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Hemostasis of Tiger Prawn Penaeus monodon Affected by Vibrio
harveyi, Extracellular Products and a Toxic Cysteine Protease
Submitted 06/21/99
(communicated by Ernest Beutler, M.D., 07/02/99)

Kuo-Kau Lee, Yi-Ling Chen, Ping-Chung Liu

ABSTRACT: The effects of bacterial cells, extracellular products (ECP) and a purified cysteine protease of Vibrio harveyi
on hemostasis and plasma components of tiger prawn (Penaeus monodon) were studied. The clotting ability of the
hemolymph withdrawn from moribund prawns pre-injected with the bacteria, ECP, cysteine protease or PBS (control) was
observed for 2 h at 25 C. Of these, only the control group was clottable while all the other groups were unclottable. A
component of the plasma, previously identified as coagulogen-like protein, was further confirmed to be a coagulogen by the
comparison of plasma with serum on non-reduced SDS-PAGE or using rabbit antiserum to the coagulogen-like protein (Rα
coagulogen) to neutralize the clotting ability of normal prawn hemolymph. The coagulogen was reduced in amount in
plasma of moribund prawns after injection with the bacteria, ECP or cysteine protease while it apparently disappeared after
pre-incubation with the ECP or cysteine protease for 2 h at 25 C compared with normal prawn plasma as observed in crossed
immunoelectrophoresis (CIE) gels. The reduction of the amount of coagulogen in plasma of moribund prawns was also
evident in CIE gels using Rα coagulogen. In addition, the apparent disappearance of the coagulogen mentioned above was
eventually proven to be due to the change of its migration rate in CIE gels after pre-incubation with ECP or cysteine
protease, since the disappeared coagulogen arc (arc 2) (migrated into arc 1) could be visualized by using Rα coagulogen or
by reducing the time for pre-incubation from 2 h to 30 min. Thus, the effects of cysteine protease on plasma coagulogen
observed in vitro and in vivo may markedly interfere with hemostasis leading to the occurrence of unclottable hemolymph.
These complex events may significantly contribute to the pathogenicity of V. harveyi in the prawn.
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INTRODUCTION

Vibrio harveyi is commonly present in
various marine and brackish habitats, i.e., warm
marine waters, surfaces of marine animals, light
organs of certain marine fish and cephalopods,
and intestine of aquatic animals (1-8). Only in this
decade has the virulence of this species been
recognized in a small but expanding list of
cultured marine animals particularly in penaeids in
Asia and Australia (9-18). Mass mortalities of
Penaeus monodon and larvae or juveniles
associated with luminous vibrios have been
observed in hatcheries or farms in Australia (9),
China (10), India (11), Indonesia (12), Thailand
(13), the Philippines (14, 15), and Taiwan
(16, 17).

A variety of extracellular proteases produced
by a few Vibrio species isolated from sea water,

fish and shellfish have been isolated and examined
with respect to their enzymatic properties and/or
virulence. The majority of these studies are
focused on the species of V. anguillarum because
of its foremost importance as a fish pathogen (19-
24). Two proteases produced by V. alginolyticus
NCMB 1339, one metalloprotease produced by
V. alginolyticus S3y, and one serine protease
produced by V. alginolyticus Swy have also been
described to be toxic to larval Ostrea edulis (25,
26), juvenile Epinephelus malabaricus (27) and
Penaeus japonicus (28), respectively. Three
extracellular alkaline metal-chelator-sensitive
proteases produced by V. harveyi isolated from
sea water have also been reported (29, 30).
However, no information is available concerning
the pathological role of these proteases from V.
harveyi played in aquatic animals.
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Recently, massive losses of P. monodon and
P. japonicus attributed to this luminous Vibrio
species have been observed frequently in farms in
Taiwan (16, 17, 31). The pathogenicity of
different strains of V. harveyi and their
extracellular products (ECP) has been reported
(16). In addition, a novel 38-kDa cysteine
protease produced by this Vibrio species strain
820514 has also been purified (32) and
characterized as a major exotoxin (33).

In the present communication, we investigate
the effects of the bacteria, ECP and purified
cysteine protease of strain 820514 on hemostasis
and plasma components of P. monodon in vitro
and in vivo. The reaction of the cysteine protease
with the major affected plasma component,
coagulogen, and its implication in the
pathogenesis in P. monodon is discussed.

