)
with 1.5% NaCl. To test the capacity of marine vibrios
to grow under iron-limiting conditions, the strains
were grown in M-9 minimal medium (33) containing
the iron-chelating agent ethylenediaminodiacetate
(EDDA) (Sigma) at a concentration of 3 pM.

Infectivity assays. The pathogenicity of a repre-
sentative number of Vibrio strains from each biochem-
ical group was tested in juvenile striped bass (4 to 8 g)
held in estuarine water at a salinity of 10 to 13 mg/liter
and a temperature range of 17 to 20°C. Bacterial
cultures grown at 22°C for 24 h were centrifuged, and
the cells were resuspended in phosphate-buffered sa-
line (pH 7.4) to 10® cells per ml as measured by the
optical density at 540 nm. Fish were anesthetized with
tricaine methane sulfonate and inoculated intraperito-
neally with bacterial doses ranging from 10? to 10’
cells, with 8 to 10 fish being used per dose. Viable
bacteria in the inocula were determined by the spread-
plate method. Mortalities were recorded daily for 10
days and were considered to be due to the inoculated
Vibrio strains only when the strain was recovered from
the kidney in pure culture. Virulence is reported as the
number of bacteria needed to kill 50% of the animals
inoculated (50% lethal dose [LDs,)) (30).

Serum susceptibility assay. Blood from juvenile
striped bass was collected aseptically by severing the
caudal peduncle. Sera were pooled and stored at
—20°C. Overnight cultures of the marine vibrios were
diluted to contain 10* to 10° cells per ml, and 0.1 ml
was inoculated into either 0.9 ml of serum or 0.9 ml of
medium as the control. Cultures were incubated at
20°C, and growth was determined by plate counts on
samples withdrawn after 0, 5, 10, and 18 h of incuba-
tion. V. anguillarum strain 775 (serum resistant) and
strain 1800 (serum sensitive) served as controls.

DNA hybridizations. Whole-cell DNA, for use in
DNA-DNA hybridizations, was prepared essentially
as described by Brenner et al. (4). Purified DNA was
dialyzed against distilled water and sheared by ultra-
sonic treatment to an approximate molecular weight of
2.5 x 10°. The DNA preparations were then adjusted
to 0.42 M NaCl and stored at —20°C until use. Labeled
whole-cell DNA from Vibrio strains 43-F, 89-F, and
104-F, representatives of three of the biochemical
groups, was prepared from cells grown overnight at
22°C in M-9 minimal salts medium (33) in the presence
of 20 uCi of [*H]thymidine per ml (New England
Nuclear Corp.; specific activity, 82 Ci/mmol). DNA-
DNA hybridizations were carried out as described
previously (33). Approximately 0.1 to 0.2 pg of *H-
labeled, sheared, denatured whole-cell DNA was incu-
bated with a 1,500-fold excess of unlabeled, sheared,
denatured whole-cell DNA from each strain to be
tested. DNA reassociations were performed in 0.42 M
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NaCl at 63°C for 23 h. The degree of homology was
assessed by use of the S; endonuclease method of
Crosa et al. (10).

Plasmid screening. The marine Vibrio strains were
grown overnight in nutrient broth with 0.5% yeast
extract and 1.5% NaCl and were screened for the
presence of plasmid DNA by the method described by
Crosa and Falkow (11) using TS buffer (50 mM Tris-
hydrochloride, 100 mM NaCl [pH 8.0]) and by the
Kado and Liu method (21). DNA samples (20 to 25 pl)
were electrophoresed through 0.7% agarose (Sigma;
type 1) in Tris-borate buffer (TBE) (89 mM Tris base,
2.5 mM disodium EDTA, 89 mM boric acid [pH 8.0])
at 150 V and 60 mA for 5.5 h or in Tris-acetate buffer
(40 mM Tris-acetate, 2 mM disodium EDTA [pH 7.9))
at 150 V and 110 mA for 4 h.

Electrophoresis was performed on a horizontal ap-
paratus fitted with a water-cooling plate. The gels were
stained for 2 h in a 0.5-pg/ml ethidium bromide solu-
tion, destained in water, and photographed under
short-wave UV light with a Polaroid MP4 camera with
type 55 P/N film and 23A and 2B filters. Molecular
weights of plasmids were estimated by comparison
with DNA standards included with each group of
strains examined.

