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A hemolysin produced by Aeromonas hydrophila CA-11, isolated from an environmental source, was purified
by sulfopropyl-Sephadex C-25 chromatography at pH 5.0. This hemolysin caused fluid accumulation in infant
mouse intestines and rabbit intestinal loops and killed Vero cells, as did the hemolysin produced by strain
AH-1, isolated from a diarrheal case. In polyacrylamide gel electrophoreses at pHs 4.0 and 9.4 and in thin-layer
isoelectric focusing, CA-11 hemolysin migrated as a single band to a position different from that of AH-1
hemolysin. Immunodiffusion tests indicated that CA-11 hemolysin was immunologically related to AH-1
hemolysin but possessed unique antigenic determinants. Neutralization tests with antihemolysin sera also
demonstrated immunological cross-reactivity between AH-1 and CA-11 hemolysins. These results apparently
indicate that the hemolysins produced by the two strains of A. hydrophila are immunologically and
physicochemically different from each other.

Aeromonas hydrophila produces a variety of biologically
active extracellular substances, including enzymes,
hemolysins, cytotoxin(s), and enterotoxin(s) (8, 16, 19).
Such extracellular substances have been studied in relation
to the pathogenicity of the organism. Many workers ascribed
the enteropathogenicity of A. hydrophila to specific entero-
toxigenic factor(s) (1, 5, 11). In a previous report, we
demonstrated that a hemolysin produced by A. hydrophila
isolated from a patient with diarrhea is a cytotoxic
enterotoxin causing fluid accumulation in infant mouse in-
testines and rabbit ileal loops and eliciting cytotoxic effects
to Vero cells (2). Some investigators reported that the
hemolysin produced by A. hydrophila was closely related to
its enterotoxigenicity (3, 10, 16), but only a few quantitative
studies have been made on the hemolysin production of the
organism. We tried to establish a simple immunological
method for determining the hemolysin. During our efforts,
we found that the hemolysin produced by another strain of
A. hydrophila was antigenically similar to but distinct from
the previously purified hemolysin.

In the present communication, we report the biological
and immunological properties of the new hemolysin in
comparison with those of the hemolysin reported previously
(2).

MATERIALS AND METHODS

Bacterial strains. A. hydrophila AH-1 and CA-11 were
used. Strain AH-1 was isolated from a patient with watery
diarrhea (2). Strain CA-11 was an environmental isolate and
was given to us by G. N. Stelma, Center for Food Safety and
Applied Nutrition, Food and Drug Administration, Cincin-
nati, Ohio. The strains were stored at room temperature in
the maintenance medium, consisting of 0.3% yeast extract
(Difco Laboratories, Detroit, Mich.), 1.0% Casitone (Difco),
0.5% NaCI, and 0.3% agar (pH 7.0).

* Corresponding author.

Hemholysin production. Two media were used for hemoly-
sin production; DY medium was composed of Davis minimal
broth without glucose (Difco) and with 1% yeast extract
(Difco) (2), and MG medium was the minimal-salts medium
modified from that of Riddle et al. (15), consisting of (in
grams per liter) NaCl, 6.0; KH2PO4, 3.0; K2HPO4, 6.96;
MgSO4 7H20, 0.2; (NH4)2SO4, 0.78; L-glutamic acid, 1.0;
and ZnSO4. 7H20, 8.6 x 10-3. The stock culture was
subcultured overnight in brain heart infusion broth (Difco) at
300C.
One loopful of the culture was inoculated into 10 ml of

fresh DY medium. After incubation overnight at 300C, 2 ml
of the culture was transferred to 200 ml of DY medium in an
Erlenmeyer flask (1,000 ml), which was incubated at 300C
with shaking.
One drop of the overnight culture in brain heat infusion

broth was spread over a heart infusion agar plate (diameter,
90 mm), which was incubated overnight at 300C. The bacte-
rial cells grown on the plate were suspended in a small
amount of MG medium, which was poured into 1,000 ml of
MG medium in a shallow stainless steel tray (27 by 39 by 9.5
cm). The tray and medium were incubated - still at 300C.
Bacterial growth was determined photometrically at 640 nm.

