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Vibrio vulnificus is a gram-negative bacterium capable of producing septicemic infections in eels and immu-
nocompromised humans. Two biotypes are classically recognized, with the virulence for eels being specific to
strains belonging to biotype 2, which constitutes a homogeneous lipopolysaccharide (LPS)-based O serogroup
(which we have designated serogroup E). In the present study we demonstrated that the O side chain of this
LPS determines the selective virulence of biotype 2 for eels: (i) biotype 1 strains (which do not belong to
serogroup E) are destroyed by the bactericidal action of nonimmune eel serum (NIS) through activation of the
alternative pathway of complement, (ii) biotype 2 strains (of serogroup E) are resistant to NIS, and (iii) rough
mutants of biotype 2 lacking the O polysaccharide side chain are sensitive to NIS and avirulent for eels.

Vibrio vulnificus is a gram-negative bacterial species that
includes strains which are pathogenic for humans and eels and
are grouped into two biotypes (41). Biotype 1 is an autochtho-
nous member of marine ecosystems that can behave as an
opportunistic human pathogen capable of causing a septicemic
infection in immunocompromised hosts (36, 37). Biotype 2 has
classically been considered an obligate eel pathogen, given that
it is reported to have been isolated only from diseased eels (3,
10, 16). This biotype causes important economic losses in fish-
eries that maintain juvenile eels in brackish water over 25°C
(4). Under these conditions, the inoculation of 10° cells/ml by
bath or 10 cells/fish by intraperitoneal injection leads to the
development of vibriosis in less than 24 h (4, 16). The disease
is a septicemic infection, and bacteria are easily isolated from
blood samples from moribund eels.

Recent evidence suggests that biotype 2 is also an opportu-
nistic pathogen whose reservoir is probably seawater: (i) it
survives in artificial seawater in a culturable state for months
(31), (ii) it uses saline water as a route to infect healthy eels (4),
and (iii) it is able to use humans as occasional hosts for devel-
oping infections (2). The pathogenic potential of biotype 2 for
humans was recognized only after the recent identification of
one human clinical American Type Culture Collection isolate
belonging to biotype 2 (2).

In fact, strains of both biotypes are phenotypically and ge-
notypically similar (3, 16, 41), they share immunologically re-
lated outer membrane proteins (14), and they seem to produce
the same virulence factors, including (i) the capsule, a protec-
tive factor that allows cells to resist phagocytosis and lysis by
human serum (6, 29, 43) but not by eel complement (15); (ii)
various iron uptake systems, including siderophore production
and the ability to use hemoglobin and hemin as iron sources
(13, 24, 26, 39); and (iii) a cytotoxin, with hemolytic activity,
together with potent proteases which are involved in the le-
sions produced in different organs (3, 16, 28, 36). Interestingly,
the exotoxins produced by both biotypes seem to be equally
lethal for eels; they produce the main symptoms of vibriosis
when intraperitoneally inoculated as crude extracts of extra-
cellular products (ECPs) (9).
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In spite of these homologies, the two biotypes can be distin-
guished by various tests: in the indole test, the majority of
biotype 1 and biotype 2 strains are positive and negative, re-
spectively (16); in serological tests, biotype 2 strains constitute
a lipopolysaccharide (LPS)-based O serogroup (5, 16), whereas
biotype 1 strains are serologically heterogeneous (5, 16, 32);
and in eel virulence tests, only biotype 2 strains are virulent for
eels (16, 41).