Restriction endonuclease cleavage analysis. Plasmid
DNA from selected Vibrio strains was isolated by the
method of Hansen and Olsen (19), avoiding the wash-
ing step and omitting disodium EDTA in the Tris-
sucrose buffer. The preparations were purified by
centrifugation in CsCl-ethidium bromide density gradi-
ents in a Beckman L8-70 ultracentrifuge at 45,000 rpm
for 14 h at 15°C. Plasmid DNA bands were collected,
and the ethidium bromide was extracted with CsCl-
saturated isopropanol followed by dialysis against 7
mM Tris-hydrochloride-0.1 mM disodium EDTA (pH
7.5).

Cleavage of purified plasmid DNA with EcoRI,
BamH]I, and HindIll restriction endonucleases was
performed following the specifications of the supplier
(Bethesda Research Laboratories, Bethesda, Md.).
Controls included A phage DNA and pJM1 plasmid
DNA. Reactions were stopped by the addition of 5 pl
of a mixture containing 7% sodium dodecyl sulfate
(SDS), 33% glycerol, and 0.07% bromophenol blue.
The samples were electrophoresed in 0.7% agarose
gels at 60 V and 35 mA for 17 h, stained with ethidium
bromide, destained in water, and photographed as
described above.

Analysis of membrane proteins. Total cell envelopes,
as well as outer membranes from marine Vibrio
strains, were prepared as previously described (12).
Basically, bacterial cultures (10 ml) were grown over-
night at 20°C in M-9 minimal medium containing either
20 uM FeCl; or the chelating agent EDDA at a
concentration of 3 pM.

Cells were resuspended in 1.5 ml of 10 mM Tris-
hydrochloride-0.3% NaCl (pH 8.0) and sonically treat-
ed. After centrifugation in a microcentrifuge (Eppen-
dorf), the supernatant, which contained the cell
envelopes, was centrifuged for 1 h at 20,000 X g in a
Beckman J2-21 centrifuge. To prepare outer mem-
branes, the cell envelopes were treated with 1.5%
Sarkosyl (wt/vol) in 10 mM Tris-hydrochloride (pH
8.0) at room temperature for 20 min to dissolve the
inner membrane. Outer membrane material was col-
lected by centrifugation at 20,000 x g for 1 h. The
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TABLE 1. Biochemical groupings and virulence of marine Vibrio strains isolated from diseased striped bass“

Group | No. of | Growth Growth | Citrate | Gelatin | Arginine | Lysine | Ornithine Acid from: Virulence

no. str:;in s|at3zec | 5% ut[l|za- hydl:ol- dihydro- | decar- |decarbox- [ Arabi- | Su- | Man- (LDyy)®
: NaCl tion ysis lase boxylase | ylase nose | crose | nitol 30

1 17 + + - + + - - - + |+ 3 x 10
2 9 + + + + + - - + + |+ 8 x10°
3 6 - + - + +) - - - + |+ [> x10°
4 3 - + + + +) - - + + |+ |>3 x10
50115 - + + + - - - + |+ |+ [>13x10°
6 9 - + - + (+) - - - | = |+ [>1 x10°
7 13 + + - + - + + - — — 5.6 x 10°
8 9 v + \' - - - - A + |+ |>2 x10

2 None of the 81 isolates grew at 42°C or in 8% NaCl, and all produced indole.
b LDs, was determined by the Reed and Muench method (30). The values shown are an average from two or

more strains tested in each group.
¢ A weak or delayed positive reaction.
4V, Variable.

preparation was washed twice with distilled water and
stored at —20°C until use.

Pellets from total cell envelopes or outer membranes
were dissolved in 50 pl of a buffer consisting of 62.5
mM Tris-hydrochloride (pH 6.8), 2% SDS, 10% (vol/
vol) glycerol, 0.001% bromophenol blue, and 5% beta-
mercaptoethanol. Suspensions were boiled for 5 min,
and samples were applied to a 12.5% polyacrylamide
gel (ratio of acrylamide to bisacrylamide, 44:0.8) in 375
mM Tris-hydrochloride (pH 8.8) containing 0.2% SDS,
with a 3% stacking gel in 125 mM Tris-hydrochloride
(pH 6.8) containing 0.1% SDS. The electrophoresis
buffer was 2.5 mM Tris base-200 mM glycine-0.1%
SDS. After electrophoresis (100 V for 16 h), gels were
stained with 0.05% Coomassie blue in 25% isopro-
panol-10% acetic acid. Gels were destained with 5%
acetic acid and photographed.