Assay for hemolysin. Hemolytic activity was determined
by the previous procedures with a slight modification (2). In
brief, a sample (1 ml) diluted in 0.01 M Tris hydrochloride
buffer (pH 7.2) containing 0.9% NaCl was mixed with an
equàl volume of a 1% rabbit erythrocyte suspension. After
incubation for 90 min at 370C, the mixture was centrifuged,
and the A540 of the supernatant was read. One hemolytic unit
was defined as the minimum dose of the sample causing 50%
hemolysis.
The hemolysin assay was performed also in a microtiter

tray (Tomy Seiko, Tokyo). A 0.05-ml portion of cell-free
culture filtrate diluted twofold serially in 0.01 M Tris hydrô-
chloride buffer (pH 7.2) containing 0.9% NaCl was added to
an equal volume of a 1% suspension of rabbit erythrocytes.
The titer was expressed in log2 of the reciprocal of the
highest dilution showing hemolysis.
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FIG. 1. Bacterial growth and hemolysin production by A. hydro-

phila AH-1 and CA-11 in MG medium without shaking (A) and in
DY medium with shaking (B). Symbols: O- - - -O, growth of strain
AH-1; O-O, hemolytic titer of strain AH-1; *----e, growth
of strain CA-11; * , hemolytic titer of strain CA-11.

Purification of hemolysin. The hemolysin of strain AH-1
was purified by the method previously described (2). For
purification of the hemolysin of strain CA-11, a 48-h culture
was separated by continuous centrifugation at 15,000 x g at
4°C. The supernatant was adjusted to pH 4.0 with 5 N HCl.
To the supernatant (10 liters) was added sulfopropyl
(SP)-Sephadex C-25 (6 g; Pharmacia, Uppsala, Sweden)
preswollen in distilled water at pH 4.0. The mixture was

stirred intermittently with a stirrer for 1 h at room tempera-
ture and allowed to stand to settle the SP-Sephadex gel to the
bottom. After removal of the supernatant by siphoning, the
hemolysin-adsorbed Sephadex gel was washed three times
with 500 ml of 0.1 mM HCl each time and placed on top of a

column of SP-Sephadex C-25 (1 g) equilibrated with 17 mM
citric acid-33 mM Na2HPO4 buffer (pH 5.0). The column (1.5
by 24 cm) was further washed with 100 ml of the same buffer
and eluted with a linear gradient of NaCl concentrations
from 0 to 0.4 M in 1,000 ml of the buffer. Protein was
determined by the method of Lowry et al. (12).

Electrophoresis. Polyacrylamide gel electrophoresis
(PAGE) was carried out in a 6% gel at pHs 4.0 and 9.4 in the
presence of 1 M urea by the methods of Reisfeld et al. (14)
and Davis (6). Sodium dodecyl sulfate-PAGE was performed
in a 6% gel by the method of Weber and Osborn (18). After
electrophoresis, the gel column was stained in 0.2%

Coomassie brilliant blue. Thin-layer isoelectric focusing was
performed with a pH range of 3.5 to 10.0 by the method of
Vesterberg (17).