MATERIALS AND METHODS

Bacteria and Extracellular Products (ECP)

Luminous V. harveyi strain 820514,
originally isolated from diseased tiger prawn
Penaeus monodon in Taiwan in 1993, was used in
this study (16). Stock cultures of strain 820514
were grown on tryptic soy agar (TSA; Oxoid,
Basingstoke, England) supplemented with 1.5 %
NaCl for 16 h at 25 C. Two swabs of these
bacteria suspended in 5 ml phosphate buffered
saline (PBS) pH 7.2 were either washed 3 times
with PBS for adjustment of bacterial cells used in
the experiments or spread onto TSA (+1.5 %
NaCl) overlaid with sterile cellophane and grown
for 24 h at 25 C. The ECP was harvested as
previously described (34). Briefly, 15 ml of PBS
was added to the surface of the cellophane
overlay of TSA (+ 1.5 % NaCl) and spread
completely. The harvested bacterial suspension
was then centrifuged at 25,000 g for 60 min at 4
C; the pellet was discarded. The supernatant
fluids were passed through a 0.22-µm filter
(Millipore Corp., Bedford, Mass.), and the ECP

was stored in 1-ml aliquots at -70 C. Total protein
was measured by the method of Bradford (35)
with bovine serum albumin (BSA) as the
standard.

Purification of Extracellular Protease

Purification of the 38-kDa cysteine protease
was described in a previous study (32). Briefly,
the protease was purified from the extracellular
products of strain 820514 to apparent
homogeneity by a combination of ammonium
sulfate precipitation, hydrophobic interaction
chromatography and anion-exchange (Mono Q)
Fast Protein Liquid Chromatography.

Experimental Prawns

Intermoult tiger prawns (P. monodon)
weighing approximately 20 g were separately held
in tanks (2,500 liter) supplied with air-lifted 3%
salinity sea water at 25-28 C. Hemolymph was
collected from a batch of 10 prawns by inserting a
25-gauge needle attached to a 1-ml syringe
containing 0.25 ml of modified citrate/EDTA
buffer (anticoagulant) (36) into the site between II
and III pleopod and 0.75 ml of hemolymph was
withdrawn from each prawn. The pooled
hemolymph was then centrifuged at 850 g for 20
min, with the resultant supernatant being collected
as prawn plasma. To obtain serum, hemolymph
was collected as described above except that no
anticoagulant was used in the collection syringe.
Serum was collected by centrifuging (850 g, 20
min) hemolymph that had been allowed to clot.

Rabbit Antisera

Antiserum to normal tiger prawn plasma (Rα
plasma) was raised in a rabbit. The initial injection
consisted of 0.2 ml of plasma (17 mg protein)
mixed with 2.8 ml PBS which had then been
emulsified in 3 ml complete Freund’s adjuvant
(Sigma). Two booster injections of the same
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Freund’s adjuvant (Sigma) was given at the 2 and
4 week post initial injection, separately. The
antiserum was collected 2 weeks later and 1 ml
aliquots stored at -70 C. Rabbit antiserum to the
BSA (Rα BSA) was obtained from our previous
study (37). Antiserum to the plasma coagulogen-
like protein was also raised in a rabbit using a
protocol similar to that described above. The
coagulogen-like protein antigen(s) was excised
from a portion of the precipitation arc 2 in CIE
gel as shown in Figure 1 (38) by using the
Multiphor II System as previously described (39).
In brief, 20 µl of prawn plasma was
electrophoresed in the first dimension at 10 V/cm
for 70 min. The second dimension gel contained
3% (v/v) Rα plasma and electrophoresis was
conducted at 2 V/cm for 16 h in 0.05 M tris-
barbiturate buffer, pH 8.6. Gels were pressed,
washed with 0.1 M NaCl three times, dried and
stained with Coomassie brilliant blue R 250. The
excised gels (from two similar CIE gels) were

 

Figure 1. Profile of crossed immunoelectrophoresis (CIE) gel
(Multiphor II system) of normal prawn plasma (pool of six tiger
prawns, 84 mg protein/ml) against rabbit antiserum to normal
plasma of tiger prawns (Rα plasma), plasma + tris-barbital
buffer (1:1, v/v).

mixed and homogenized prior to each
immunization in the rabbit.

Clotting Ability of Hemolymph from Challenged
Prawns

Batches of 6 prawns were injected
intramuscularly (i.m.) with 0.1 ml of samples
(4.63 × 106 colony forming unit V. harveyi/g
prawn), 2.67 µg protein ECP/g prawn, or 0.61 µg
protein cysteine protease/g prawn) at the site
between 4th and 5th abdominal segments (40).
Sterile PBS was injected i.m. into animals as
parallel controls. The animals were observed for
24 h post injection. For the determination of
clotting ability of the challenged prawns, 0.5 ml of
hemolymph was withdrawn from moribund or
control prawns and recorded for 2 h at 25 C. In
addition, the hemolymph and plasma of the
prawns were collected as described above and
used for crossed immunoelectrophoresis (CIE).

