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a b s t r a c t

A strip test for the dual detection of white spot syndrome virus (WSSV) and yellow head virus (YHV) was
developed using monoclonal antibodies (MAbs) specific to the WSSV major envelope protein VP28 (W1
and W30) and the YHV nucleocapsid protein p20 (Y19 and Y21). The MAbs W30 and Y19 were conjugated
with colloidal gold and sprayed onto a glass fiber pad that was placed adjacent to a sample chamber. The
MAbs W1 and Y21 and the goat anti-mouse immunoglobulin G (GAM) antibody were sprayed onto a
nitrocellulose membrane in strips at positions designated W, Y and C, respectively. These test strips were
placed in plastic cases and stored desiccated in a plastic bag. The test strips were assessed for their ability
to detect WSSV and YHV simultaneously using pleopods sampled from shrimp. A pleopod homogenate in
application buffer 100 �l was applied to the sample chamber to flow through the nitrocellulose membrane
strip, and antibody–protein complexes could be observed within 15 min. In sample from shrimp infected
with WSSV and/or YHV, viral protein bound to the colloidal gold-conjugated MAbs. These complexes
were captured by the MAbs at the W and/or Y test lines, resulting in the appearance of reddish-purple
coloured bands. Any unbound colloidal gold-conjugated MAbs migrated pass the W and Y lines would

be captured by the GAM antibody, forming a band at position C. When samples not containing WSSV
and YHV proteins or containing viral proteins at below the detection limit of the test, only the band at
position C was observed. The sensitivity of the test was comparable to dot blot tests using single MAbs,
and ∼500-fold less sensitive than a 1-step PCR test for WSSV and 1000-fold less sensitive than an RT-PCR
test for YHV. Despite this lower sensitivity, the dual strip test has advantages in speed and simplicity
in not requiring sophisticated equipment or specialized skills. The ability to co-detect WSSV and YHV

cost s
provides simultaneously

. Introduction

White spot syndrome virus (WSSV) and yellow head virus (YHV)
re highly infectious viruses of the most common penaeid species
ultured commercially. These viruses have caused severe economic
osses, particularly in Thailand where they have resulted in 1 bil-
ion dollars of losses over the past decade (Flegel, 2006). Various

olecular methods have been developed for the diagnosis of these
iruses, including PCR for WSSV (Takahashi et al., 1996; Lo et al.,

996; Srisala et al., 2008); RT-PCR for YHV (Wongteerasupaya et al.,
997; Cowley et al., 2004); qRT-PCR for YHV (Dhar et al., 2001; Ma
t al., 2008); and loop-mediated isothermal amplification (LAMP)
or WSSV (Jaroenram et al., 2009) and RT-LAMP (Mekata et al., 2009)

∗ Corresponding author. Tel.: +66 2 664 1000x8515; fax: +66 2 260 0127.
E-mail addresses: paisarn@swu.ac.th, paisarn sithi@hotmail.com
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166-0934/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jviromet.2011.01.011
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© 2011 Elsevier B.V. All rights reserved.

for YHV. Of these methods, both PCR and qPCR have been used
widely for both detection and research due to their high levels of
sensitivity and specificity.

Immunologically-based diagnosis methods using both poly-
clonal antibodies (PAbs) and monoclonal antibodies (MAbs) have
been developed for the detection of WSSV (Nadala et al., 1997;
Nadala and Loh, 2002; Poulos et al., 2001; Anil et al., 2002;
Liu et al., 2002; Chaivisuthangkura et al., 2004, 2010) and YHV
(Nadala et al., 1997; Sithigorngul et al., 2000, 2002). However,
these immunologically-based techniques can only be performed
in a laboratory by well-trained personnel. Further improvements
of such tests lead to the development of immunochromatographic
strip tests that are available for the detection of WSSV (Powell

et al., 2006; Sithigorngul et al., 2006) and YHV (Sithigorngul et al.,
2007). The beneficial features of these kits are their simplicity and
convenience; the results can be obtained quickly without sophis-
ticated tools or specialized skills. Furthermore, this method can
be used to screen individual shrimp or pooled shrimp samples to

dx.doi.org/10.1016/j.jviromet.2011.01.011
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
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onfirm relatively high levels of viral infection (in comparison to
CR-based methods) and can be used easily for monitoring the
nfection of both viruses by the farmers themselves. In the case
f single strip tests which were developed for detection of WSSV
nd YHV (Sithigorngul et al., 2006, 2007), PAbs were used as the
ain components of the captured antibodies in the test lines of

he test strips. The PAbs were typically less reliable than MAbs in
erms of quality control in addition to being limited in quantity.
n this report, new MAbs that are specific to WSSV (W1 and W30)
nd YHV (Y21) were produced and used to replace the PAbs in the
est lines of the strip tests developed previously (Sithigorngul et al.,
006, 2007); and both strips were combined into a dual strip test
or convenient detection of both viruses using a single prepara-
ion.

