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INTRODUCTION

An outbreak of white spot syndrome virus (WSSV)
was first reported in 1992 in northern Taiwan (Chou et
al. 1995) and the disease is now globally disseminated
(Takahashi et al. 1994, Huang et al. 1995, Wang et al.
1995, Wongteerasupaya et al. 1995). The virus not only
exists in shrimp but also occurs in other freshwater and
marine crustaceans, including crabs and crayfish (Lo et
al. 1996, Wang et al. 1998). WSSV infection can cause
cumulative mortality of up to 100% within 3 to 10 d
(Lightner 1996). As such, WSSV has become an epi-
zootic disease and is not only a major threat to shrimp
culture but also to marine ecology (Flegel 1997).

Electron microscopy studies show that the WSSV
virion is an ellipsoid to bacilliform, enveloped particle
with a tail-like appendage at one end. The virion con-

tains a rod-shaped nucleocapsid, typically measuring
275 nm in length and 120 nm in width (Wongteer-
asupaya et al. 1995). It has a large circular double-
stranded DNA of about 290 to 305 kb (van Hulten et al.
2001a, Yang et al. 2001). The International Committee
on Taxonomy of Viruses approved a proposal to erect
WSSV as the type species of the genus Whispovirus,
family Nimaviridae (Mayo 2002).

Since the WSSV total genome sequence was
reported in 2001 (van Hulten et al. 2001a, Yang et al.
2001), studies have identified 39 potential structural
proteins, including VP28, VP26, VP24, VP19 and VP15
etc., which were identified by polyacrylamide gel elec-
trophoresis (Tsai et al. 2004) or characterized after
cloning and expression of the coding sequences in
Escherichia coli. Nevertheless, genes that are required
for infection remain to be identified, and study of the
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interaction between virus proteins and host cell recep-
tors is required. Although WSSV has double-stranded
DNA and an enveloped virion that resembles bac-
uloviruses in shape, WSSV proteins have no homology
either to known baculovirus proteins or to other viral
proteins in databases (van Hulten et al. 2000a,b, 2001a,
van Hulten & Vlak 2001) Therefore, it is difficult to
infer molecular mechanisms of infection from compar-
isons with known viruses. Only limited studies of
WSSV infection in shrimp cells cultured in vitro have
been conducted, and a shrimp continuous cell line has
not yet been established. 

Neutralizing antibodies are well recognized as effec-
tive tools for prevention and cure of viral diseases and
for studies of the molecular mechanisms of viral infec-
tion. Monoclonal antibodies against WSSV (Poulos et
al. 2001, Anil et al. 2002, Liu et al. 2002) are not widely
available, and a neutralizing monoclonal antibody
against WSSV has not been reported. Most of the stud-
ies on neutralizing antibodies have been performed
using in vivo assays (van Hulten et al. 2001b, Huang et
al. 2005, Li et al. 2005, Wu et al. 2005) and some have
used primary shrimp cell cultures (Yi et al. 2004). To
obtain a neutralizing monoclonal antibody against
WSSV, we constructed an anti-WSSV phage display
scFv library and, through 4 rounds of selection, identi-
fied scFv antibodies that bind WSSV specifically. As
we lacked a shrimp continuous cell line, we estab-
lished an in vitro screening method for neutralizing
antibodies that was based on shrimp primary cell cul-
tures. The first step for virus infection is attachment to
a host cell. We therefore assayed the inhibition of viral
attachment to host cells to identify potentially neutral-
izing antibodies.

Several investigators have reported that WSSV
infects primary cell cultures from lymphoid organs of
Penaeus monodon (Kasornchandra et al. 1999, Wang
et al. 2000), Litopenaeus stylirostris (also named
Penaeus stylirostris or blue shrimp) (Tapay et al. 1997)
and Marsupenaeus japonicus (also named Penaeus
japonicus or kuruma shrimp) (Itami et al. 1999). These
results showed that shrimp primary lymphoid cell cul-
ture can be used for a WSSV attachment test. 