RESULTS

Biochemical characteristics and virulence for
striped bass. A total of 81 bacterial strains were
isolated from kidney, liver, and skin lesions of
diseased striped bass and from water in the fish
holding tanks. None of these strains were able to
grow in the absence of salt and, therefore, were
characterized as marine vibrios, based on cultur-
al and biochemical properties. The marine vib-
rios were divided into eight major groups, with
arabinose and sucrose utilization, growth at
37°C, and arginine dihydrolase reaction serving
as differentiating traits (Table 1). According to
their characteristics, the organisms in groups 1
and 2 were identified as V. anguillarum, where-
as the organisms in all other groups were desig-
nated as Vibrio spp. It was found that groups 3
and 6 are closely related, with sucrose utilization
being a differentiating test. Also, the differentiat-
ing feature for groups 4 and S5 was the arginine
dihydrolase reaction. Group 7 contained vibrios
showing a close relationship to the human patho-
gen V. vulnificus (lactose-positive vibrios).
Group 8 (gelatin-negative vibrios) was the most

heterogeneous of the groups, with several reac-
tions being variable among the strains.

A representative number of strains from each
group was tested for infectivity in striped bass.
Table 1 shows that members of groups 1 and 2
were the most virulent, with mean LDsgs of 3 X
10?> and 8 x 10, respectively. Strains of the
other six groups also tested were either avirulent
or required concentrations 4 to 5 logs higher
than for groups 1 and 2. V. anguillarum strain
775 and the ATCC strain 19264 were compared
for infectivity and were found to be equally
virulent, with LDsgs of approximately 10° cells.

DNA relationships among the vibrios.To con-
firm the phenetic classification, DNA homology
tests, following the S1 endonuclease method,
were done (10), results of which, expressed as
percent homology, are shown in Table 2. Clear-
ly, the results supported the grouping of strains
based on phenetic analysis. Using labeled DNA
from vibrios 43-F (group 1), 104-F (group 2), and
89-F (group 4), it was found that all of the
pathogenic strains isolated from striped bass, as
well as the European reference strain of V.
anguillarum (ATCC 19264) and the Pacific
Northwest strain 775, showed a high degree of
relatedness (>80% homology) and were only
distantly related to the nonpathogenic vibrios
tested (groups 3, 4, 5, and 6). Conversely, the
high degree of polynucleotide sequence homolo-
gy between Vibrio spp. strains from groups 4
and S confirms the phenotypic similarity indicat-
ed by phenetic analysis (Table 1).

Plasmid content and restriction endonuclease
cleavage patterns. It was recently shown that a
high-virulence phenotype is correlated with the
presence of a specific plasmid class, pJM1, in V.
anguillarum strains isolated in the Pacific North-
west (13, 14).

Consequently, all of the Vibrio strains were
examined for plasmids, as described above. Un-
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TABLE 2. Polynucleotide sequence relationships
among strains of marine vibrios isolated from striped

bass
% Homology” with labeled DNA
Source of unlabeled from the following strains:
DNA®
43-F 104-F 89-F
Group 1
43-F (100)¢ (94.2) 6.3
56-F (100) (80) 7.3
Group 2
96-F (86) (80) 5
99-F (100) (83) 28
104-F 85) (100) 10
Group 3
61-F 10 9.4 12
SS-1 3.6 11.4 21.5
Group 4
67-F 12 7 (100)
89-F ‘ 8.3 5.2  (100)
Group 5 strain 63-F 7.3 5.4  (100)
Group 6 strain 39-W 5.3 9.5 28.4
Reference strains
-V. anguillarum 775  (100) (80) 7
V. anguillarum
ATCC 19264 (100) (90) 4
V. cholerae 11 29 6
M-17151
Escherichia coli 12 4.2 3.3
wP2
@ Strain numbers are given for the biochemical
groups defined in Table 1.

% Percent homology was determined by analysis
with the single-strand-specific nuclease S1.

¢ Numbers in parentheses represent >80% homolo-
gy, indicating a high degree of relatedness.

expectedly, plasmids were not detected in
strains belonging to the pathogenic groups 1 and
2, although 22 of the nonpathogenic strains
(27%) harbored one or more plasmids. Plasmids
were present mainly in strains of groups 3 and 6.
In these groups, all strains carried one high-
molecular-weight plasmid (molecular weight
ranging between 70 x 10° and 100 x 10° (Fig.
1).

