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Vibrio harveyi hemolysin (VHH) is considered a major pathogenic virulence factor to fish. However, the
VHH active-site mutant has lost all hemolytic and phospholipase activities as well as pathogenicity. In
this study, the effect of VHH on erythrocytes and a gill cell line from flounder was elucidated. Erythrocyte
membranes formed thin tubular protrusions immediately after exposure to VHH, and membrane corru-
gations were evident after extended incubation. In contrast, the mutant VHH did not induce any gross
morphological changes. With VHH-treated FG-9307 cells, a cell line derived from flounder gill, destruc-
tion of organelles and formation of features resembling apoptotic bodies were observed. Immunogold
staining showed that a large amount of VHH was deposited on the membranes and membrane debris
of erythrocytes and FG-9307 cells after treatment with VHH. Apoptotic features, such as chromatin con-
densation and apoptotic bodies, were observed in VHH-treated FG-9307 cells using DAPI staining. More-
over, cell cycle analysis showed that VHH increased the proportion of cells in G1 phase. In addition, VHH
significantly increased the percentage of apoptosis, the number of TUNEL positive apoptotic cells, and
caspase-3 activity in FG-9307 cells when compared with the untreated controls. These data suggested
that VHH killed the cells through apoptosis via the caspase activation pathway.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction act as second messengers (such as fatty acids or lysophosphatidyl-
Vibrio harveyi is an important bacterial pathogen to cultured
penaeid shrimp and fish [1], and it can also cause infections in hu-
mans [2]. Although the pathogenic mechanisms of this organism
are not well understood, hemolysin has been considered to be a
major virulence factor [3,4].

Hemolysin is one of the most widely distributed exotoxins
among pathogenic vibrios, and exerts various roles in the infective
process [5]. The mechanism of action of hemolysin involves acting
as either a pore-forming protein or a phospholipase [6], and some
hemolysins have both of these activities [7]. The pore-forming
hemolysins are normally secreted in a soluble form and exert their
catalytic effect by assembling into a transmembrane pore, such as
the TDH of V. parahaemolyticus [8]. However, the action mecha-
nism of the hemolysins involving phospholipase activity has not
been clearly defined. Phospholipase has the ability to hydrolyze
phospholipids and generate reaction products which may either
lead to the loss of membrane integrity and cytotoxicity [9,10] or
ll rights reserved.

TDH, thermostable direct
sferase-mediated dUTP nick

).
choline) to elicit or suppress inflammation or apoptosis [11,12].
Previously, we cloned two closely related VHH hemolysin genes

from a highly pathogenic V. harveyi isolate [13], which were very
similar to the tlh gene of V. parahaemolyticus [14]. Furthermore,
we obtained purified recombinant VHH protein, and found that
VHH is a monomer protein with a molecular mass of �44.3 kDa,
composed of 398 amino acids. The VHH was demonstrated to be
either a lysophospholipase or phospholipase B [15]. VHH was cyto-
toxic against flounder gill cells (FG-9307) in tissue culture, and had
strong pathogenicity to flounder when injected intraperitoneally
[4]. We also obtained a null-mutant protein of VHH via site-direc-
ted mutagenesis, in which the center residue, Ser153, of the active-
site in the catalytic reaction of VHH, was replaced by a glycine, a
neutral residue. The mutant VHH resulted in the complete loss of
hemolytic, phospholipase and pathogenic activity of VHH [15].

In this study, we investigated the action mode of VHH on floun-
der erythrocytes, and compared with that of the VHH null-mutant
protein. Additionally, the ultrastructural changes induced by VHH
in flounder gill cells (FG-9307) were studied to elucidate its cyto-
toxic mechanism. Finally, to address if the toxicity exerted by
VHH in host cell were partly due to apoptosis, we performed DAPI
staining, TUNEL assay, cell cycle analysis and caspase activity as-
say. These studies constitute an effort to demonstrate the attack
mechanism of VHH to eukaryotic cells.

http://dx.doi.org/10.1016/j.bbrc.2010.03.141
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2. Materials and methods

2.1. Preparation of VHH and mutant VHH

Purification and hemolytic units (HU) determination of VHH
and mutant VHH were performed according to the procedure pre-
viously described [4,15].