MATERIALS AND METHODS

Isolation and purification of WSSV. Viruses used in
the construction of the phage display antibody library,
panning and ELISA were isolated from infected
Penaeus monodon shrimp either from Hainan Island or
from Nan-ao Island in southern China. Haemolymph
samples from infected shrimp were pooled and laid
onto the top of a discontinuous sucrose gradient of 35,
50 and 60% (w/v), ultracentrifuged at 125 000 × g for

90 min at 4°C. The band containing the virus, located
between the 50 and 60% sucrose zones, was collected
using a syringe and dialyzed overnight against phos-
phate buffered saline (PBS) at 4°C. Viruses used for in
vitro screening for neutralizing antibodies were iso-
lated from infected crayfish Cambarus clarkii, a practi-
cal source of WSSV (Maeda et al. 2000, Huang et al.
2001). The crayfish were bought from a market and
were then infected by WSSV injection. Abundant viral
particles could be obtained with only a few steps of
conventional differential centrifugation, and no den-
sity gradient ultracentrifugation was involved (Xie et
al. 2005). The tissues of 5 to 7 infected crayfish (exclud-
ing the hepatopancreas) were collected in an ice-
bathed beaker. The infected tissues were homoge-
nized in 500 ml TNE buffer (50 mM Tris-HCl, 400 mM
NaCl, 5 mM EDTA, pH 8.5) containing a combination
of protease inhibitors (1 mM phenylmethylsulfonyl
fluoride [PMSF], 1 mM benzamidine, and 1 mM
Na2S2O5), and then centrifuged at 3500 × g for 5 min at
4°C. The supernatant was centrifuged at 26 000 × g for
30 min at 4°C. Next, the upper loose pink pellet was
rinsed out carefully, and the lower white pellet sus-
pended in 10 ml TM buffer (50 mM Tris-HCl, 10 mM
MgCl2, pH 7.5). After centrifugation at 3500 × g for
5 min, the virus particles were precipitated by centrifu-
gation at 20 000 × g for 20 min at 4°C, and were then
resuspended and kept in 1 ml TM buffer. In this exper-
iment, tissues of uninfected crayfish were used as the
control, but no white pellet could be obtained. The
concentration of viral protein was measured by ab-
sorbance at 280 nm or tested by Bradford reagent. 

Construction of phage display scFv antibody
library. The library was constructed as described in
previous work (Dai et al. 2003). Spleenic mRNA from a
mouse immunized with WSSV was reverse-transcribed
to produce a cDNA template for PCR amplification of
antibody VL and VH regions. The phagemid vector
used for construction of the library was pCANTAB 5E
(Pharmacia). The ligated phagemid was electropo-
rated into E. coli NM522 cells.

Phage rescue and bio-panning. The procedure for
phage rescue and bio-panning was performed as
described by Dai et al. (2003). The helper phage
M13K07 was used to infect transformed E. coli NM522
cells for phage rescue. Titer of phage recovered from
bio-panning rounds was determined with E. coli TG1
cells. Production of periplasmic extracts of soluble scFv
antibodies was conducted using the Pharmacia Ex-
pression Module according to manufacturer’s instruc-
tions. After 4 rounds of selection, the positive clones
were evaluated by ELISA. DNA sequencing of the
clones encoding scFv antibodies with binding activity
to WSSV was carried out by Shanghai Bioasia Biologi-
cal Engineering and Technology.
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ELISA. The E-tagged A1 antibody is the basis for
the detection of WSSV by ELISA. ELISA plates (96-
well) were coated with the indicated concentration of
WSSV at 4°C overnight, followed by blocking with
4% skim milk in PBS at room temperature for 1 h.
Soluble scFv antibodies, produced as previously
described (Dai et al. 2003), were incubated with the
coated WSSV at room temperature for 1 h. After
washing 3 times with PBST (PBS containing 0.1%
Tween 20) and 3 times with PBS, bound scFv anti-
bodies were detected with the mouse monoclonal
antibody HRP/Anti-E Tag conjugate (Pharmacia).
TMB (3,3′,5,5′-tetramethylbenzidine) (Serva) was
used for the color reaction with peroxidase, and
absorbance was determined at 450 nm.