Preparation of antisera. Antisera against hemolysins of
strains AH-1 and CA-11 were obtained from rabbits weigh-
ing. about 3 kg. A 1-ml portion of a purified hemolysin
solution (20 ,ug/ml) was emulsified in an equal volume of
Freund complete adjuvant (Difco) and injected subcutane-
ously into a rabbit. After 4 weeks, a 1-ml portion of the
hemolysin solution without adjuvant was injected intrave-
nously. The animal was bled 2 weeks after the last injection.
Agar gel double-diffusion tests were performed by the
method described elsewhere (2). The highest dilutions of the
antisera forming a precipitin line to the homologous hemo-
lysin (100 ,ug/ml) were 8- and 32-fold for anti-AH-1 and
anti-CA-11 hemolysins, respectively.
Other biological assays. The rabbit ileal-loop and infant

mouse tests were performed by the methods reported else-
where (2). In the infant mouse test, a response was consid-
ered positive if the ratio of the intestinal weight to the
remaining body weight (FA ratio) was higher than 0.09 based
on the criteria for Escherichia coli heat-stable enterotoxin
proposed by Dean et al. (7). Mouse lethal toxicity was
assayed by the intravenous-injection method reported else-
where (2). Cytotoxicity was determined with Vero cells
labeled with Na251CrO4 (New England Nuclear Corp., Bos-
ton,- Mass.). The amount of hemolysin required for 50%
release of the radioactivity from 51Cr-labeled Vero cells was
calculated (9).

Neutralization tests. Neutralization tests were performed
by mixing the same quantities of the antiserum diluted
twofold serially and a solution of the purified hemolysin,
incubating the mixtures for 30 or 60 min at 37°C, and testing
them for hemolytic activity and fluid accumulation in infant
mouse intestines.

RESULTS

Production of hemolysin. DY medium supported abundant
growth of strains AH-1 and CA-11. The hemolysin produc-
tion by both strains seemed to be rapid, reaching maximum
levels very early in 6 and 9 h of incubation, respectively, and
decreasing quickly thereafter. The amount of hemolysin
produced by strain CA-11 in DY medium was about 1/30 that
produced by strain AH-1 (Fig. 1B). The growth of both
strains in MG medium gradually increased, but did not reach
the levels attained in DY medium. The largest amounts of
hemolysin produced by both strains in MG medium were
attained shortly before maximum growth (Fig. 1A). Strain
CA-11 produced hemolysin in a much larger quantity in MG
medium than in DY medium.

Purification of strain CA-11 hemolysin. The hemolysin
contained in culture supernatant was easily adsorbed onto
SP-Sephadex C-25 preswollen at pH 4.0. Having adsorbed
the hemolysin, the SP-Sephadex gel was packed into a
column, and elution was performed at pH 5.0. The elution
profile of the chromatography is illustrated in Fig. 2. The
hemolytic activity was eluted as a single peak. The recovery
and the specific activity of the hemolysin before and after
chromatography are shown in Table 1.

Characterization of strain CA-11 hemolysin. In PAGE with
a pH 4.0 gel, CA-11 hemolysin migrated as a single band at
a higher velocity than AH-1 hemolysin (Fig. 3A). With a pH
9.4 gel, the mobility rate of the former was lower than that of
the latter (Fig. 3B). In sodium dodecyl sulfate-PAGE, both
hemolysins, not treated or treated with dithiothreitol, mi-
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FIG. 2. Elution profile of hemolysin of strain CA-11 from SP-Sephadex. Elution was with a linear gradient of NaCl concentrations in 17
mM citric acid-33 mM Na2HPO4 buffer (pH 5.0). Symbols: *, protein contents; O, hemolytic activity; ....... NaCI concentration.

grated in a single band to the same positions; their molecular
weights were estimated at 50,000. In thin-layer isoelectric
focusing, CA-11 hemolysin migrated as a single band, and
the isoelectric point was found to be 7.60. The antiserum
against the hemolysin of strain CA-11 was tested for reac-
tivity with both the hemolysins. The agar gel double-
diffusion tests demonstrated that anti-CA-11 hemolysin con-
tained antibody recognizing AH-1 hemolysin and that CA-11
hemolysin possessed its unique antigenic determinant(s) as
illustrated by spur formation (Fig. 4A). The converse was
also the case; anti-AH-1 hemolysin recognized both
hemolysins, and it gave a spur of AH-1 hemolysin over
CA-11 hemolysin (Fig. 4B).
Comparison of biological activities between hemolysins of