SDS-PAGE

Phastgel gradient (4-15%) polyacrylamide
(Pharmacia) was employed in sodium dodecyl
sulfate- polyacrylamide gel electrophoresis (SDS-
PAGE) and used to determine the differences of
protein bands between prawn plasma and serum.
Pharmacia high molecular-mass calibration kits
were used as marker proteins. Electrophoresis
was conducted under non-reducing condition on
the PhastSystem (Pharmacia) according to the
recommendations of the manufacturer. The SDS
sample buffer (without adding 2-
mercaptoethanol) was composed of 10 mM Tris-
HCl, 1mM EDTA, 1% SDS, 0.5% bromophenol
blue, 20% glycerol and the pH level was adjusted
to pH 8. After electrophoresis, the gels were
stained with Coomassie brilliant blue R 250.

Clotting Tests of Hemolymph from Normal
Prawns

For clotting tests, 0.5 ml hemolymph was
collected from each of eight normal prawns by the
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 method described above without adding the
anticoagulant and then 0.1 ml of it was directly
added to each Eppendorf tube, either empty or
containing 0.1 ml of the anticoagulant, Rα BSA,
Rα coagulogen and PBS, separately. The clotting
ability of the treated samples was observed for 1
and 2 h at 25 C. The formation of a gel was
scored as clottable otherwise scored as
unclottable.

CIE Using the PhastSystem

In studies of the effects of bacterial cells,
ECP and the 38-kDa cysteine protease of V.
harveyi on the plasma components of tiger
prawns, CIE was performed using the
PhastSystem (Pharmacia) as described by the
manufacturer’s note (PhastSystem Technical Note
No. 3, Pharmacia LKB Biotechnology, Sweden).
Briefly, 2 µl of each sample was electrophoresed
in the first dimension at 70 V for 30 min. The
second dimension gel contained 10% (v/v) rabbit
antiserum and was electrophoresed at 50 V for 75
min in 0.07 M tris-barbital buffer (buffer strip,
0.35 M tris-barbital buffer), pH 8.6. CIE gels
were pressed, washed with 0.1 M NaCl three
times, dried and stained with Coomassie brilliant
blue R 250. Bacterial cells (109 colony forming
unit/ml), ECP (648 µg protein/ml), the cysteine
protease (50.4 µg protein/ml) or 0.07 M tris-
barbital buffer were incubated with an equal
volume of normal prawn plasma or serum for 2 h
or 30 min at 25 C prior to the CIE.

RESULTS

ECP and Purified Cysteine Protease

The ECP of V. harveyi strain 820514 were
harvested after 24 h of incubation of the culture at
25 C. The total protein of the ECP and purified
38-kDa cysteine protease was 648 and 50.4 µg
protein/ml, respectively.

Clotting Ability of Hemolymph from Challenged
Prawns

All the prawns pre-challenged with bacteria,
ECP or cysteine protease were moribund while
none of the prawns pre-injected with PBS
(controls) died within 24 h. The hemolymph
withdrawn from the moribund prawns and the
controls was unclottable within 2 h and clottable
within 1 h, respectively.

SDS-PAGE

One 380 kDa protein band and one high
molecular-mass polymer were present in the
plasma but both of them were absent from the
serum (Figure 2).

Clotting Tests of Hemolymph from Normal
Prawns

Table 1 shows that Rα coagulogen and the
anticoagulant (modified EDTA/citrate buffer)
could cause the normal prawn hemolymph to
become unclottable. In the other treatments, all
the hemolymph was clottable within 1 h except
hemolymph of the No. 7 prawn pre-injected with
PBS. However, it was clottable within 2 h.

CIE

As component 2 (arc 2) was present in the
plasma (Figures 1 and 3a) but was absent from
the serum (Figure 3b), it appeared to be a
coagulogen (also see reference 38). Components
1 and 3 have been previously suggested to be
another type of hemocyanin or a moult-related
protein and hemocyanin, respectively (38). Using
Rα coagulogen against plasma in CIE gels, only
one major arc (component 2) and one smaller arc
(component u) were visualized in the plasma
(Figure 3c). This component u was an unknown
factor (contaminant) present in both of the plasma
and serum (Figures 3c and 3d).
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Figure 2. Unreduced SDS-PAGE of normal plasma and serum of
tiger prawns stained with Coomassie brilliant blue R250. M:
marker proteins (2 µg protein) (myosin, 212 kDa; α 2-
macroglobulin, 170 kDa; β-galactosidase, 116 kDa; transferrin,
76 kDa; glutamic dehydrogenase, 53 kDa). P: normal prawn
plasma (4.2 µg protein). S: normal prawn serum (5.0 µg
protein).HMP: high molecular-mass polymer.