Possible relationships between the plasmids,
as well as with the pJM1 plasmid, were assessed
by restriction endonuclease analysis in which
the cleavage patterns obtained after digestion of
the plasmids with the enzymes EcoRI, BamH]I,
and HindIIl were compared. Results of restric-
tion analysis for plasmids of groups 3 and 6 are
shown in Fig. 2. Plasmids from group 3, i.e.,
strains 44-F and 61-F, showed very similar
cleavage patterns (Fig. 2, lanes D and E, J and
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FIG. 1. Detection of plasmids in marine vibrios
isolated from striped bass by agarose gel electrophore-
sis. Lane: A, Vibrio spp. 21-F (group 7); B, Vibrio spp.
44-F (group 3); C, V. anguillarum ATCC 14181; D, E.
coli V517; E, Vibrio spp. 40-F (group 3); F, Vibrio spp.
61-F (group 3); G, Vibrio spp. 33-W (group 6); H,
Vibrio spp. 32-W (group 3); 1, V. anguillarum 35-F
(group 1); J, V. anguillarum 96-F (group 2); K, Vibrio
spp. 38-F (group 6); L, Vibrio spp. 66-F (group 6); M,
V. anguillarum ATCC 19264; N, V. anguillarum 775.

K, and P and Q). However, this was by no
means the rule, since other group 3 and group 6
plasmids had different restriction cleavage pat-
terns (Fig. 2, lanes B and C, H and I, and N and
0). The restriction cleavage patterns of all of the
plasmids were clearly different from those of the
virulence plasmid pJM1 (Fig. 2, lanes A, G, and
M).

FIG. 2. Restriction endonuclease cleavage patterns
of selected Vibrio plasmids. BamHI cleaved: lane A,
pJM1; B, 66-F plasmid; C, SS-1 plasmid; D, 44-F
plasmid; E, 61-F plasmid; F, A DNA. HindIII cleaved:
lane G, pJM1; H, 66-F plasmid; I, SS-1 plasmid; J, 44-
F plasmid; K, 61-F plasmid; L, A DNA. EcoRI
cleaved: lane M, pJM1; N, 66-F plasmid; O, SS-1
plasmid; P, 44-F plasmid; Q, 61-F plasmid; R, A DNA.
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TABLE 3. Comparison of vibrios isolated from
striped bass as to their virulence, serum resistance,
and ability to grow under conditions of iron

limitation
. . Growth in
Biochemical ‘minimal
groups or medium Serum LDy
bacterial "y resistance’ o
strains containing 3
wM EDDA®
1 1313 + 3 x10?
2 6/6 + 8 x10°
3 2/6(s)? - >1 x 106
4 33 - >3 x 107
5 5/5 ND* >1.3 x 10¢
6 4/5(s)? - >1  x 106
7 4/4 - 5.6 x 10°
8 0/4 - >2 x 107
Controls
775 (pIM1) + + 1 x10°
H775-3f - + 1 x107

% Shown as the number of strains growing/number
of strains tested. +, Indicates ability to grow in the
presence of 3 uM EDDA.

b +, Indicates ability to grow in the presence of
striped bass serum.

¢ Number of organisms needed to kill 50% of the
fingerling striped bass inoculated intraperitoneally.
Values shown for the biochemical groups are an
average of two or more strains from each group.

4 Slow or poor growth.

¢ ND, Not done.

/ This strain is a low-virulence, plasmidless deriva-
tive of 775 (pJM1) obtained by curing of the pJM1
plasmid as previously described (13).

Growth under iron limitation and induction of
outer membrane proteins. Results of previous

a

ALA:B1B:CiC:DiD:E1E2F1 F2GiG2 Hi H:

INFECT. IMMUN.

studies (12) indicated that in Pacific Northwest
strains of V. anguillarum, new outer membrane
proteins are induced under conditions of iron
limitation and at least one of these proteins is
produced only when the virulence plasmid pJM1
is present.

To determine whether the marine Vibrio
strains isolated from striped bass behaved in a
similar fashion under conditions of iron limita-
tion, the growth kinetics and induction of outer
membrane proteins in the presence of iron-
chelating agents were examined for strains se-
lected from each of the groups.

From Table 3 it can be seen that growth of
strains belonging to the pathogenic groups 1 and
2 was not affected by EDDA which acts to bind
trace amounts of iron present in the minimal
medium. Unexpectedly, strains belonging to the
nonpathogenic groups 4, 5, and 7 had the capaci-
ty to grow under iron limitation conditions,
although strains from groups 3, 6, and 8 showed
weak or no growth at all under these conditions.