. Materials and methods

.1. Viral preparation

Penaeus (Litopenaeus) vannamei infected with YHV naturally,
eighing between 10 and 15 g were obtained from farms in the
anglen district of Nakhonpathom province in the central part
f Thailand. P. vannamei infected with WSSV naturally weighing
etween 10 and 15 g were obtained from farms in the Songkhla
nd Prajuabkirikhan provinces in the southern part of Thailand.
istal segments of two pleopods taken from infected shrimp were
omogenized in 100 �l 0.3 M phosphate buffered saline (2× PBS,
H 7.2) and 0.5 ml aliquots of supernatant from these homogenates
ere stored at −70 ◦C until tested.

.2. Monoclonal antibody preparation

MAbs specific to the WSSV major envelope protein VP28 (W1,
30) obtained from a mouse immunized with recombinant VP28

s described previously (Chaivisuthangkura et al., 2004) and a MAb
pecific to the YHV nucleocapsid protein p20 (Y21) obtained from a
ouse immunized with partially purified YHV as described previ-

usly (Sithigorngul et al., 2002). MAb (Y19) specific to YHV p20 has
een described previously (Sithigorngul et al., 2002). Hybridomas
roducing the MAbs were grown in Hybridoma-SFM serum-free
edia (Gibco, Carlsbad, CA, USA) and the MAbs were purified using
Protein G-agarose column (Roche Molecular Biochemicals, Indi-

napolis, IN, USA) according to the manufacturer’s instructions. The
luted antibodies were dialyzed in phosphate buffer (PB: 10 mM
hosphate buffer, pH 7.3) and the antibody concentration was
djusted to 1 mg/ml.

.3. Dot blot

Pleopod homogenates from either WSSV- or YHV-infected
hrimp were diluted serially using pleopod homogenates from
ninfected shrimp and the dilutions were spotted onto nitro-
ellulose membranes. The membranes were placed in solution
ontaining either a single or pair of MAbs specific to WSSV or YHV,
nd MAbs bound to viral protein were detected as described pre-
iously (Sithigorngul et al., 2002; Chaivisuthangkura et al., 2004).
ny observed increase in detection sensitivity when using pairs
f antibodies indicated that the MAbs bound to non-overlapping
pitopes.

.4. Preparation of the dual immunochromatographic test strip
The dual test strip was prepared by the Pacific Biotech Co. Ltd.
Petchaboon province, Thailand). The MAbs W30 and Y19 were
ach conjugated to colloidal gold particles (diameter = 10 nm) and
prayed onto glass fiber pads at 5 and 3 �l/cm before being dried
ical Methods 173 (2011) 85–91

consecutively at 40 ◦C overnight. MAbs W1 (0.4 mg/ml) and Y21
(1 mg/ml) were each micro-sprayed consecutively onto nitrocel-
lulose membranes (8-�m pore size) at 1 and 1.5 �l/cm at the
positions that would become the captured test lines for WSSV (W)
and for YHV (Y) on the completed strips (Fig. 1A). Goat anti-mouse
IgG antibody (0.8 mg/ml) was micro-sprayed onto the same nitro-
cellulose membranes at 1 �l/cm at position that would become
the captured control lines (C). The membranes were then dried at
40 ◦C overnight. For kit assembly, the nitrocellulose membranes
were combined with the glass fiber pad containing W29 and Y19
conjugated with colloidal gold at the opposite end downstream
of the control line. The sample pad was placed anterior to the
glass fiber pad at the site of sample application wells, and the
absorption pad was placed at the posterior end next to the con-
trol line for collecting the excess liquid (Fig. 1A). The assembly
was cut into 4.5 mm wide strips that were housed individually
in a plastic case (Fig. 1C) that was stored in a desiccated plastic
bag.