Following in vivo bacterial, ECP or cysteine
protease challenge, the amount of plasma
coagulogen all appeared to be reduced with the
greatest reduction occurring in the bacteria
treated group using Rα plasma against each
plasma in CIE gels (cf. Figures 4A and 3a).
Similar observations were also made using Rα
coagulogen against each plasma in the CIE gels
(Figure 4B). Component 3 apparently migrated
faster in plasma of ECP challenged prawns (cf.
Figures 4Ab and 3a). After in vitro bacterial, ECP
or cysteine protease exposure for 2 h, a fast-
migrating component 2 could only be visualized in
the bacteria treated group (Figure 5Aa) while

component 2 seemed to have disappeared in the
other two groups treated with ECP or cysteine
protease (Figures 5Ab and 5Ac) using Rα plasma
against each plasma in CIE gels. Component 3
also apparently migrated faster in plasma treated
with ECP (Figure 5Ab).

After further in vitro ECP or cysteine
protease exposure for 30 min, a shoulder in
component 2 area was visualized in ECP treated
group (Figure 6Aa) but a fast migrating
component 2 was visualized in cysteine protease
treated group (Figure 6Ab), using Rα plasma
against the respective plasma in CIE gels. An
apparently fast-migrated component 3 could also
be visualized in ECP treated group (Figure 6Aa).

Component 2 which seemed to have
disappeared (see Figures 5Ab and 5Ac) could be
visualized using Rα coagulogen against the
respective plasma in CIE gels (Figures 5Bb and
5Bc). A shoulder in component 2 area in ECP
treated group (see Figure 6Aa) or the fast
migrating component 2 in protease treated group
(see Figure 6Ab) could also be visualized using
Rα coagulogen against the respective plasma in
CIE gels (Figures 6Ba and 6Bb). The results

Table 1. Clotting tests of hemolymph withdrawn from eight
normal tiger prawns Penaeus monodon in different treatments

                                              Normal P. monodon
Treatment 1 2 3 4 5 6 7 8
Blank 1 h + + + + + + + +*

2 h + + + + + + + +
+ anticoagulant** 1 h - - - - - - - -*

2 h - - - - - - - -
+ Rα coagulogen*** 1 h - - - - - - - -

2 h - - - - - - - -
+ Rα BSA*** 1 h + + + + + + + +

2 h + + + + + + + +
+ PBS 1 h + + + + + + - +

2 h + + + + + + + +

* +, clottable; -, unclottable.
** Modified EDTA/citrate buffer.
*** Rα coagulogen, rabbit antiserum to coagulogen; Rα
BSA, rabbit antiserum to bovine serum albumin.
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revealed that the in vitro exposure of plasma to
the bacteria, ECP or cysteine protease all caused
component 2 (coagulogen) to migrate faster in the
CIE gels.

DISCUSSION

In the present study, we attempted to
investigate the effects of the pathogenic V.
harveyi 820514 strain, its ECP and purified 38-

Figure 3. Profiles of CIE gels of normal prawn plasma (84 mg protein/ml) or serum (101 mg protein/ml) against rabbit antiserum to
normal prawn plasma (Rα plasma) or rabbit antiserum to coagulogen (Rα coagulogen). a: normal plasma + tris-barbital buffer, (1:1, v/v)
against Rα plasma; b: normal serum + tris-barbital buffer, (1:1, v/v) against Rα plasma; c: normal plasma + tris-barbital buffer, (1:1, v/v)
against Rα coagulogen; d: normal serum + tris-barbital buffer, (1:1, v/v) against Rα coagulogen.
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kDa cysteine protease on hemostasis of tiger
prawn. Since prawn/shrimp were more sensitive
to vibriosis when infected in premoult than

intermoult (41), intermoult tiger prawns were
used in all of the experiments reported here to
avoid possible errors. Although coagulation in

Figure 4. Profiles of CIE gels of moribund prawn plasma pre-challenged with V. harveyi, ECP or cysteine protease against Rα plasma or
Rα coagulogen. A: First dimension: (a) pre-challenged with V. harveyi (4.63 × 106 CFU/g prawn); (b) pre-challenged with ECP (2.67 µg
protein/g prawn); (c) pre-challenged with cysteine protease (0.61 µg protein/g prawn). Second dimension: Rα plasma. B: First dimension:
(a)  pre-challenged with V. harveyi (4.63 × 106 CFU/g prawn); (b) pre-challenged with ECP (2.67 µg protein/g prawn); (c)  pre-challenged
with cysteine protease (0.61 µg protein/g prawn). Second dimension: Rα coagulogen.
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prawn is generally very strong and rapid (42), the
present results showed that intramuscular
injection of the bacteria, ECP or cysteine protease

into tiger prawns resulted in the occurrence of
moribund prawns with unclottable hemolymph.
This interesting phenomenon stimulated us to