Total cell envelopes, as well as outer mem-
branes prepared from cells grown under either
high or low iron concentrations, were analyzed
by SDS-polyacrylamide gel electrophoresis. Fig-
ure 3a shows that the total membrane protein
patterns of two representative strains of the
pathogenic group 1 were identical (lanes B; and
B, and C, and C,). In fact, all members of this
group showed the same pattern (data not
shown). Pathogenic strains of group 2 showed
total membrane protein patterns different from
those of group 1 strains. At least two protein
patterns were detected (Fig. 3a, cf. lanes D, and
D, and E,; and E, and F, and F; and G; and G,).

b

A1 A2B1 B2C1C2 DiD2E E2F1 F2G1G2HiH2

FIG. 3. Total cell envelope (a) and outer membrane (b) proteins of selected pathogenic strains of V.
anguillarum. Lane: A, V. Anguillarum 775; B, strain 43-F; C, strain 94-F; D, strain 96-F; E, strain 103-F; F,
strain 100-F; G, strain 104-F; H, V. anguillarum ATCC 19264. Subscript: 1, cells grown with 20 uM FeCls; 2,
cells grown under conditions of iron limitation.
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b

A1 A: BiB:C:1C:DiD:E:E: FiF: A1A: BiB: CiC:Di1D: EiE: Fi F2
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FIG. 4. Total cell envelope (a) and outer membrane (b) proteins of selected nonpathogenic Vibrio spp.
strains. Lane: A, (control) V. anguillarum 775; B, strain SS-1; C, strain 66-F; D, strain 89-F; E, strain 63-F; F,
strain 21-F. Subscript: 1, cells grown with 20 uM FeCls; 2, cells grown under conditions of iron limitation.

Analysis of the membrane proteins induced un-
der conditions of iron limitation showed that at
least three novel outer membrane proteins (mo-
lecular weights of 80,000, 75,000, and 73,000,
respectively; identified by arrows) are apparent
in strains of both groups 1 and 2 (Fig. 3b, lanes
Bl and Bz, C1 and C2, D] and D2, and E] and
E,). However, in some strains of group 2, induc-
tion of five proteins ranging in size from 75,000
to 67,000 as well as several lower-molecular-
weight proteins also occurred (Fig. 3b, lanes F,
and F, and G; and G,). Strain ATCC 19264
shows induction of four proteins ranging in size
from 88,000 to 73,000 daltons.

All of the outer membrane proteins induced in
these pathogenic strains from groups 1 and 2 are
different in molecular weight from the OM2
protein (86,000, molecular weight) mediated by
the virulence plasmid pJM1 (or the chromo-
some-mediated OM3 [79,000, molecular weight])
in V. anguillarum 775 (Fig. 3b, lanes A; and A,).

The total membrane protein patterns of select-
ed nonpathogenic Vibrio spp. (Fig. 4a) are com-
pletely different from those of V. anguillarum
strains, although intergroup similarities are de-
tectable which support the DNA hybridization
and phenetic groupings (cf. group 4 and 5 strains
in lanes D, and D, and E; and E,).

Groups 4 and 5, which grow under iron limita-
tion conditions (Table 3), showed induction of at
least two specific outer membrane proteins
(100,000 and 87,000 daltons, respectively; identi-

fied by arrows) (Fig. 4b, lanes D, and D, and E,
and E,). The other groups, which grew poorly
under iron limitation conditions, showed induc-
tion of three proteins of about 87,000, 84,000,
and 73,000 daltons for group 3 strains (Fig. 4b,
lanes B; and B,) and 88,000, 84,000, and 74,000
daltons for group 6 strains (Fig. 4b, lanes C, and
Cy).

Group 7 strains, which resemble the human
pathogen V. vulnificus showed a peculiar total
membrane protein pattern, with two very large
bands of major outer membrane proteins and no
apparent induction of novel outer membrane
proteins (Fig. 4a and b, lanes F; and F,).

Group 8 strains did not grow under conditions
of iron limitation, and no protein patterns are
shown.