2.5. Specificity testing

One pleopod from P. vannamei either uninfected or WSSV-
or YHV-infected naturally (weighing between 10 and 15 g) was
homogenized in PBS (50 �l/pleopod). This homogenate was then
diluted at 1:5 with application buffer (30 mM Tris, 336 mM NaCl,
9 nM EDTA, 1% Triton X-100, pH 9.3), and 100 �l of the diluted
supernatant solutions were applied to the sample well of individ-
ual test strips so that they would flow chromatographically along
the nitrocellulose strip test and pass lines at positions W, Y and C
before entering the absorption pad (Fig. 1B). The test results could
be observed within 15 min of applying the sample. A positive result
yielded reddish-purple bands at the W and/or Y and C positions,
whereas a negative result yielded a reddish-purple band at posi-
tion C only (Fig. 2). Similar tests were performed using pleopod
homogenate mixtures of WSSV- and YHV-infected shrimp at a 1:1
ratio. To determine the test specificity, pleopod samples from Taura
syndrome virus- (TSV) or infectious hypodermal and hematopoi-
etic necrosis virus- (IHHNV) infected shrimp were also tested in
the same manner.

To determine possible interference of between the two
viruses in their binding capacity to the corresponded MAbs, the
homogenate from shrimp infected with WSSV was diluted seri-
ally with the homogenates from shrimp infected with YHV or
from uninfected shrimp before application to the strips to com-
pare the detection sensitivity. The opposite experiments using
homogenate from shrimp infected with YHV and diluted seri-
ally with homogenates from shrimp infected with WSSV or
from uninfected shrimp were performed in the same fash-
ion.

2.6. Comparison of the sensitivity of the strip test with dot
blotting and PCR

Supernatant solutions from pleopod homogenates of WSSV- or
YHV-infected P. vannamei were diluted serially with uninfected P.
vannamei pleopod homogenates (in PBS for dot blotting or in the
application buffer for strip tests and PCR). Samples (1 �l) taken
from each dilution were tested by dot blotting as described pre-
viously using MAbs specific to either WSSV or YHV. Nucleic acid
was extracted from the same shrimp homogenate (100 �l) using
a High Pure viral nucleic acid kit (Roche Molecular Biochemicals)

and diluted serially with nucleic acid extracted from uninfected
shrimp. These samples were tested for the presence of WSSV DNA
by PCR using primers VP28F and VP28R yielding an amplicon 633 bp
in length (Chaivisuthangkura et al., 2004) or the presence of YHV
RNA by RT-PCR using primers YHV10F and YHV114R designed
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Fig. 1. Test strip. (A) Position diagram showing the locations of various MAbs on the dual test strip. (B) After application of sample containing WSSV and YHV to the sample
pad, the conjugated antibody and antigen complexes were captured by the antibodies on the test lines (W and Y), giving reddish-purple bands of colloidal gold at positions W
a tured
o test in
t his fig

t
1
w
d
e
o

nd Y. The unbound conjugated antibodies moved across the test lines and were cap
f the sample accumulated in the absorption pad. Pictures of the ready dual strip
riangles represent shrimp tissues. (For interpretation of the references to color in t

o yield an amplicon 135 bp in length (Wongteerasupaya et al.,

997). Aliquots of the same diluted nucleic acid samples (100 �l)
ere also used for strip tests as described above. The lowest
ilution that yielded an observable DNA product by agarose gel
lectrophoresis was compared with the sensitivity of other meth-
ds tested.
by goat anti-mouse IgG antibody (GAM) to form a band at position C. The remainder
(C) the open case and (D) with lid covered were shown. Yellow squares and blue
ure legend, the reader is referred to the web version of the article.)

2.7. Thermostability testing
Immunochromatographic test strips desiccated in the plastic
bags were stored in a 60 ◦C oven for 0, 10, 20 and 30 days before test-
ing using a mixture of pleopod homogenates from WSSV and YHV
infected P. vannamei diluted 1:5 and 1:100 (5 strips per each treat-
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were applied to the test strip. W = the test line for WSSV, Y = the test line for YHV

ent). The immunoreactive bands intensities were compared with
he control band intensity obtained with pleopod homogenates of
ninfected P. vannamei.