2.2. Isolation of erythrocytes

Flounder blood was drawn with heparinized syringe, and eryth-
rocytes were isolated from 10 ml of fresh blood by centrifugation
at 1500 g for 10 min at 4 �C. The pelleted erythrocytes were
washed three times in TBS buffer (20 mM Tris in 0.9% NaCl, pH 7.2).

2.3. FG-9307 cell culture

The continuous cell line, FG-9307, has been previously estab-
lished from gills of flounder, Paralichthys olivaceus [16]. The cells
were cultured at 20 �C in Minimal Essential Medium (MEM, Gibco,
USA), supplemented with 10% bovine calf serum (BCS, Gibco),
100 lg/ml penicillin and 100 lg/ml streptomycin. According to
previous study [4], the IC50 value of VHH to FG-9307 cells was
2.5 lg/ml and this concentration was therefore used to incubate
with FG-9307 cells in this study.

2.4. Scanning electron microscopy (SEM)

Erythrocytes were incubated with purified VHH (16 HU) and mu-
tant VHH (the same protein concentration as for VHH) for 0.5, 5, 10,
20, 45 min and 2 h, and prepared for subsequent examination by
SEM. Following incubation, the samples were fixed with 2.5% (v/v)
glutaraldehyde in phosphate-buffered saline (PBS, pH 7.4) for 4 h
and immediately spread onto 1% alcian blue-treated coverglasses
for 20 min. The samples were then fixed first with 2.5% glutaralde-
hyde for 30 min, followed by 1% osmium tetroxide for 1 h. Speci-
mens were dehydrated in a graded ethanol series (30–100%),
critical-point dried in carbon dioxide, and mounted on SEM speci-
men stubs. Samples were sputter-coated with a 10 nm layer of gold
and evaluated in a JEOL JSM-840 SEM at 5–10 kV.

2.5. Transmission electron microscopy (TEM)

Erythrocytes were incubated with purified VHH (16 HU) for 5,
20, 45 min and 2 h, and then fixed in 2.5% glutaraldehyde for 4 h.
Eight 25-cm2 cell culture flasks were individually seeded with
1 � 105 FG-9307 cells into MEM with 10% BCS and incubated with
VHH (16 HU). Cells incubated without VHH were taken as controls.
After 2 days of culturing at 20 �C, the cells were re-suspended in
the culture medium using a cell blade. Then, the cells were col-
lected by centrifugation at 2000 g for 10 min and fixed using
2.5% glutaraldehyde for 4 h.

The samples were postfixed in 1% OsO4 in 0.9% NaCl for 30 min,
dehydrated in a graded series of acetone/water (50–100%, v/v) and
finally embedded in Epon. Sections were cut in a Reichert-Jung
ultramicrotome and collected on Formvar coated Ni or Cu grids
(200 mesh). The sections were stained with lead acetate and
post-stained with uranyl acetate before examination in a JEM-
1200EX electron microscope (Jeol, Tokyo, Japan).

2.6. Immunogold localization of VHH on flounder cells treated with
VHH

Ultrasections of erythrocytes and FG-9307 cells were collected
on Formvar coated Ni grids. Sections were blocked with TBS (pH
7.2) containing 0.1% bovine serum albumin and incubated over-
night in a drop of rabbit anti-VHH polyclonal antibody (1:100 in
TBS, pH 7.2) [4]. This was followed by three drop washes of TBS
(pH 7.2) and TBS (pH 8.2), respectively, and sections were then
incubated for 60 min with goat anti-rabbit colloidal gold conju-
gates (particle size, 10 nm, Sigma–Aldrich) (1:50 in TBS, pH 8.2).
Sections were then washed in TBS (pH 8.2), TBS (pH 7.2) and dis-
tilled water, air-dried and counterstained with uranyl acetate.
Electron micrographs were obtained using a JEM-1200EX electron
microscope.