Serum susceptibility. Resistance to the bacteri-
cidal action of nonimmune serum of the host fish
species appears to play an important role in the
virulence of Pacific Northwest strains of V.
anguillarum (38). To determine whether this
property was also present in the striped bass
isolates, the capacity to grow in the presence of
nonimmune striped bass serum was tested. Re-
sults given in Table 3 show that all members of
groups 1 and 2 were resistant to the lytic activity
of unheated fish serum, whereas strains from
nonpathogenic groups were sensitive, suggest-
ing that this factor may play an important role as
a component of virulence of V. anguillarum for
striped bass.
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DISCUSSION

The genetic basis of fish vibriosis caused by
infection with V. anguillarum has been studied
extensively in the case of pathogenic strains
isolated in epizootics occurring in the Pacific
Northwest, but little is known of the mecha-
nisms of virulence of strains from other geo-
graphical locales.

Pacific Northwest strains of high virulence for
salmonids were shown to carry a specific plas-
mid class (13, 14) which codes for an efficient
iron-sequestering system (8, 9). Thus, this attri-
bute enables microorganisms establishing an in-
fection to evade host nonspecific mechanisms of
defense, posed by complexing of essential iron
by the high-affinity iron-binding proteins, trans-
ferrin and lactoferrin, present in body fluids and
secretions (2, 6, 8, 9, 29, 41). In addition to this
plasmid-mediated virulence factor, these strains
possess an additional component of virulence of
a chromosomal nature: the ability to withstand
the bactericidal activity of normal (nonimmune)
serum of the host fish species (38), which is also
an important component of virulence in human
pathogenic vibrios (7) as well as other fish
pathogens (26).

As part of a program to determine whether
these mechanisms of virulence are found in V.
anguillarum strains from other ecological
niches, we report here the analysis of properties
of pathogenic V. anguillarum strains isolated
from striped bass reared in the Atlantic Coast.
The results indicate that these organisms are
highly related to pathogenic strains isolated in
the Pacific Northwest, as assessed by cultural
and biochemical, i.e., phenetic, properties, as
well as by the DNA homology assay, substanti-
ating previous work suggesting that pathogenic
V. anguillarum strains from different geographi-
cal locations possess a high degree of homology
(22, 33).

However, unlike the pathogenic strains of V.
anguillarum isolated in the Pacific Northwest,
strains pathogenic for striped bass did not con-
tain any plasmids. Nonetheless, these Atlantic
Coast strains were similar to the Northwest
isolates in that virulence was correlated with
their ability to grow under conditions of iron
limitation and to withstand the bactericidal ac-
tivity of fish serum.

Growth under iron limitation conditions in-
duced the appearance of specific outer mem-
brane proteins in these strains, although, at least
in molecular size, they do not appear to be
related to the OM2 outer membrane protein
induced under conditions of iron limitation in V.
anguillarum strains containing the virulence
plasmid, pJM1. Recent evidence indicates that
OM2 may be a surface receptor for a complex of
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iron and the V. anguillarum plasmid-mediated
siderophore (M. A. Walter, S. A. Potter, and
J. H. Crosa, submitted for publication). It re-
mains to be determined whether the outer mem-
brane proteins induced in the Atlantic Coast
isolates play any role in the iron metabolism of
these bacteria, although we have recently found
that these strains, when growing under iron
limitation conditions, produce a siderophore
which resembles the plasmid-mediated sidero-
phore of V. anguillarum 775 (unpublished obser-
vations).

The finding of a chromosomally mediated iron
uptake system(s) in the pathogenic Atlantic
Coast strains of V. anguillarum, which are ge-
netically homologous to their Pacific Northwest
counterparts, suggests the possibility that the
iron uptake genes are highly mobile recombina-
tionally and, as is the case for other virulence
factors, may be part of a transposition unit. This
is a rather ominous possibility with regard to
disease in fish. Recent preliminary hybridization
experiments support this idea in the sense that
apparently pJM1 plasmid sequences are indeed
present in the chromosome of some of these
strains (unpublished results). Knowledge of
whether these common sequences correspond to
the iron transport genes awaits further dissec-
tion of the pJM1 plasmid DNA regions by mo-
lecular cloning. Experiments to prove this hy-
pothesis are in progress.

It was of interest that 22 of the nonpathogenic
isolates harbored one or more plasmids, which
by restriction endonuclease analysis, were
shown to be clearly different from the virulence
plasmid pJM1. These strains, not V. anguil-
larum but identified as Vibrio spp., did not grow,
or grew poorly, under conditions of iron limita-
tion and were sensitive to the bactericidal action
of nonimmune striped bass serum.

The study of the relationships between the
iron transport and serum resistance genetic de-
terminants present in isolates from striped bass
and salmon will be important in assessing the
contribution of host range to the virulence reper-
toire of V. anguillarum.
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