. Results

.1. Production of MAbs specific to WSSV and YHV

Two MAbs specific to WSSV VP28 (W1 and W30) were obtained
rom a mouse immunized with recombinant VP28 protein (rVP28).
hese two MAbs bound to different epitopes of VP28 with similar
evels of avidity. The combined use of these two MAbs resulted in a
-fold increase in dot blot detection sensitivity (Fig. 3A). In contrast,
Ab W30 bound to an epitope that overlapped the epitope bound

y MAb W29, based on the finding that the combination of both
Abs did not increase the dot blot detection sensitivity (data not

hown). Therefore, for the immunochromatographic test strip, the
Ab W30 was conjugated with colloidal gold instead of MAb W29

nd MAb W1 was used at the test line to replace the rabbit anti-
VP28 antibody and the MAb W28 that were used together in the

SSV strip tests described previously (Sithigorngul et al., 2006).
The MAb Y21 was specific to YHV p20 exhibited a detection sen-

itivity similar to MAb Y19, and the dot blot detection sensitivity
ncreased 2-fold when the MAbs were used together (Fig. 3B). For
ptimization, MAb Y21 was used on the test line of the strip test in
lace of the polyclonal antibody against recombinant p20 used in
he single YHV strip test described in previous report (Sithigorngul
t al., 2007).

.2. Test strip optimization
In the final optimization of the production of the dual test, MAb
30 (5 �l/cm) and MAb Y19 (3 �l/ml) colloidal gold conjugates
ere sprayed separately on each strip of the glass fiber pads. For the

est and control lines, MAb W1 (0.4 mg/ml), MAb Y21 (1 mg/ml) and
, (B) WSSV infected shrimp, (C) YHV infected shrimp or (D) a combination of B and
= the control line.

GAM (0.8 mg/ml) were sprayed at 1, 1.5 and 1 �l/cm on the nitro-
cellulose membrane at positions W, Y and C because these MAbs
showed the highest intensity and sensitivity to diluted infected
samples without giving false positive for uninfected shrimp sam-
ples.

In the case of MAbs specific to p20 of YHV, the new MAb (Y21)
that recognized a non-overlapping epitopes with the previous MAb
(Y19) demonstrated a sensitivity similar to the PAb specific to p20
of YHV and could be used to replace the PAb against rp20 used
in the previous single strip test without a reduction in sensitiv-
ity (Sithigorngul et al., 2007). However, the amount of MAb Y19
colloidal gold conjugate and the MAb Y21 on the test line (Y)
used in dual strip test was higher than that used in the single test
(Sithigorngul et al., 2007).

The replacement of the PAbs against VP28 of WSSV and p20
of YHV would increase both the fidelity and antibody production
capacity for future kit production.

3.3. Strip test specificity

When samples from shrimp infected with either WSSV or YHV
were used for detection, only a single band at W or Y was observed;
no cross-reaction between both viruses or other shrimp viruses,
such as TSV and IHHNV, was observed. When a mixture containing
samples from shrimp infected by both viruses was used, bands at
positions W and Y were observed without any interference occur-
ring between each other (Fig. 2). Furthermore, the viral content of
one virus in the viral mixture was much lower than with another
virus, the detection sensitivity was still similar to the homogenate

sample containing the same titers of one virus (Fig. 4).

This strip test can be used to detect the highly virulent strains of
both YHV-1a and YHV-1b that are found in southeast Asia (Senapin
et al., 2010) as well as the gill associated virus (GAV or YHV-2) that
is found in Australia (Sithigorngul et al., 2007).
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result indicated that the strip could remain functional under stor-
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ig. 3. Dot blotting of homogenates of WSSV- and YHV-infected shrimp. Pleopod hom
leopod homogenates of uninfected shrimp and applied to the nitrocellulose memb
f W1 + W30, (d) Y19, (e) Y21 and (f) a combination of Y19 and Y21 are shown (arro
annamei. The numbers indicate the dilution factors for each sample.

.4. Sensitivity testing

The lowest amount of pleopod homogenate from WSSV-
nfected shrimp that gave an unambiguous positive test-strip result

as 1:200 (Fig. 5A). This sensitivity was similar to that of dot blot-
ing using a single MAb but roughly 2-fold less than the dot blot
sing combined MAbs W1 + W30 (1:400) (Fig. 3A). To compare the
ensitivity with that of PCR, nucleic acids from the same shrimp
omogenates used for the dot blot and strip tests were tested. At
dilution of 10−5, a 633 bp band was detected (Fig. 6A). There-

ore, the dual strip test was ∼500-fold less sensitive than one-step
CR. However, the WSSV detection sensitivity of the dual strip test
s ∼100-fold more than the WSSV strip test reported previously
Sithigorngul et al., 2006).