2.7. DAPI staining

FG-9307 cells were seeded onto chamber slides at a density of
1 � 105 cells per well, incubated at 20 �C for 24 h, and exposed to
VHH (2.5 lg/ml) for 24 h. The cells were fixed with 4% paraformal-
dehyde at 4 �C for 25 min, and then permeabilized with 0.1% Triton
X-100. After washing twice with PBS (pH 7.4), slides were DAPI
(0.5 lg/ml, Roche, Germany) stained and observed under a fluores-
cence microscope (Nikon, Eclipase E600, Tokyo, Japan).

2.8. TUNEL assay

FG-9307 cells were grown on coverslips at a density of 1 � 105

cells per well in a 6-well plate and exposed to VHH for 24 h. Using
a One Step TUNEL Apoptosis Assay Kit (Beyotime Biotech., Jiangsu,
China), the cells were observed under fluorescence microscopy for
apoptosis.

2.9. Flow cytometry analysis

FG-9307 cells were treated with VHH (2.5 lg/ml) for 24 h. All
cells, both adherent and suspended, were collected, washed, and
suspended in cold PBS (pH 7.4). The cells were fixed in chilled
75% methanol and stained with a propidium iodine (PI) solution
(100 lg/ml RNase and 10 lg/ml PI in PBS). Data acquisition and
analysis were carried out using Modifit and CellQuest Software
with a flow cytometry system (Becton and Dickinson, USA).

2.10. Caspase-3 assay

Ten-ml cultures of FG-9307 cells at 1 � 105 cells/ml were incu-
bated for 24 h with VHH (2.5 lg/ml). The caspase-3 activity was
determined using colorimetric assay kits (Beyotime Biotech.)
according to the instruction. Briefly, cells were collected and lysed
using lysate buffer. After that, 40 ll of the cell lysate (cytosolic ex-
tracts, 100 lg) was mixed with 50 ll of reaction buffer and 10 ll of
Ac-DEVD-pNA substrates, and incubated at 37 �C for 2 h. After
incubation, the chromophores were quantified spectrophotometri-
cally at a wavelength of 405 nm.

2.11. Statistical analysis

Data of caspase activities are expressed as means ± SD of at least
three individual experiments and were compared using a paired t-
test. Statistical significance was set at p < 0.01.

3. Results

3.1. Ultrastructural changes in flounder erythrocytes exposed to VHH

Representative micrographs showing structural changes in
erythrocytes at different stages of lysis after exposure to VHH are
shown in Fig. 1. Control cells had an oval shape, a smooth mem-
brane contour and an intact interior structure (Fig. 1A and B).
Echinocytic shaped cells with thin tubular protrusions were ob-
served after erythrocytes were treated with VHH for 5 min; and



Fig. 1. Ultrastructural changes in flounder erythrocytes induced by VHH. A, C, D, F, G and I were observed under SEM; B, E and H were observed under TEM. Untreated cells (A,
B); cells treated with 16 HU of VHH for 20 min (C), 45 min (D, E) and 2 h (F–H); cells treated with mutant VHH for 2 h (I).
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no obvious changes could be observed in the interior of the eryth-
rocytes. After 20 min incubation, bouquets of tubular protrusions
from the plasma membrane developed, culminating in the occur-
rence of echinocytic spicula around the cell rim (Fig. 1C). The pro-
trusions on the surface of erythrocytes rapidly increased in number
with extended incubation times. Incubation of erythrocytes with
VHH for 45 min resulted in membrane lesions; damage was to
the extent that some erythrocytes formed huge holes (Fig. 1D). In
the interior of the cells, great changes occurred both in the cyto-
plasmic and nuclear areas. Degeneration of the cytoplasm and dis-
integration of the nucleus was observed; the chromatin of the
nucleus became homogeneous, and erythrocytic hemoglobin was
released into the extracellular space (Fig. 1E). When the incubation
time reached 2 h, some erythrocytes were completely destroyed
(Fig. 1F) and membrane corrugations were clearly observed at high
magnification (Fig. 1G). Overall, the contour of the membrane be-
came irregular, almost all of the hemoglobin was released into the
extracellular environment, fragments of the chromatin were dis-
persed throughout the cell, and the cells were permeated with deb-
ris (Fig. 1H). In contrast, mutant VHH did not perturb the overall
erythrocyte shape, with the exception of a slight cell sphering being
induced after incubation for 2 h (Fig. 1I). However, no well-defined
‘echinocytic’ shapes with large broad spicula were observed in
erythrocytes following incubation with the mutant protein. Also,
the interior structure of the erythrocyte was as complete as the con-
trol cell even after 2 h treatment with mutant VHH (data not shown).