The main objective of the present work was to investigate
the basis for the selective virulence of biotype 2 for eels. To our
knowledge, the only phenotypic trait that could be related to
host specificity is the possession of the serogroup E LPS. LPS
is a complex outer membrane molecule that consists of three
moieties: lipid A, a core, and an O side chain. Lipid A has been
defined as toxic in some gram-negative bacterial species that
produce septic shock (25), and the O side chain has been
described as a virulence factor in other species, including fish
pathogens (1, 8, 22, 30, 34). In the latter case, LPSs are respon-
sible for resistance to nonspecific immune mechanisms, includ-
ing complement-mediated killing and phagocytosis. Conse-
quently, the aim of the present work was (i) to evaluate the
toxic potential of the LPS as a specific endotoxin; (ii) to inves-
tigate whether both biotypes present differential susceptibility
to nonspecific defense mechanisms, such as nonopsonic phago-
cytosis and/or lysis by complement; and, if so, (iii) to determine
the role of LPS in specific resistance of biotype 2 by including
in the experiments a mutant that lacked the O antigen (7).

We used strains of both biotypes, as listed in Table 1. Mutant
M6 was previously obtained from strain E22 by UV irradiation
(7). Strains were routinely cultured in Trypticase soy agar
(TSA) or Trypticase soy broth (TSB) (Oxoid) supplemented
with 0.5% (wt/vol) NaCl (TSA-1 or TSB-1) at 25°C (eel iso-
lates) or 37°C (clinical isolate) for 24 h and were maintained as
stock cultures in marine broth (Difco) plus 20% (vol/vol) glyc-
erol at —80°C. Virulence testing of all isolates was performed
with elvers (average weight, 10 g) by intraperitoneal inocula-
tion (3), and the 50% lethal dose (LDs,) was calculated by the
method of Reed and Miinch (38).

Crude LPS from V. vulnificus biotype 2 strains was prepared
from whole-cell lysates and from outer membranes as de-
scribed by Amaro et al. (5). LPS was purified according to the
method described by Westphal and Jann (42) and modified by
Biosca et al. (12). Samples of crude and purified LPS were
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TABLE 1. Characteristics of the strains used in this study

Biotype and Source and LD, 1:\511)?:;@
strain origin (CFU/fish)* cytosis (%)
Biotype 2
E22 Diseased European eel, Spain 7.5 X 10> 1,160 = 345
E86 Diseased European eel, Spain 1.2 X 10> 1,800 =+ 321
Biotype 1
E109 European eel, Spain - 1,011 = 376
CDC 7184 Human blood, United States — 995 + 198

@ —, LDs, of >10% Crude LPS of all strains tested was not lethal (after
administration of 100 g of crude LPS obtained from outer membrane samples
per fish).

® Percent survival (mean * standard deviation). All strains were resistant to
phagocytosis as evidenced by total destruction of PEC after 18 to 24 h of
incubation.

lyophilized and stored. The lethality of LPS was tested on
elvers (average weight, 10 g) by intraperitoneal inoculation of
0.1 ml of O antigens, prepared as previously described (3), or
crude LPSs. Experiments were performed in triplicate with
groups of six animals, including a control set inoculated with
0.1 ml of saline solution (1.5% NaCl) (SS).

Phagocytosis was assessed by the procedure of Miyazaki and
Kurata (35). After being collected, peritoneal exudate cells
(PEC) from eels were resuspended at a concentration of 10°
viable cells per ml (determined by the trypan blue exclusion
test) in cold Hanks solution (pH 7.2) (Flow). Phagocytic activ-
ity was evaluated in triplicate as follows: a volume of 1.5 ml of
PEC in Hanks solution was inoculated with viable bacteria
(0.5 X 10° CFU per ml; ratio of bacteria to PEC, 5:1), and the
mixtures were incubated at 25°C for 30 min, 1 h, 4 h, and 18 to
24 h. After being washed, samples of each mixture were
smeared on glass slides, fixed with methanol, stained with
Giemsa for 20 min, and observed under the microscope. Bac-
terium-laden cells per 300 total cells were counted under the
microscope. Numbers of bacterial survivors (CFU per ml) were
also evaluated by plate counting on TSA-1 at the end of each
experiment. Controls for PEC viability as well as phagocytosis
assays were made in parallel on microtiter plates. In this case,
PEC suspensions (10° cells/ml) were disposed in 24-well cul-
ture plates and were inoculated with a volume of 0.1 ml of
bacterial suspension (5 X 10° cells) per well (ratio of bacteria
to PEC, 5:1) or SS. Plates were maintained at 25°C for a
maximum period of 72 h, and phagocytosis was monitored by
direct observation under an inverted microscope.