Figure 5. Profiles of CIE gels of normal prawn plasma (84 mg protein/ml) pre-incubated with V. harveyi, ECP or cysteine protease for 2 h
against Rα plasma or Rα coagulogen. A: First dimension: (a) pre-incubated with V. harveyi ( 109 CFU/ml) (1:1, v/v); (b) pre-incubated
with ECP (648 µg protein/ml) (1:1, v/v); (c) pre-incubated with cysteine protease (50.4 µg protein/ml) (1:1, v/v). Second dimension: Rα
plasma. B: First dimension: (b) pre-incubated with ECP (648 µg protein/ml) (1:1, v/v); (c) pre-incubated with cysteine protease (50.4 µg
protein/ml) (1:1, v/v). Second dimension: Rα coagulogen.
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examine the fate of the plasma clotting related
protein, coagulogen, in vitro and in vivo.
Component 1 and 3 in the plasma or the serum
are possibly another type of hemocyanin or a
moult-related protein and hemocyanin,
respectively, comparable to those reported in

other studies (38, 43, 44). As shown in Figures 1
and 3a, component 2 was present in the plasma
but was absent from the serum (Figure 3b),
suggesting that it may be the coagulogen similar
to previous studies (28, 42-44). In addition, one

A

B

Figure 6. Profiles of CIE gels of normal prawn plasma (84 mg protein/ml) pre-incubated with ECP or cysteine protease for 30 min against
Rα plasma or Rα coagulogen. A: First dimension: (a) pre-incubated with ECP (648 µg protein/ml) (1:1, v/v); (b) pre-incubated with
cysteine protease (50.4 µg protein/ml) (1:1, v/v). Second dimension: Rα plasma. B: First dimension: (a) pre-incubated with ECP (648 µg
protein/ml) (1:1, v/v); (b) pre-incubated with cysteine protease (50.4 µg protein/ml) (1:1, v/v). Second dimension: Rα coagulogen.
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380 kDa protein and one polymer were present in
the plasma but absent from the serum on non-
reduced SDS-PAGE (Figure 2). This was exactly
the same as that of the purified 380-kDa clottable
protein of the tiger prawn (45), and was also
similar to the purified coagulogen of kuruma
prawn which shows one 360-kDa protein and one
polymer band using similar protocol (46). A
portion of component 2 (as indicated in Figure 1)
was accordingly excised and used to raise
antiserum in a rabbit (Rα coagulogen). The
clotting ability of hemolymph withdrawn from
normal prawns could be inhibited/neutralized by
the addition of Rα coagulogen similar to the use
of anticoagulant (Table 1). The use of Rα BSA
did not hinder the clotting ability of hemolymph
indicating the neutralization of hemolymph
clotting ability we have demonstrated is not
associated with the presence of rabbit serum
components including high amount of non-
specific immunoglobulins. Since component 2 was
only present in the plasma using Rα plasma or Rα
coagulogen in CIE, and together with the above
results of non-reduced SDS-PAGE and the
neutralization of hemolymph clotting ability, we
confirm it to be the plasma coagulogen of the
tiger prawn.

As the bacterium and its ECP is virulent to
the prawn (16), and cysteine protease is the major
exotoxin of the bacterium (33), the effects we
have reported may be a direct consequence and
are crucial in determining the pathogenic
mechanism. Presumably the coagulogen was
degraded in the treatments and is somewhat
analogous to fibrinolysis in the well-known human
system. A further study on the change of
molecular weight of the coagulogen in in vitro
and in vivo treated plasmas to resolve this
possibility is now under investigation. To our
knowledge, the present work is the first which
demonstrates the in vivo effects of bacteria, ECP
and protease on prawn hemostasis though an in
vitro study has been performed on penaeids using
ECP and a partially purified serine protease of V.
alginolyticus (38). In the latter study, exposure to

the toxic serine protease of V. alginolyticus alters
the migrating rate of the putative plasma
coagulogen. This phenomenon was also found in
the present in vitro study using the purified
cysteine protease of V. harveyi which is also toxic
to tiger prawn (33). However, we still have no
explanation for such a physical alteration caused
by toxic Vibrio proteases. In addition, we also
have no explanation for the appearance of the
fast-migrating coagulogen after in vivo or in vitro
exposure of prawns or plasma to the ECP
(Figures 4Ab, 5Ab and 6Aa). As the apparent
disappearance of plasma coagulogen after in vitro
exposure to the ECP or protease is simply a time-
course effect found in the present study, such a
finding may be useful in explaining why in vitro
exposure to the ECP results in a similar
phenomenon and exposure to the partially purified
protease only alters the migration rate, a
phenomenon which has not been resolved in a
previous report (38).