Preparation of porcine polyclonal antibody against
WSSV. A 70 d-old male pig was immunized with
WSSV particles in Freund’s Complete Adjuvant
(100 µg WSSV protein per injection), followed by 3
booster injections of WSSV in Freund’s incomplete
adjuvant given at 2 wk intervals. ELISA and dot-blot
analysis were performed with sera from test bleeds.
Seven days after the last injection, the pig was exsan-
guinated to collect the antiserum. The titer of the anti-
serum was assayed by ELISA. The porcine antiserum
was partially purified by 50% saturation (NH4)2SO4

precipitation.
Primary shrimp cell culture. Live Litopenaeus van-

namei (also named Penaeus vannamei) shrimp used
in this study were purchased from the market. The
lymphoid organs were removed and rinsed 3 times
with L15-PS culture medium (L-15 medium contain-
ing 100 IU ml–1 penicillin and 100 µg ml–1 strepto-
mycin). The lymphoid organs were then transferred
into 1.5 ml of L15-PS culture medium, cut into small
pieces and filtered through a single cell gauze filter.
Single lymphoid cells were placed into 96-well cell
culture plates with 40 µl medium per well. After 2 h,
the L15-PS culture medium with or without 20% fetal
bovine serum (FBS) was supplemented at 200 µl per
well. The cells were incubated at 27°C overnight to
form a monolayer of cells attached to the bottom of
the well.

Neutralizing antibody screen. Primary cultures of
shrimp lymphoid cells were prepared and adsorbed on
the 96-well plate. After a monolayer of cells had
formed, the medium was removed. The wells were
washed once with PBS to remove unattached cells. The
plate was blocked with 3% BSA in L15-PS culture
medium at 27°C for 1 h. Meanwhile, quantities of
experimental antibodies (as judged by ELISA signal
upon binding to WSSV) or quantities of control anti-
bodies or proteins (as judged by absorbance at 280 nm)
were pre-incubated with the indicated concentration
of WSSV at 27°C. After 1 h, the pre-incubation mix-

tures were added to the blocked primary cell culture
wells and incubated at 27°C for 30 min. The cell cul-
ture plate was washed gently 2 times with PBST and 2
times with PBS to remove unbound viruses. After
immediate fixation of the cells with 4% paraformalde-
hyde for 10 min at 4°C, the bound viruses were
detected by ELISA.

RESULTS

Production and purification of WSSV

Since only intact, enveloped WSSV virions are infec-
tious (Liang et al. 2002), 2 methods of purification of
WSSV were investigated. Electron microscopy showed
that the method with only a few steps of conventional
differential centrifugations (Xie et al. 2005) produced a
higher yield of intact, enveloped virions than the tradi-
tional method, which required sucrose density gradi-
ent ultracentrifugation (Fig. 1).

Isolation of scFv antibodies specific for WSSV

A phage display library of 2.1 × 107 independent
clones developed from mice immunized with WSSV
was described previously by Dai et al. (2003). The
selection and characterization from this library of the
scFv antibody clone designated A1 has been reported
(Dai et al. 2003, Zhang et al. 2006). A second anti-
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Fig. 1. Electron micrograph of negatively stained, intact
WSSV virions purified by 2 different methods. (a) Virions iso-
lated from tissues of infected crayfish Cambarus clarkii and
purified with a few steps of conventional differential centrifu-
gation. (b) Virions isolated from the haemolymph of infected
Penaeus monodon shrimp and purified by sucrose density 

gradient centrifugation
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body recovered from this library was designated as
P1D3. 

The binding specificity of the A1 and P1D3 scFv anti-
bodies was determined by ELISA. Both antibodies
showed specific binding activity to WSSV (Fig. 2).
Amino acid sequences of the 2 scFv antibodies were
deduced from their nucleic acid sequences (Fig. 3).
The DNA sequences encoding scFv antibodies A1 and
P1D3 were submitted to GenBank (accession numbers
DQ022661 and DQ022660, respectively). The heavy-
chain regions of the scFv antibodies showed more
diversity than the light-chain regions. Overall, the 2
primary structures are very similar. However, as
described below, the antibodies had different charac-
teristics. 