Survival experiments in nonimmune serum (NIS), immune
serum (IS), inactivated serum, and treated serum from eels
were performed in triplicate with stationary-phase bacteria by
inoculating a volume of 0.45 ml of serum with 0.05 ml of a
bacterial suspension in SS (10° to 10° cells per ml) and incu-
bating at 25°C for 4 h. Viable-cell counts were determined by
drop plating serial dilutions on TSA-1 (27). To obtain NIS, we
used eels (average weight, 20 g) from a freshwater fish farm
which had no history of V. vulnificus infection. NIS was ob-
tained as previously described (15). IS was obtained from eels
previously immunized with formalin-inactivated bacterial cells
diluted in heat-inactivated ECPs (107 CFU per ml) from strain
ES86 (19). ECPs were obtained as previously described (3). The
immunization schedule included two intraperitoneal injections
(0.1 ml/fish) administered at 12-day intervals (19). Two weeks
after the second injection, eels were bled by cardiac puncture.
Antibody titers (both natural and induced) of NIS and IS
against V. vulnificus were measured by an indirect dot blot
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assay by the method described by Burreson and Frizzell (17)
and Cipriano et al. (18) with some modifications. Rabbit anti-
eel serum was prepared as described previously (3) with heat-
inactivated (56°C, 30 min) eel serum as the antigen. Dot blot
assays were performed with immobilized whole-cell suspen-
sions (10° CFU) or LPS samples (2 pl of crude extractions) on
nitrocellulose papers. Membranes were incubated with serial
twofold dilutions of NIS, and immunological reactions were
revealed as previously described (5). Titers of antibody in sera
were expressed as the reciprocal of the higher dilution that
tested positive. Samples of NIS with antibody against V. vulni-
ficus were discarded. Inactivated eel serum was obtained as
previously described (20, 23, 33, 34, 40). Briefly, NIS was in-
cubated with 20 mM EGTA plus 2 mM MgCl, for 30 min at
25°C for classical-pathway inactivation (23), heated for 20 min
at 47 to 50°C for alternative-pathway inactivation (34, 40), or
heated for 30 min at 56°C for inactivation of both pathways.
Treated eel serum was obtained by incubation of NIS with
whole cells or purified LPS from strain E22 (translucent vari-
ant) at 25°C. In the first case, serum was incubated with bac-
teria (10® CFU per ml) for 1 h, and cells were discarded by
centrifugation for 5 min in an Eppendorf microcentrifuge and
filtration (34). In the second case, samples of purified LPS
were added to NIS at a final concentration of 0.1 or 0.5 mg/ml
and incubated for 30 min (34).

Lethality of O antigens and crude LPS. Prior to any exper-
iment, virulence of our strains for eels was confirmed (Table
1). No death was recorded after the injection of O antigen (10°
heat-inactivated cells per fish) and crude LPS (Table 1), and no
behavioral signs indicative of physical alterations were ob-
served. The nontoxicity of the crude serogroup E LPS for eels
suggested that this surface component would not act as a
specific toxin of biotype 2 but as a protective factor against
nonspecific immune mechanisms such as nonopsonic phagocy-
tosis and/or bactericidal action of serum complement. Thus,
the basis of the selective virulence of biotype 2 for eels would
rely on the protective role of this molecule.

