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When Japanese eels (Anguilla japonica) were injected intramuscularly (IM) with ferric am-
monium citrate (FAC) at a sublethal dose of 10 ug/g and followed by IM-injection with various
doses of Vibrio anguillarum, FAC injection enhanced greatly the virulence of the pathogen to eels,
lowering the LDy, value from 107-® to 10¢2 CFU/100 g. Similar effects were obtained with ferrous

sulfate and ferric chloride in eels.

However, such a virulence-enhancing effect of FAC was scarce-

ly observed in ayu (Plecoglossus altivelis), which has high susceptibility to the pathogen by nature.
Tt was also found that addition of FAC (10 ug/ml) in fish sera accelerated the bacterial growth in
vitro but the effect was much greater in eel serum than in ayu serum. The results of these in vivo
and in vitro experiments demonstrated that the availability of free iron in host fish would have a
significant influence on the pathogenesis of V. anguillarum infection.

Vibriosis caused by Vibrio anguillarum prevails

in various freshwater and marine fishes in the

world (EVELYN, 1984), and especially in cultured
ayu (Plecoglossus altivelis) with devastating mor-
tality in Japan (Aokr and Kirao, 1978; Jo, 1981).
There have been many investigations on the dis-
ease and the pathogen (HorNE, 1982), and recent
works have been concentrated on the virulence
factors of the organism such as extracellular and
intracellular toxins (UMBREIT and Trrpp, 1975;
Munn, 1980; KopaMA et al., 1985; INAMURA et
al., 1984, 1985), resistance to serum bactericidal
action(TRUST et al., 1981), hemagglutinin (TORANZO
et al., 1983), adhesion to host tissues (HORNE and
BAXENDALE, 1983), and efficient iron uptake system
regulated by a plasmid (Crosa, 1980).

It is well known that the free iron plays a vital
role in the proliferation of pathogenic bacteria
in many mammalian species (BULLEN et al., 1978;
WEINBERG, 1978; CRoOsA, 1984), and several work-
ers demonstrated that some iron compounds en-
hanced the virulence of bacteria in experimental
infections (BULLEN, 1981). In fish, the excess iron
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is also supposed to constitute a predisposing factor
to some bacterial infections as in mammals. How-
ever, the effects of excessive iron in hosts on the
virulence of pathogens including V. anguillarum
have been scarcely examined so far.

In the present investigation, the significance of
iron compounds in enhancing the virulence of
V. anguillarum was examined in Japanese eel
(Anguilla japonica) and ayu, the former being less
susceptible and the latter highly susceptible to the
pathogen. . As the result, the virulence of V.
anguillarum was apparently enhanced by a pre-
injection of iron compounds in the former fish
species.

Materials and Methods

Fish

Japanese eels (40-110 g body weight) were ob-
tained from private farms and ayu (3-10 g) were
raised in experimental ponds of Hiroshima Uni-
versity from their juvenile stage. These material
fish were acclimatized at about 20°C prior to every
experiment and not fed through experimental
periods.
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Lethal toxicity of iron compounds to fish

Three iron compounds, ferric ammonium citrate
(designated as FAC), ferrous sulfate FeSO,-7TH,O
(FS), and ferric chloride FeCl,-6H,0 (FC) were
used for toxicity tests to eels, but for the test to
ayu only FAC was used. BEach solution of iron
compounds in saline was filter-sterilized (0.45 gm),
and groups of five fish were injected with the vari-
ous doses ranging from 5 ug to 320 ug per g of
fish body weight intramuscularly (IM) for eels or
intraperitoneally (IP) for ayu. Control fish
received only saline injections. After injection,
fish were maintained at 20°C and the 96h-median
lethal dose (LD,,) was calculated by the method
of REED and MUENCH (1938).