In the in vivo study, the apparent reduction
of plasma coagulogen found in all the three
challenged groups may be the cause of the
unclottable hemolymph. This result is not the
same as that found in the in vitro exposure, which
apparently caused formation of fast-migrating
coagulogen. However, coagulogen is the shared
plasma component affected by these treatments.
From the results presented here, it is clear that the
cysteine protease plays an important role in
interfering with prawn hemostasis and coagulogen
is the evident target. As coagulation of the
crustacean hemolymph plays an essential defense
role concerning the prevention of both the loss of
blood (hemolymph) through breaks in the
exoskeleton and the dissemination of bacteria
throughout the body (44), the present observable
phenomenon of unclottable hemolymph may well
facilitate the dissemination and propagation of V.
harveyi in its natural host (tiger prawn) though
the definite mechanism responsible for the in vivo
inactivation of clotting ability by the bacteria
remains unproven. Presumably the secreted
cysteine protease is the factor that provides the
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bacterium with this ability, leading to bacteremia
in the prawn. A similar appearance of unclottable
hemolymph, as that found in our present study,
has also been demonstrated in a previous study
injecting a partially purified serine protease of V.
alginolyticus into kuruma prawns (28). However,
this unique aspect resulting in the inactivation of
hemolymph clotting ability by Vibrio proteases in
vivo is in contrast to the activation of blood
clotting factors by microbial proteases in
vertebrates leading to the generation of thrombin
in vitro (47).

The present interesting finding may possibly
reflect the existence of different hemostatic
response between vertebrates and invertebrates
(penaeids) toward microbial infection. As well-
reviewed by Muta and Iwanaga (48), there are
two types of clotting mechanisms in invertebrate
animals. One of these is found in crustacean and
insects where a gel is formed through the
polymerization of clottable protein(s), catalyzed
by a Ca2+-dependent transglutaminase that is
released from the hemocytes or muscle cells
through an unknown mechanism. The other type
of coagulation (in horseshoe crab or limulus)
proceeds as a cascade-type of reaction composed
of serine protease zymogens as is mammalian
blood coagulation system. Therefore, another
possibility may exist that the lack of clotting
ability in prawn hemolymph is an indirect effect
caused by bacteria and toxins by interfering with
the polymerization of clottable protein or Ca2+-
dependent transglutaminase, but these complex
events are still unclear.

Currently, no bacterial protease has been
shown to contribute to the inactivation of blood
clotting. Our present results describe the in vivo
and in vitro effects of bacterial, ECP and cysteine
protease on prawn coagulogen/hemostasis. As the
crustacean clotting mechanism is much simpler
than that of vertebrates so far known (49, 50), the
present results have allowed development of in
vitro and in vivo models for investigating
pathophysiological changes of penaeids caused by
V. harveyi infection, with a particular emphasis on

the relationship among hemolymph coagulation,
disease and bacteremia/sepsis.

ACKNOWLEDGMENTS

This research was supported in part by grants
from the National Science Council (NSC 88-
2313-B-019-034) and the Council of Agriculture
(COA-87-AST-1.4-FID-6(12)-6, Republic of
China. We thank Mr. C.-C. Tu for technical
assistance in maintaining the experimental animals
used in this study.

REFERENCES

1. Baumann P, Baumann L, Mandel M. Taxonomy of
marine bacteria: the genus Beneckea. J Bacteriol
107:268–294, 1971.

2. O’Brien CH, Sizemore RK. 1979. Distribution of the
luminous bacterium Beneckea harveyi in a
semitropical estuarine environment. Appl Environ
Microbiol 38:928–933, 1979.

3. Ruby EG, Morin JG. Luminous enteric bacteria of
marine fish: a study of their distribution, densities and
dispersion. Appl Environ Microbiol 38:406–411,
1979.

4. Ramesh A, Nandakumar R, Venugopalan VK. Enteric
luminous microflora of the pond- cultured milk fish
Chanos chanos (Forskal). Microb Ecol 12:231–235,
1986.

5. Ramesh A, Venugopalan VK. Luminous microflora
associated with the fishes Mugil cephalus and
Tachysurus arius. FEMS Microbiol Ecol 53:27–34,
1987.

6. Ramesh A, Venugopalan VK. Response of enteric
luminous bacteria to environmental conditions in the
gut of the fish. J Appl Bacteriol 66:529–533, 1989.

7. Kraxenberger-Beatty T, McGarey DJ, Grier HJ, Lim
DV. Vibrio harveyi, an opportunistic pathogen of the
common snook, Centropomus unidecimalis (Bloch),
held in captivity. J Fish Dis 13:557–560, 1990.

8. Pass DA, Dybdahl R, Mannion MM. Investigation
into the causes of mortality of the pearl oyster,
Pinctada maxima (Jamson), in Western Australia.
Aquaculture 65:149–169, 1987.