Resistance to nonspecific defense mechanisms. (i) Nonop-
sonic phagocytosis. We confirmed that all strains of both bio-
types resisted nonopsonic phagocytosis by PEC of eels (Table
1). Samples of PEC contained mainly macrophages and a mi-
nor proportion of neutrophils (less than 5%). Slide prepara-
tions taken at 30 min and 1 h showed less than 10% PEC with
phagocytosed bacteria (average of 4 bacteria per cell); at 4 h,
PEC degeneration, especially evident in the case of biotype 2
samples, was observed; and at the end of the experiment, total
PEC destruction was observed. Bacterial countings revealed
that the number of CFU per ml increased by approximately 1
order of magnitude (Table 1). These results were confirmed by
the tests performed in parallel on microtiter plates. In these
assays, macrophages were identified as the predominant ad-
herent cells and were successfully maintained in control wells
for 3 days. The fact that V. vulnificus produces potent cytotox-
ins against different fish cell lines (3, 9) suggests that PEC were
destroyed by the cytotoxic activity of cells. Similar findings
have previously been found by other authors in experiments
performed with virulent strains of V. vulnificus and PEC of
unvaccinated Japanese eels (Anguilla japonica) (35).

Since biotype 1 strains resisted nonopsonic phagocytosis, we
focused our investigation on the role of serum complement.

(ii) Serum complement. In poikilothermic teleosts, in which
both pathways of complement activation have been demon-
strated, the direct bactericidal reaction of serum could be of
particular importance in defense against infections since there
are no appreciable C3 receptors on fish phagocytes (21). As we
expected, only biotype 2 cells resisted the bactericidal action of
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FIG. 1. Survival in NIS of V. vulnificus biotype 2 strains E22 (CJ) and E86 (<)
and biotype 1 strains E109 (X) and CDC7184 (A). Each point represents the
mean for three different experiments.

eel serum. Survival curves of both biotypes in NIS are shown in
Fig. 1. In all cases, biotype 2 cells were able to multiply, prob-
ably because they can use hemoglobin (liberated by hemolysis
during blood extraction) as a nutrient source (24). Biotype 1
strains showed a large decrease in viable numbers after 4 h of
incubation (Fig. 1). Thus, the susceptibility of biotype 1 to
serum complement seems to explain its avirulent character for
eels.

The complement activation mechanism displayed by biotype
1 strains was examined. Serum heated at 47 to 50°C for 20 min,
with the alternative pathway inhibited, and serum heated at
56°C for 30 min, with both the classical and alternative path-
ways abolished, were nonlethal for both of the isolates tested.
However, both strains were killed in serum treated with Mg>"-
EGTA, which selectively inhibits the classical complement
pathway. Results for strain E109 are presented in Fig. 2. Thus,
it seems that the alternative pathway of complement activation
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FIG. 2. Survival of V. vulnificus biotype 1 strain E109 in NIS heated at 56°C
for 30 min (<), NIS plus 20 mM EGTA plus 2 mM MgCl, (A), and NIS heated
at 48°C for 20 min (O). Each point represents the mean for three different
experiments.
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FIG. 3. Survival of mutant M6 in NIS (<) and NIS heated at 56°C for 30 min
A). Each point represents the average for three different experiments.
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is involved in serum killing of biotype 1 strains in nonimmu-
nized eels. This finding is consistent with the results obtained
with other bacteria and other species of teleosts (33, 40). In
these cases, it has been postulated that in fish, as opposed to
mammals, the alternative pathway plays a more important role
than the classical one in the destruction of bacterial intruders.
Nevertheless, we cannot discard the role of classical pathway in
the clearance of this biotype from serum of nonimmune eels
with natural antibodies against vibrios (members of the genus
Vibrio are part of the normal microbiota of some fish, espe-
cially in marine habitats). From these results, it can be deduced
that the basis for the selective virulence of biotype 2 for eels
relies on the protective role of its LPS against serum comple-
ment.