Measurement of serum iron level

Eels were IM-injected with varying doses of
FAC (4, 10, 80, and 160 ug/g) at 20°C. Blood
samples were obtained from the bulbus arteriosus
of each 2 fish at 1, 2, 4, and 7 days post-jnjection,
and kept at room temperature for 2 h and followed
by another 2 h at 4°C. Serum was separated by
centrifugation at 3,000 rpm for 10 min and stored

at” —20°C until used. Iron levels of serum ‘were -

measured by an atomic absorption spectrophoto-
meter (Hitachi Model 208) against iron standards.

Virulence test

A virulent strain PT-81049 (Serotype: J-O-1)
of V. anguillarum, which was isolated from a
diseased ayu in 1981, was cultured on nutrient
agar (Eiken) at 25°C for 24 h, and serial 10-fold
dilutions of the culture were made with sterile
saline. Immediately after IM-injection (for eels)
or IP-injection (for ayu) of iron compounds, a
group of 5 fish was injected with-each dilution of
bacterial suspension (10°-10* CFU/m/) and ob-
served in tanks at 19-20°C for 7 days. In ad-
dition to injection challenge, ayu were challenged
by another method, where fish were immersed in
a bacterial suspension containing 10* to 10* CFU/
m/ (1% NaCl) for 5min with aeration. The
spleen and-liver materials of dead fish were ex-
amined bacteriologically, and only the mortalities
due to V. anguillarum were counted in.

Growth in fish serum
Fish sera obtained from the bulbus arteriosus
(eels) or the caudal artery (ayu) were 5-fold diluted

with gelatin-veronal buffer containing Ca** and
Mg** (pH 7.4) and inactivated at 50°C for 30 min
to destroy complement activities (NAKAI, 1985).
A 24 h culture of V. anguillarum PT-81049 strain
at 25°C was inoculated in each serum at a dose of
2x10° CFU/m!/ with or without FAC (10 ug/ml/)
and shake-cultured at 25°C. After 6h and 12h
of incubation, the viable cells were counted by
spread-plate technique on nutrient agar.

Results

LDy, of iron compounds to fish

The 96 h-LD;, values of FAC, FS, and FC
to Japanese eels were 80, 180, and more than
320 ug/g, respectively, and the value of FAC to
ayu was 123 ug/g (Table 1).

Serum iron level after FAC injection

Iron levels in the serum of eels injected with
varying FAC doses are shown in Table 2. The
serum iron level of control fish was 1-2 ug/ml.
In each FAC injected group, maximum iron con-
centration was attained one day after injection and
the levels were in proportion to the dose injected. -
These levels began to decline at day 2, and those
of eels given 4 or 10 ug/g of FAC decreased to the

Table 1. LD, of iron compounds to fish
96h-LDy, (1g/g)
to
Iron compound Jap-
anese Ayu
eel (IP)
Im
Ferric ammonium citrate (FAC) 80 123

Ferrous sulfate FeSO, - 7H,0 (FS) 180 —
Ferric chloride FeCl;-6H,0 (FC) >320 —

IM: Intramuscular injection
IP: Intraperitoneal injection

Table 2. Serum iron levels of Japanese eels after
intramuscular injection with FAC

g Fe/m! of serum after

Dose of FAC
relg 1 2 4 7days
4 3 3 2 1
10 8 7 3 2
80 64 43 8 8
160 109 47 17—
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Table 3. Effects of FAC on the virulence of V. anguillarum PT-81049 strain to Japanese eel

Dose o/f FAC Mortality (%) after IM-injection of V. anguillarum with doses (CFU/100 g)
(IM-/ilngjegction) 2.6x108 2.6x107 2.6x10° 2.6x10° 2.6x10* 2.6%x10%
0 93(14/15) 13(2/15) 0(0/15) 0(0/15) 0(0/15)
1 80(4/ 5) 00/ 5 0(0/ 5) 0(0/ 5)
2 100(5/ 5) 2001/ 5) 00/ 5) 000/ 5)
4 100(5/ 5) 80(4/ 5) 40Q2/ 5) 000/ 5)
10 100(10/10) 80(8/10) 90(9/10) 80(8/10) 60(6/10) 50(5/10)

IM: Intramuscular

same level as control’s up to day 7.