strains CA-11 and AH-1. In the rabbit ileal-loop and infant
mouse tests, CA-11 hemolysin caused fluid accumulation, as
did AH-1 hemolysin. The specific enterotoxigenic activities
of CA-11 and AH-1 hemolysins were nearly the same. The
minimum lethal doses for mice of the two hemolysins were
also the same. The hemolytic activity and cytotoxicity of
CA-11 hemolysin, however, were about two or three times
higher than those of AH-1 hemolysin (Table 2). When both
hemolysins (10 ptg/ml) were treated with trypsin (twice
crystallized; Sigma Chemical Co., St. Louis, Mo.) at 1 mg/ml
or dithiothreitol (Sigma) at 5 mM for 30 min at pH 7.2 and
37°C, their hemolytic activities were as high as those before
treatment. All these biological activities of CA-11 hemolysin
were inactivated upon heating at 56°C for 5 min.

Neutralization tests. The results of neutralization tests with
the antisera against AH-1 and CA-11 hemolysins showed
that the homologous hemolysin was more effectively neu-
tralized than was the heterologous one. As for the hemolytic
activity, either antiserum inhibited the homologous hemoly-

TABLE 1. Purification of A. hydrophila CA-11 hemolysin

Material Vol Amt of Amt of HU/ RecoveryMaterial (ml) protein (mg) hemolysin HU (%(HU x 106)-

Culture supernatant 10,000 470 14.0 30 100
SP-Sephadex eluate 260 31.5 9.6 305 68.6

a HU, Hemolytic units.

sin about 15 times more efficiently than the heterologous one
(Fig. 5). In the infant mouse test, however, the neutralizing
activity of anti-CA-11 hemolysin appeared to be more effec-
tive than that of anti-AH-1 hemolysin over the homologous
hemolysin (Fig. 6).

DISCUSSION

In a previous study, we obtained a hemolysin from the
supernatant of a young culture of A. hydrophila AH-1 in DY
medium with vigorous aeration (2). Under the same condi-
tions, strain CA-11 barely produced hemolysin. The mini-
mal-salts medium of Riddle et al. (15) supplemented with
L-glutamic acid as a carbon source (MG medium) and the
prolonged still incubation, however, stimulated abundant
production of hemolysin by both strains. CA-11 hemolysin
produced in DY medium might have easily been inactivated
during incubation, since the growth of strain CA-11 reached
the same level as that of strain AH-1.
CA-11 hemolysin was purified by such simple procedures

as mere batch-wise adsorption onto SP-Sephadex C-25 and

:+

A 1 :$>
e. z., X

.a.

... .. :: f
:. i.

.;s

4
z
t

,a;
.. .'E$

Ujjuj :é

:.:s
_ ..l

.. J

2

.l
s

FIG. 3. PAGE of hemolysins at pHs 4.0 (A) and 9.4 (B). A 16-,ug
portion of purified hemolysin was applied to each column. Lanes 1,
AH-1 hemolysin; lanes 2, CA-11 hemolysin.
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FIG. 4. Agar gel double-diffusion tests. 1, AH-1 hemolysin (216
ug/Iml); 2, CA-11 hemolysin (107 ,ug/ml); 3, anti-CA-11 hemolysin in
panel A and anti-AH-1 hemolysin in panel B.

subsequent elution. These procedures gave a satisfactorily
high recovery of pure hemolysin.
The purified hemolysin of strain CA-11 migrated as a

single band in PAGE at pHs 4.0 and 9.4, and its mobility
rates under these conditions were different from those of
AH-1 hemolysin. The results were in accordance with the
finding that the isoelectric point of CA-11 hemolysin was