Role of the O polysaccharide side chain in the resistance of
biotype 2 to eel complement. We included in these experiments
the rough mutant M6, which lacks the O polysaccharide side
chain. This mutant was sensitive to NIS (Fig. 3) and avirulent
for eels (LDs, > 10® CFU/fish). We treated NIS with biotype
2 cells (fresh and formalinized) and with purified LPS. This
treatment totally or partially abolished the inhibitory effect of
NIS against biotype 1 cells (Table 2). In the case of LPS, the
result was dependent on the amount of LPS used (Table 2).
The mutant acquired the ability to resist the bactericidal action
of NIS alone (survival rate, approximately 100%), after incu-
bation with whole cells (survival rate, 80% * 14%), with 0.5 mg

TABLE 2. Inhibition of NIS bactericidal activity against
V. vulnificus biotype 1 strains by treatment with whole
cells, formalinized whole cells, and LPS

% Survival® after incubation in NIS:

Strain Plus whole cells Plus LPS®
Alone
Fresh  Formalinized 0.1 mg/ml 0.5 mg/ml
E109 0.0015 = 0.001 90 * 25 124 £ 9 43 £15 575%=50
CDC7184 0.30 = 0.1 89 = 11 102 £2 209 371 £ 49

“Mean * standard deviation from three different experiments.
b From biotype 2 strain E22 (translucent variant) (15).
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FIG. 4. Effect of immunization on the bactericidal activity of eel serum
against V. vulnificus biotype 2. Survival of strain E86 in NIS (O) and IS () is
shown. Each point represents the average for three different experiments.

of LPS/ml (survival rate, 90% = 15%), and after inactivation
by heating at 56°C for 30 min (Fig. 3).

In conclusion, among the different LPS components, the O
side chain of serogroup E cells seems to be responsible for eel
serum resistance since the rough mutant, which lacks this
structure, is sensitive to NIS. In this respect, the serum resis-
tance of biotype 2 (serogroup E) cells may be due either to a
complete or nearly complete inability to activate complement
or to the failure of activated complement to exert its effect. The
fact that incubation with whole cells and LPS from wild biotype
2 strains inhibits serum bactericidal activity against sensitive
strains suggests that this resistance may be due to the latter
factor. Thus, although the cells are capsulated (15), the O side
chains of LPS must be surface exposed and accessible to com-
plement. A similar situation has been found with human serum
and Aeromonas salmonicida (34), with the role of the capsule
being performed by the A layer.

Effect of immunization on the resistance of biotype 2 to eel
serum. In fish, the specific immune response is not so well
developed. Fish produce antibodies of only the M class, which
have low affinity, limited heterogeneity, and poor anamnestic
qualities (21). Nevertheless, by analogy with homeotherms, in
which this antibody class serves as the best complement-fixing
antibody as well as the major bacteriolytic antibody, comple-
ment-mediated bacteriolysis might be the primary antibacterial
role of fish antibodies. In the experiments performed with
immunized animals, eel serum was bactericidal for biotype 2.
As we expected, strains were killed by IS (survival rate of
approximately 0.5% after 4 h of incubation) (Fig. 4). The IS
contained high titers of antibody to whole cells (1:64,000) and
crude extractions of LPS (1:64,000) as determined by dot blot-
ting. These findings suggest that the binding of antibodies to
cell surface components can abolish the resistance of biotype 2
to serum. In this respect, we have developed a vaccine and a
vaccination procedure for this vibriosis, which are being used
successfully in eel farms in our geographical area (19). The
vaccinated animals possess antibodies against V. vulnificus bio-
type 2 and have been well protected against experimental in-
fections with this bacterium (19).

In summary, two main conclusions can be derived from the
present investigation. Firstly, the O side chain of the charac-
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teristic LPS of serogroup E seems to be the virulence factor
responsible for the pathogenic potential of V. vulnificus for
eels. This surface component determines, at least in part, the
resistance to serum complement of serogroup E (biotype 2)
strains, which are able to invade the animal body and cause
septicemic infections. Secondly, the alternative pathway of
complement activation must play an important role in the
defense of nonimmunized eels against bacterial infections
since it is the main factor responsible for killing biotype 1
strains. Therefore, we hypothesize that the natural niche of
both biotypes of V. vulnificus species is the aquatic environ-
ment and that the strains possessing the O antigen of the
serogroup E LPS are able to colonize eels. Of these strains,
only those that express the adequate virulence factors (mainly
exotoxins and iron uptake systems) cause septicemic infections.
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