9. Pizzutto M, Hirst RG. Classification of isolates of
Vibrio harveyi virulent to Penaeus monodon larvae by
protein profile analysis and M13 DNA fingerprinting.
Dis Aquat Org 21:61–68, 1995.



Lee, Chen, and Liu Blood Cells, Molecules, and Diseases (1999) 25(13) July 15: 180−192
Article ID bcmd.1999.0244

191

10. Vandenberghe J, Li Y, Verdonck L, et al. Vibrios
associated with Penaeus chinensis (Crustacea:
Decapoda) larvae in Chinese shrimp hatcheries.
Aquaculture 169:121–132, 1998.

11. Karunasagar I, Pai R, Malathi GR, Karunasagar I.
Mass mortality of Penaeus monodon larvae due to
antibiotic-resistant Vibrio harveyi infection.
Aquaculture 128:203–209, 1994.

12. Sunaryanto A, Mariam A. Occurrence of a pathogenic
bacteria causing luminescence in penaeid larvae in
Indonesian hatcheries. Bull Brackishwater Aquacult
Dev Cent 8:64–70, 1986.

13. Jiravanichpaisal P, Miyazaki T, Limsuwan C.
Histopathology, biochemistry, and pathogenicity of
Vibrio harveyi infecting black tiger prawn Penaeus
monodon. J Aquat Anim Heal 6:27–35, 1994.

14. Baticados MCL, Lavilla-Pitogo CR, Cruz-Lacierda
ER, de la Pena LD, Sunaz NA.Studies on the
chemical control of luminous bacteria V. harveyi and
V. splendidus isolated from diseased P. monodon
larvae and rearing water. Dis Aquat Org 9:133–139,

15. Lavilla-Pitogo CR, Baticados MCL, Cruz-Lacierda
ER, de la Pena EL. Occurrence of luminous bacterial
disease of Penaeus monodon larvae in the Philippines.
Aquaculture 91:1–13,1990.

16. Liu P-C, Lee K-K, Chen S-N. Pathogenicity of
different isolates of Vibrio harveyi in tiger prawn,
Penaeus monodon. Lett Appl Microbiol 22:413–416,
1996.

17. Song Y-L, Lee SP. Characterization of ecological
implication of luminous Vibrio harveyi isolated from
tiger shrimp (Penaeus monodon). Bull Inst Zool Acad
Sin 32:217–220, 1993.

18. Alvarez JD, Austin B, Alvarez AM, Reyes H. Vibrio
harveyi: a pathogen of penaeid shrimps and fish in
Venezuela. J Fish Dis 21:313–316, 1998.

19. Egidius E. Vibriosis: pathogenicity and pathology. A
review. Aquaculture 67:15–28, 1987.

20. Farrell DH, Crosa JH. Purification and
characterization of a secreted protease from the
pathogenic marine bacterium Vibrio anguillarum.
Biochemistry 30:3432–3436, 1991.

21. Inamura H, Nakai T, Muroga K. An extracellular
protease produced by Vibrio anguillarum. Bull Japan
Soc Sci Fish 51:1915–1920, 1985.

22. Morita J, Suzuki S, Kusuda R. Protease production
profiles of the fish pathogen Listonella anguillara
based on substrate specificities. Fish Sci 60:741–745,
1994.

23. Norqvist A, Norrman B, Wolf-Watz H. Identification
and characterization of a zincmetalloprotease
associated with invasion by the fish pathogen Vibrio
anguillarum. Infect Immun 58:3731–3736, 1990.

24. Stensvag K, Jorgensen TO, Hoffman J, Hjelmeland K,
Bogwald J. Partial purification and characterization of
extracellular metalloproteases with caseinolytic,
aminopeptidolytic and collagenolytic activities from
Vibrio anguillarum. J Fish Dis 16:525–539, 1993.

25. Nottage AS, Birkbeck TH. Purification of a proteinase
produced by the bivalve pathogen Vibrio alginolyticus
NCMB 1339. J Fish Dis 10:211–220, 1987.

26. Nottage AS, Birkbeck TH. Production of proteinase
during experimental infection of Ostrea edulis L.
larvae with Vibrio alginolyticus NCMB 1339 and the
antigenic relationship between proteinase produced by
marine vibrios pathogenic for fish and shellfish. J
Fish Dis 10:265–273, 1987.

27. Lee K-K. Pathogenesis studies on Vibrio alginolyticus
in the grouper, Epinephelus malabaricus, Bloch et
Schneider. Microb Pathog 19:39–48, 1995.

28. Lee K-K, Yu S-R, Liu PC. Alkaline serine protease is
an exotoxin of Vibrio alginolyticus in kuruma prawn,
Penaeus japonicus. Curr Microbiol 34:110–117,
1997.