Establishing the screening method

The screening assay was based on the binding activ-
ity of viruses to host cells. To test WSSV binding activ-
ity to shrimp lymphoid cells in primary cultures, 2
kinds of cell culture media (with or without FBS in L15-
PS) were used. Microscopy revealed that, when cul-
tured in L15-PS supplemented with 20% FBS, the lym-
phoid organ cells grew in a spindle shape and then
formed net-like arrays. Without FBS, the cells always
grew in a rounded shape. Both of these cell cultures
could be maintained for at least 24 h. The binding
activities of WSSV to lymphoid cells of both shapes
were compared. Fig. 4 shows that WSSV had higher
binding activity to rounded cells cultured in L15-PS
without serum addition.
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Fig. 2. ELISA assay for specificity of soluble scFv antibodies
binding to WSSV. Microplates were coated with WSSV (+)
(0–32 µg viral protein well–1) or shrimp haemolymph protein
(–) as a negative control (0–40 µg shrimp haemolymph protein
well–1). A1 or P1D3 scFv antibodies from periplasmic extracts 

were diluted 40-fold

A1              MAQVKLQQSGAQLARPGASVKLSCKVSGFNIKDYYMNWVKQRPEQGLEWIGWIYPDNGNT
P1D3            MAEVKLQQSGAELVRPGALVKLSCKVSGFNIKDYYMNWVKQRPEQGLEWIGWIDPENGNT
                **:********:*.****–**********************************–*:****

A1              IYDPKFQGKARITADTSSNTAYLQFSSLTSQDTAVYYCASGGNPWYWGQGTTLSVSTGGG
P1D3            IYDPKFQGKASITADTSSNTAYLQLSSLTSEDTAVYYCASGGNPWYWGQGTTLTVSTGGG
                **********–*************:*****:**********************:******

A1              GSGGGGSGGGGSDVVMTQSQKFMSTSVGDRVSVTCKASQNVGTNVAWYQQKPGRSPKTLI
P1D3            GSGGGGSGGGGSDVVMTQSQKFMSTSVGDRVSVTCKASQNVGTNVAWYQQKPGRSPKTLI
                ************************************************************

A1              YSASYRYSGVPDRFTGSGSGTDFTLTISNVQSEDLAQYFCQQYSSYPLTFGGGTKLEIKR
P1D3            YSASYRYSGVPDRFRGSGSGTDFTLTISNVQSEDLAEYFCQQYYSYPYTFGGGTKLEIKR
                **************–*********************:******–***–************

Fig. 3. Deduced amino acid sequences of scFv antibodies; the heavy-chain variable fragment (front) and light-chain variable
fragment (back) were connected by a glycine rich linker (GGGGSGGGGSGGGGS). Alignment and  comparison using
ClustalX. (#) Fully conserved residue; (:) strong functional group conserved; (.) weak functional group conserved; (–) no 

conserved functionality
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Fig. 4. WSSV binding activity to shrimp lymphoid cells in pri-
mary culture. Shrimp lymphoid cells cultured in L15-PS sup-
plemented with 20% FBS (Plate 2) or in L15-PS without serum 

addition (Plate 1)



Yuan et al.: WSSV neutralizing scFv antibody

After overnight primary cell culture, various
amounts of partially purified porcine polyclonal anti-
body against WSSV were pre-incubated with WSSV
(20 µg WSSV protein per well), and mixtures were
added to the cell culture wells. Virus bound on cells
was detected as described in ‘Materials and methods’.
When incubated with the primary culture in the
absence of added WSSV, increasing amounts of BSA,
scFv H3 or porcine antiserum produced only a con-
stant, low ELISA signal (Fig. 5). Compared with equal
amounts of BSA or H3 (an unrelated scFv protein), the
porcine polyclonal antibody against WSSV inhibited
virus binding to the cells (Fig. 5). This result demon-
strated that the screening method was feasible to assay
for specific antibodies that inhibited viral attachment
to host cells. In other experiments, we found that the
porcine polyclonal antibody against WSSV could neu-
tralize viral infections in shrimp (data not shown).