7.60, while that of AH-1 hemolysin was from 5.28 to 5.58 in
multiple forms (2). The molecular weight of CA-11 hemoly-
sin was the same as that of AH-1 hemolysin. Immunodiffu-
sion tests clearly showed that CA-11 hemolysin, although
immunologically related to AH-1 hemolysin, possessed
unique antigenic determinant(s). These results show that the
hemolysins produced by A. hydrophila are immunologically
and physicochemically different from each other. Wretlind
et al. (20) reported that A. hydrophila produced two
hemolysins with isoelectric points of 5.5 and 4.3. Their
purified hemolysins were inactivated with trypsin or dithio-
threitol; they were referred to as a-hemolysin (11). CA-11
hemolysin, however, had an isoelectric point different from
those found by Wretlind et al. (20). AH-1 and CA-11
hemolysins were both resistant to treatment with trypsin or
dithiothreitol. Besides, both hemolysins induced a clear
zone around the wells in a rabbit blood agar plate. From
these observations, AH-1 and CA-11 hemolysins might as
well be referred to as P-hemolysin (11).
The purified hemolysin of strain CA-11 caused fluid accu-

mulation in the infant mouse intestines and rabbit ileal loops
and killed Vero cells, showing that it is also a cytotoxic
enterotoxin. The specific activities of CA-11 hemolysin,
however, were not the same as those of AH-1 hemolysin.
CA-11 hemolysin possessed a hemolytic activity and
cytotoxicity to Vero cells about two or three times higher
than those of AH-1 hemolysin on the protein basis. Neutral-
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FIG. 5. Neutralization tests of hemolytic activities of AH-1 and
CA-11 hemolysins with the two antihemolysin sera. Hemolysin (40
ng/ml) was mixed with an equal volume of serially diluted antiserum.
After incubation for 30 min at 37°C, the hemolytic activities were
determined as described in Materials and Methods.

ization tests with antihemolysin sera revealed immunological
cross-reactivity between AH-1 and CA-11 hemolysins. The
antiserum to each hemolysin more effectively neutralized the
homologous hemolysin in terms of the hemolytic activity and
the fluid accumulation in infant mouse intestines. The neu-
tralizing activity of anti-CA-11 hemolysin was more effective
than that of anti-AH-1 hemolysin, which may have been due
to the different potencies of the antisera. Anti-CA-11 hemo-
lysin formed precipitin lines with both hemolysins at a higher
dilution than anti-AH-1 hemolysin.

Further studies seem warranted to find the epidemiologi-
cal significance of the two immunologically similar but
distinct hemolysins. Hemolysin-producing A. hydrophila in
fecal specimens has been correlated with diarrheal disease
(3, 16). A. hydrophila is paid more attention as an environ-
mental pathogen and is frequently found in water sources (4,
13, 16). The two hemolysins reported herein must constitute

TABLE 2. Biological activities of A. hydrophila hemolysins

Minimum dose causing

Source of Hemolytic Cytotoxicity
hemolysin activity Fluid FA > 0.09e Mouse to Vero

(HU/p.g)a ~~accumulation' ng lethalityd clels
(ng) (ng) (ng/ml)

CA-11 280 10 50 60 3.7
AH-1 90 5 50 60 6.2

a HU, Hemolytic units.
b In 50% or more of intestinal loops (n = 6) in rabbit loop test.
C In infant mouse test. FA, Ratio of intestinal weight/remaining body weight.
d Within 24 h.
e50%c' release of 5'Cr.
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FIG. 6. Neutralization tests by infant mouse assay. Hemolysin (4
,ug/ml) was mixed with an equal volume of serially diluted anti-
serum, and the mixture was incubated for 60 min at 37°C. After
incubation, a 0.1-ml portion of the mixture was administered
intragastrically. The animals were sacrificed 4 h after administration
of the mixture. FA ratio, Ratio of intestinal weight/remaining body
weight.

useful tools for epidemiological studies to clarify the entero-
pathogenic potential of A. hydrophila.
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