29. Fukasawa S, Nakamura K, Kamii A, Ohyama Y,
Osumi M. Purification and properties of a proteinase
from a marine luminous bacterium, Vibrio harveyi
strain FLA-11. Agric Biol Chem 52:435–441, 1988.

30. Fukasawa S, Nakamura K, Miyahira M, Kurata M.
1988. Some properties of two proteinases from a
luminous bacterium, Vibrio harveyi strain FLN-108.
Agric Biol Chem 52:3009–3014, 1988.

31. Liu P-C, Lee K-K, Yii K-C, Kou GH, Chen S-N.
Isolation of Vibrio harveyi from diseased kuruma
prawns Penaeus japonicus. Curr Microbiol 33:129–
132, 1996.

32. Liu P-C, Lee K-K, Tu C-C, Chen S-N. Purification
and characterization of a cysteine protease produced
by pathogenic luminous Vibrio harveyi. Curr
Microbiol 35:32–39, 1997.

33. Liu P-C, Lee K-K. Cysteine protease is a major
exotoxin of pathogenic luminous Vibrio harveyi in the
tiger prawn, Penaeus monodon. Lett Appl Microbiol
28:428–430, 1999.

34. Lee K-K, Ellis AE. Glycerophospholipid: cholesterol
acyltransferase complexed with lipopolysaccharide
(LPS) is a major exotoxin and cytolysin of Aeromonas
salmonicida: LPS stabilizes and enhances toxicity of
the enzyme. J Bacteriol 172:5382–5393, 1990.

35. Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal
Biochem 72:248–254, 1976.

36. Lee K-K, Chen F-R, Liu PC. A haemocytolytic assay
for tiger prawn, Penaeus monodon. Fish Shellfish
Immunol 5:385–387, 1995.

 



Blood Cells, Molecules, and Diseases (1999) 25(13) July 15: 180−192 Lee, Chen, and Liu
Article ID bcmd.1999.0244

192

37. Lee K-K, Liu P-C, Kou GH, Chen S-N. Passive
immunization of the tiger prawn Penaeus monodon
using rabbit antisera to Vibrio harveyi. Lett Appl
Microbiol 25:34–37, 1997.

38. Lee K-K, Chen F-R, Yu SR, Yang T-I, Liu P-C.
Effects of extracellular products of Vibrio
alginolyticus on penaeid prawn plasma components.
Lett Appl Microbiol 25:98–100, 1997.

39. Lee K-K, Ellis AE. Interaction between salmonid
serum components and the extracellular haemolytic
toxin of Aeromonas salmonicida. Dis Aquat Org
11:207–216, 1991.

40. Vera P, Navas JI, Quintero MC. Experimental study
of the virulence of three species of vibrio bacteria in
Penaeus japonicus (Bate 1881) juveniles. Aquaculture
107:119–123, 1992.

41. Le Moullac G, Le Groumellec M, Ansquer D,
Froissard S, Levy, Aquacop. Haematological and
phenoloxidase activity changes in the shrimp Penaeus
stylirostris in relation with the moult cycle: protection
against vibriosis. Fish Shellfish Immunol 7:227–234,
1997.

42. Rodriguez J, Boulo V, Mialhe E, Bachère E.
Characterization of shrimp haemocytes and plasma
components by monoclonal antibodies. J Cell Sci
108:1043–1050, 1995.

43. Durliat M. Clotting processes in Crustacea Decapoda.
Biol Rev 60: 473–498, 1985.

44. Martin GG, Hose JE, Omori S, Chong C, Hoodbhoy
T, McKrell N. Localization and roles of coagulation
and transglutaminase in hemolymph coagulation in
decapod crustaceans. Comp Biochem Physiol 100B:
517–522, 1991.

45. Yeh M-S, Chen Y-L, Tsai I-H. The hemolymph
clottable proteins of tiger shrimp, Penaeus monodon
and related species. Comp Bichem Physiol 121B:169–
176, 1998.

46. Bachère E, Mialhe E, Rodriguez J. Identification of
defence effectors in the haemolymph of crustaceans
with particular reference to the shrimp Penaeus
japonicus (Bate): prospects and application. Fish
Shellfish Immunol 5:597–612, 1995.

47. Kaminishi H, Hamatake H, Cho T, et al. Activation of
blood clotting factors by microbial proteinases. FEMS
Microbiol Lett 121:327–332, 1994.

48. Muta T, Iwanaga S. The role of hemolymph
coagulation in innate immunity. Curr Opin Immunol
8:41–47, 1996.

49. Smith VJ, Chisholm JRS. Non-cellular immunity in
crustaceans. Fish Shellfish Immunol 2:1–31, 1992.

50. Doolittle RF. 1993. The evolution of vertebrate blood
coagulation: case of Ying and Yang. Thrombos
Haemostas 70:24–28, 1993.