Screening for neutralizing scFv antibody 
against WSSV

Following the method described above, serial dilu-
tions of active scFv antibodies A1 and P1D3 were pre-
incubated with WSSV and then incubated with pri-
mary cultured cells. After washing and fixing, attached
virions on the cells were detected by ELISA. Increasing
the amount of P1D3 antibody inhibited virus attach-
ment to the host cells, whereas A1 showed no in-
hibitory activity (Fig. 6). In several independent repeti-
tions of this experiment, P1D3 consistently appeared to
inhibit WSSV binding to cells, whereas A1 did not. The
increasing ELISA signal with increasing amounts of A1
pre-incubated with WSSV reflects increased amounts
of E-tagged A1 antibody specifically associated with
WSSV particles that are attached to cells.

DISCUSSION

Research into the molecular mechanisms of viral dis-
eases of many animals used in aquaculture is restricted
by the lack of continuous cell lines with which to con-
duct experiments. Our results indicate that phage dis-
play technology combined with primary cell culture
can be used to overcome this obstacle to some extent.
Phage display is a powerful tool to produce diverse
scFv antibodies that have similar characteristics to
conventional monoclonal antibodies with respect to
specificity. Identification of a neutralizing scFv anti-
body potentially enables the identification of host cell
receptors.

Our results show that primary cell cultures are suffi-
cient for the screening of scFv antibodies that inhibit
virus binding to shrimp cells. P1D3, a neutralizing scFv
antibody against WSSV, has been successfully identi-
fied by these methods. In the future it may facilitate
studies of the virus life-cycle and infection mechanism,
and may have potential with respect to protecting
shrimp against WSSV. 

We noted a high degree of similarity between the
primary structures of P1D3 and A1, despite their dis-
tinct activities. These distinct activities may due to the
highly variable amino acid sequences in the comple-
mentarity determining regions (CDRs). Further study
is required to determine the structural bases for the
observed differences in activities. Although A1
seemed to show much higher binding activity for
WSSV than P1D3 (Fig. 2), it could not inhibit binding of
WSSV to lymphoid cells (Fig. 6). It is known that bind-
ing activity of an antibody is correlated with its binding
affinity and the amount of its target antigen. However,
the ability of an antibody to inhibit viral attachment to
cells depends on whether the antibody can bind to the
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viral proteins that are involved in attachment and
membrane fusion (Froyen & Billiau 1997, Olson et al.
1999). These 2 scFv antibodies should bind to different
WSSV proteins. Since scFv P1D3 could inhibit viral
attachment to host cells, we deduced that the antigen
for scFv P1D3 could be a protein involved in the pro-
cess of viral entry.

In recent years, some exciting progress has been
made using ‘vaccination’ despite the fact that inverte-
brates lack a true adaptive immune response system
and seem to rely only on innate immune responses
(Kimbrell & Beutler 2001). The lipopolysaccharide and
β-1,3-glucan binding protein gene is up-regulated in
WSSV infected shrimp (Roux et al. 2002). Furthermore,
it was found that dietary β-1,3-glucan can to some
extent improve immunity and survival of Penaeus
monodon challenged with WSSV (Chang et al. 2003).
Oral administration of VP19 and VP28 structural pro-
teins from WSSV virions also provides some protection
against WSSV infection (Witteveld et al. 2003, 2004).
Identification of a neutralizing scFv antibody against
WSSV may lead to a new way of preventing or curing
white spot disease. ScFv antibody can be produced
quickly and cheaply from phage display antibody
libraries, without the need for prior antigen purifica-
tion or specialized equipment. In addition, it can be
produced in large amounts in bacterial hosts, so that
the need to immunize animals is eliminated. With such
unlimited supplies, the reagents could be added to
aquaculture feed in order to test their ability to prevent
white spot disease. 
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