3.2. Ultrastructural changes of FG-9307 cells exposed to VHH

The control FG-9307 cells bore conspicuous nuclei, lysosomes
and Golgi apparatus, a large number of mitochondria and numerous
cisternae of endoplasmic reticulum (ER) at the periphery of the nu-
clei (Fig. 2A and B). In contrast, after incubation with VHH for 48 h,
the fine structure of the cell was destroyed, few organelles remained
visible, and the chromatin was condensed significantly, forming a
high-density area. Many particles with smooth contours formed
within the cell, and some of these particles were electron dense, fea-
tures resembling apoptotic bodies (Fig. 2C). In other cells, the chro-
matin was less condensed, and the membrane of the cell degraded,
which caused the release of many particles as well (Fig. 2D).

3.3. Localization of VHH in flounder cells treated with VHH

The presence of VHH was visualized as electron dense gold par-
ticles of 10 nm. For erythrocytes at the early stage of reaction with
VHH (after 20 min incubation), immunoreactions were observed in
the cytoplasm, nucleus and cell membrane; after longer incubation
times of up to 2 h, the cells were nearly destroyed, and numerous
immunoreactive VHH particles were visualized throughout the
cytoplasmic membrane (Fig. 3A). In contrast, only a few gold par-
ticles localized to the cytoplasm of those erythrocytes challenged
by the mutant VHH. For the FG-9307 cells, a few colloidal gold
particles were noticed on the membrane of the cells (Fig. 3B). No
obvious labeling of VHH was shown on the control cells of both
erythrocytes and FG-9307 cells (Fig. 3).

3.4. Apoptotic bodies and TUNEL positive cells induced by VHH
in FG-9307 cells

To confirm the existence of apoptosis, the morphological
changes of VHH-treated FG-9307 cells were followed. Using DAPI
staining, cell shrinkage, chromatin condensation (Fig. 4A upper
right) and typical apoptotic bodies (Fig. 4A upper right insert) were
observed in FG-9307 cells exposed to VHH. In addition, results of



Fig. 2. Ultrastructural changes in flounder FG-9307 cells induced by VHH. Shown
are ultrathin sections of control cells (A, B) and cells after treatment with VHH (C, D)
by TEM. (A) Nucleus, endoplasmic reticulum and mitochondria; (B) Lysosomes and
Golgi apparatus; (C, D) Few visible organelles were noted and some potential
apoptotic bodies (arrows) formed. N, nucleus; ER, endoplasmic reticulum;
M, mitochondrion; L, lysosome; G, Golgi apparatus.
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TUNEL assay showed that VHH significantly increased the number
of TUNEL positive cells (Fig. 4A lower right). In contrast, unexposed
cells had a normal healthy appearance and did not show signs of
chromatin condensation, apoptotic bodies (Fig. 4A upper left) and
TUNEL positive cells (Fig. 4A lower left).

3.5. Increased apoptotic percentage induced by VHH in FG-9307 cells

As shown in Fig. 4B, FG-9307 cells cultured in the presence of
VHH had �99.8% of cells in the G1 phase compared with only
60.8% in the untreated control cells. VHH significantly increased
apoptosis percentage to �51.5% in FG-9307 cells 24 h after VHH
treatment compared with only 0.1% in the untreated cells, suggest-
ing that VHH can induce apoptosis, but not necrosis.