Effect of iron compounds on the virulence
Table 3 shows the mortalities of the eels in-

jected with various doses of FAC and V. anguil-.

larum. As is obvious from the table, the iron
injection greatly enhanced the virulence of the
strain injected. The virulence-enhancing effect
of FAC was dose-dependent, and the injection
with the highest dose (10 ug/g) reduced the LDy,
value of the pathogen from 107-* to 10*-? CFU/
100 g. Fish died 2 to 4 days after infection in
all experimental groups, showing hemorrhage at
the injected muscle.

The effects of FAC, FS, and FC injections on
the virulence of the strain are presented in Table
4. In this experiment, the amount of iron given
to each eel except for two control groups was
adjusted to the same level (1.8 ug/g as Fe) re-
gardless of kinds of iron compounds and fish were
IM-injected with a bacterial dose of 2.5 x 10¢ CFU/
100 g. The virulence-enhancing effect was de-

Table 4. Effects of three iron compounds on the
virulence of V. anguillarum PT-81049 strain
to Japanese eel

Mortality (%) after
IM-injection of

Iron compound (dose) V. anguillarum

(IM-injection)

(dose 2.5 %
108 CFU/100 g)
FAC (10.0 pgfg) 80 (8/10)
FS (9.0 ug/g) 90 (9/10)
FC (8.7 ug/g) 0 (0/10)
FC (8.7 pgfg)+
citric acid (9.0 ug/g) 80 (8/10)
Control 1 (citric acid 9.0 ug/g) 0 (0/10)
Control 2 (saline) 0 (0/10)

IM: Intramuscular
Numbers in parenthesis: dead/tested

Numbers in parenthesis: dead/tested

monstrated by FAC (80% mortality) and FS
(90%) injections, but not by FC (0%7). However,
the mixture of citric acid and FC resulted in high
mortality (80%;) of eels.

On the other hand, the virulence-enhancing
effect of FAC (10 ug/g) in ayu was not so obvious
as in the eels. The LD;, value in injection
challenge was reduced only from 10'-° to 10°-®
CFU/fish by injection of FAC (Table 5). When
challenged by immersion, no effects of FAC
injection were seen in the mortality of ayu (Table
6).

Table 5. Effects of FAC on the virulence of V.
anguillarum PT-81049 strain to ayu in
injection-challenge

Mortality (%) after
IP-injection of

V. anguillarum with
doses (CFU/fish)

Dose of FAC

nels
(IP-injection)

2.3%10° 2.3x10 2.3x10°
0 96 (23/24) 52 (13/25) 8 (2/25)
10 96 (22/23) 84 (21/25) 32 (8/25)

IP: Intraperitoneal
Numbers in parenthesis: dead/tested

Table 6. Effects of FAC on the virulence of 7.
anguillarum PT-81049 strain to ayu in
immersion-challenge

Mortality (%) after
immersion-challenge with
V. anguillarum at cell
conc. (CFU/ml)

Dose of FAC

rgle.
(IP-injection)

4.1x10¢ 4.1x10° 4.1x10°
0 93 (14/15) 47 (7/15) 0 (0/15)
10 93 (14/15) 33 (5/15) 0(0/ 9)

IP: Intraperitoneal
Numbers in parenthesis: dead/tested
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Fig. 1. Effects of FAC on the growth of V. anguil-
larum in Japanese eel serum (a) and ayu
serum (b)
0-9: with FAC (10 pug/ml)
O-0O: without FAC

Effect of FAC on the growth

Prior to the growth test of V. angui!lémlm ﬁs-ing'

fish sera, the effect of FAC was examined in
trypticase soy broth (BBL, 1% NaCl). The iron
concentration of the medium was lowered to a
level of 0.15 ug Fe/ml by the method of SAKAZAKI
(1978).  As the result, the addition of FAC even
at 1 pg/ml/ in the medium enhanced apparently
the growth rate of V. anguillarum (data not shown).