3.6. Activation of caspase-3 by VHH in FG-9307 cells

Caspase-3 is a key mediator of apoptosis. To evaluate the possible
involvement of downstream effector caspases, the activity of cas-
pase-3 was monitored in FG-9307 cells following VHH treatment.
Compared to untreated controls, incubation of FG-9307 cells with
VHH resulted in a 2.3-fold increase in caspase-3 activity (Fig. 4C).

4. Discussion

In this study, the cytotoxicity of VHH to both flounder erythro-
cytes and gill cells were studied, and it was found that the erythro-
cytes were much more sensitive to VHH than the gill cells. About
50% of the erythrocytes (106 cells/ml) were stained by trypan blue
when it was treated with VHH (2.5 lg/ml) for 8 h, while only 1% of
the FG-9307 cells died under the same condition (data not shown).

We found that VHH-induced tubular protrusions of erythrocyte
membrane after short-time incubation. Similar tubular protrusions
were also induced by amphiphile in rainbow trout (Onchorhynchus
mykiss) erythrocytes [17]. VHH, or the catalyzed products of VHH,
might have an amphiphile-like structure and might affect erythro-
cytes in a similar fashion. Also, we have demonstrated that active-
site mutant VHH, which could disrupt hemolytic and phospholi-
pase activities [15], induced slight protrusions in flounder erythro-
cyte membrane. This suggested that the protein-based induction of
protrusions might also depend on other domains of the protein, in
addition to the active-site that interacts with VHH.

In a previous study, we demonstrated that VHH has phospholi-
pase activity [4]. In this study, both exterior and interior structures
of flounder erythrocytes were completely destroyed by VHH. In
contrast, the active-site mutant VHH, which has lost phospholipase
activity, induced no obvious changes in the erythrocytes. This find-
ing indicated that the phospholipase activity of VHH plays a major
role in hemolysis. Since phospholipids are the major component of
cell membranes, shape transformations caused by VHH are
thought to mainly depend on the disruption of that major compo-
nent, the phospholipids.

Previously, we reported that VHH was cytotoxic to FG-9307
cells in tissue culture [4]. In this study, the effect of VHH on FG-
9307 cells was studied at the ultrastructural level. The definite
structure of FG-9307 cells was destroyed, almost to the point that
no visible organelles were evident after treatment with VHH. Sim-
ilarly, Li and Zhang [18] reported only a few visible organelles re-
mained in FG-9307 cells after exposure to the organophosphorus
pesticide, parathion. On the contrary, in human amniotic mem-
brane cells (FL cells), TDH of V. parahaemolyticus caused disappear-
ance of microvilli from cell surface, degeneration of cytoplasm, and
nuclear disintegration [19].

Localization of VHH to erythrocytes and FG-9307 cells, via
immunogold staining technique after incubation with VHH, illus-
trated numerous gold particles were mainly deposited on the cyto-
plasmic membrane of erythrocytes and FG-9307 cells. However, a
few gold particles were also deposited on the interior structure of
these cells. This observation suggested that the cytoplasmic mem-
brane of erythrocyte is not the sole target of VHH. We previous
demonstrated that VHH is a lysophospholipase or a phospholipase
B, which belongs to the GDSL enzyme family [15]. GDSL hydrolases
have a flexible active-site that appears to change conformation and
thereby exhibit binding to a variety of substrates. Some of the
GDSL enzymes have thioesterase, protease, arylesterase, and lyso-
phospholipase activities [20]. VHH might also have a flexible ac-
tive-site capable of binding to a selection of substrates. In other
words, VHH may have enzymatic activities other than phospholi-
pase activity. Hence, it is understandable that VHH did not
specifically act only on the cytoplasmic membrane of erythrocyte.
A few gold particles were also present on the cytoplasm after incu-
bation with mutant VHH, indicating that the mutant VHH retains
the ability to bind to the erythrocyte. Similarly, a mutant toxin of
TDH, which has a single amino acid substitution of serine for
glycine 62, has been reported to have low hemolytic activity, but
still remain approximately 50% of the binding ability of wild-type
TDH [21].