Figure la shows that the addition of FAC
(10 ug/ml) to eel serum also increased V. anguil-
larum growth rate. After 12 h of incubation, the
viable cell count in the serum with FAC (8 X
10" CFU/m/) was much higher than that in the
serum without FAC (3 x10* CFU/m/). Similar
growth-enhancing effect was obtained by an ad-
dition of FS or FC plus citric acid. While, the
growth of V. anguillarum in ayu serum was little
affected by FAC and the bacterium grew well in
the serum without additional iron (Fig. 1b).

Discussion

In the present study, 96 h-LD;, values of FAC
to Japanese eels and ayu proved 80 and 123 ug/g,
respectively. HOLBEIN et al. (1979) stated that
FAC was lethal at the level of 12.5 ug/g to mice,

thus the LD;, values obtained here for the two
fish species are much higher than that for mice.

WRIGHT et al. (1981) showed that IP-injection
of mice with 4 ug/g of FAC resulted in a lowering
of the LDy, value of V. vulnificus from 6 X10° to
110 cells and in a reduction in the time of death
post-infection. The present study confirmed a
similar effect of FAC on the virulence of V.
anguillarum to Japanese eels, in which the LDy,
of the bacterium was reduced from 107-% to 102
CFU/100 g by IM-injection with 10 ug/g of FAC
(Table 3). The same effect was also found in FS
injection but not in FC injection in spite of the
same dose of Fe. The ineffectiveness of FC may
be due to the lower solubility of this substance,
because when the solubility was increased by ad-

dition of citric acid the mixture enhanced the

virulence of the organism (Table 4). Although
the possibility can not be totally ruled out that
the enhancement of the virulence of V. anguil-
larum was brought about by lowered resistance of
the host due to iron toxicity, the raised availabili-
ty of free iron in the host seems to enhance the
virulence of the pathogen. This was partly sup-
ported by the facts’ that the in vitro -growth-of -
V. anguillarum was accelerated by an addition of
FAC in eel serum (Fig. 1a).

Japanese eel is one of susceptible fishes to V.
anguillarum, however, it should be noted that its
susceptibility is far lower than that of ayu and
vibriosis of eel is not so common in culture
ponds in Japan. The present result, conversely,
indicates that the natural resistance of the eel to
the pathogen partly comes from the low level of
free iron in this fish, and on that account, the iron
injection had enhanced the virulence of V. anguil-
larum in eels. It must be confirmed that various
iron-containing substances such as lysed erythrocy-
tes, hemoglobin, and heme are also able to en-
hance the virulence of V. anguillarum as reported
for some human pathogens (BULLEN, 1981 ; KARU-
NASAGAR et al., 1984). The probable sources of
excess iron or preceding conditions yielding the
above-mentioned iron-containing substances have
yet to be investigated in pond-cultured eels.

In the case of ayu, however, the FAC injection
did not enhance the virulence of the pathogen so
clearly (Tables 5, 6). A similar result was shown
in coho salmon (Oncorhynchus kisutch), another
highly susceptible fish to V. anguillarum, where
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FAC injection increased the virulence of a plasmid
carrying V. anguillarum strain by only 1.3-fold
(Crosa, 1980). The fact that the growth rate of
the organism in ayu serum was little accelerated
by FAC addition (Fig. 1b) possively indicates that
ayu serum contains an enough amount of iron to
let the bacterium proliferate. In an additional
experiment, the iron level in ayu serum measured
approximately 1-2 ug Fe/ml, and this value is the
same as that of Japanese eels. Thus, the difference
in iron level available for V. anguillarum between
eel and ayu may be due to the difference in the
amount or the ability of iron-binding proteins
such as transferrin (BULLEN, et al., 1978).
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