Two mechanisms of eukaryotic cell death have thus far been
identified: necrosis and apoptosis. In necrosis, the plasma mem-
brane loses its ability to regulate osmotic pressure, and the cell
swells and ruptures. The major morphological changes of apoptotic
cell death are cell shrinkage, condensation of the nuclear chroma-
tin, and fragmentation of the chromosomal DNA into multimers of



Fig. 4. Apoptosis analysis of VHH-treated FG-9307 cells. (A) DAPI staining and TUNEL assay for apoptotic cells. The results are shown as a fluorescence microscopy image
(400� magnification for DAPI staining and 1000� magnification for insert DAPI staining and TUNEL assay). Typical apoptotic bodies (upper right insert) and TUNEL positive
cells (arrow) were formed in VHH-treated cells. (B) Cell cycle analysis. Cell cycle analysis was carried out using Modifit and CellQuest Software with flow cytometry. The table
shows the percentages of cells in different phases of the cell cycle and apoptosis percentages in untreated and VHH-treated cells. (C) Caspase-3 activities. Data are reported as
means ± SD from three independent experiments. **p < 0.01 compared to untreated control.

Fig. 3. Immunogold localization of VHH on erythrocytes and FG-9307 cells of flounder treated with VHH. Shown as immunogold particles of 10 nm (arrows). (A) Erythrocytes.
Control cells (a) and cells incubated either with VHH for 20 min (b) and 2 h (c), or mutant VHH for 2 h (d); (B) FG-9307 cells. Showing control cells (a), and cytoplasmic
membrane of cells (b) with VHH-treated for 48 h.
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200 bp [22]. In this study, apoptotic features such as chromatin
condensation and apoptotic bodies were observed in VHH-treated
FG-9307 cells. Also, VHH significantly increased apoptosis percent-
age and the number of TUNEL positive apoptotic cells. These find-
ings strongly indicate that VHH kills the cells by inducing apoptosis
rather than necrosis. However, a ‘‘secondary necrosis” (post-apop-
totic) lead to cytoplasmic leakage at 48 h, a time-point at which the
nucleus is still clearly showing apoptotic features. Similarly, apop-
totic cell deaths were induced by the TDH of V. parahaemolyticus
and Sph2, a sphigomyelinase hemolysin from Leptospira interro-
gans [23,24]. Furthermore, Masamune et al. [12] reported that
lysophosphatidylcholine (lyso-PC), phospholipase A2-generated
phospholipid by-products, induced apoptosis in rat pancreatic
AR42J cells. We hypothesize that VHH triggers apoptosis in FG-
9307 cells by lyso-PC, the catalyzed products of VHH, in the same
manner.

Caspase, a family of cysteine proteases, plays a major role in the
intracellular signal pathway in apoptosis. The caspases generally
consist of the upstream initiator caspases such as caspase-2, -8, -9
and -10, and the downstream effector caspases such as caspase-3,



F. Bai et al. / Biochemical and Biophysical Research Communications 395 (2010) 70–75 75
-6 and -7 [25]. Caspases cascade can be triggered by activation of the
cell surface receptor or by mitochondria, and the activated caspases
can cleave various substrates and cause typical apoptotic changes to
the cells and nuclei [26]. In many animal cells, the execution phase of
apoptosis correlates with the activation of caspase-3 [27,28]. In this
study, it was found that caspase-3 was activated by VHH, implying
that the caspase activation pathway is involved in VHH-induced
apoptosis. Similarly, Shiga toxin from enterohemorrhagic Esche-
richia coli can activate caspase-3 and induce apoptosis in THP-1
human monocytic cells [29]. However, the TDH of V. parahaemolyt-
icus induces apoptosis in Rat-1 cells in a caspase-independent
manner, due to the broad-spectrum caspase initiator being unable
to inhibit apoptosis [23].

In conclusion, the results obtained in this study demonstrate
that the action of VHH mainly depends on the disruption of the
phospholipids component of cellular membrane. Additionally,
VHH can induce apoptosis in FG-9307 cells via the caspase activa-
tion pathway. These findings provide new insights into the VHH-
mediated pathogenicity mechanism of V. harveyi to eukaryotic
cells.
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