In contrast, the lowest amount of pleopod homogenate from

HV-infected shrimp that yielded unambiguous positive results
as 1:800 (Fig. 5B), a sensitivity that was similar to dot blotting
sing a single MAb but about half as sensitive as a dot blot method
1:1600) using a combination of MAbs Y19 + Y21 (Fig. 3B). To com-

ig. 4. Interference tests between WSSV and YHV in the same homogenates. Pleopod
omogenates from (A) YHV infected or (B) uninfected P. vannamei. The opposite experime
leopod homogenates from (C) WSSV infected or (D) uninfected P. vannamei. They were a
t 1:5 dilution and the dilutions of the diluted homogenates were indicated by the numb
ates from either WSSV (A) or YHV (B) infected P. vannamei were diluted serially with
strips (1 �l/spot). Limited detection using MAbs (a) W1, (b) W30, (c) a combination
ds). The bottom square was spotted with pleopod homogenates from uninfected P.

pare the sensitivity with that of RT-PCR, nucleic acid isolated from
the same shrimp homogenates were tested by RT-PCR. At a dilution
of 10−6, a faint 135 bp band was detected (Fig. 6B). Therefore, the
sensitivity of the dual strip test was ∼1000-fold less sensitive than
one-step RT-PCR.

3.5. Thermostability test

Thermal stability testing at 60 ◦C using pleopod homogenates
at dilution ratio of 1:5 revealed no differences in intensity of
immunoreactive bands after 0, 10 and 20 d of incubation. The
intensity after a 30-d incubation period was slightly reduced. How-
ever, at a dilution of 1:100 no differences in the intensity of the
immunoreactive bands were observed among treatments. This
age conditions equivalent to at least 2 year at room temperature
(Paek et al., 2000), which is similar to the shelf-life of single strip
tests for WSSV (Sithigorngul et al., 2006) and YHV (Sithigorngul et
al., 2007).

homogenate from WSSV infected P. vannamei was diluted serially with pleopod
nts, pleopod homogenate from YHV infected P. vannamei was diluted serially with

pplied to the strips at a volume of 100 �l/strip. The diluent homogenates were used
ers on the left and right hand sides.
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Fig. 5. Strip test sensitivity for detecting WSSV and YHV. Pleopod homogenates from
WSSV- or YHV-infected P. vannamei were serially diluted with pleopod homogenate
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rom uninfected shrimp and applied to strips at a volume of 100 �l/strip. Lim-
ted detection (arrow heads) of (A) WSSV and (B) YHV. Note: The positive results

ere clearly observed at dilutions of 1:200 for WSSV and 1:800 for YHV when the
embrane was still wet after application of the sample for 15 min.

. Discussion

A dual immunochromatographic strip test to detect WSSV and
HV was developed using MAbs specific to VP28 of WSSV and p20
f YHV. The detection sensitivities of the test were similar to the
ingle strip test for YHV described previously (Sithigorngul et al.,

007) and superior to the single strip test for WSSV described pre-
iously (Sithigorngul et al., 2006). Initial testing indicated that the
ombined use of three different VP28 MAbs (Chaivisuthangkura
t al., 2004) either at test line position W or conjugated to colloidal
old did not increase the sensitivity of WSSV detection. Indeed

ig. 6. PCR and RT-PCR detection. Pleopod homogenates from WSSV- and YHV-
nfected P. vannamei that were used for dot blotting and strip tests in Figs. 3 and 4

ere serially diluted with pleopod homogenate from uninfected shrimp and tested
or (A) WSSV using PCR and (B) YHV using RT-PCR. Lane M: DNA markers; lane a:
0−3, b: 10−4, c: 10−5, d: 10−6, e: 10−7, f: 10−8, g: uninfected pleopod homogenate.
rrow: 633-bp and 135-bp PCR products at the lowest dilution that gave observable
ositive results.
ical Methods 173 (2011) 85–91

when MAbW28 was used at the test line, detection sensitivity of
WSSV was reduced markedly compared to when MAb W1 was
used alone. The addition of MAb W28 as a colloidal gold conju-
gate caused the same affect, which was unexpected because both
ELISA and dot blotting results indicated that the three WSSV VP28
MAbs (W1, W28 and W30) examined for use in the test bound to
non-overlapping epitopes on VP28. The reasons of the interference
caused by MAb W28 are not known. However, it is possible that
conjugation of the MAbs to colloidal gold (10 nm diameter) parti-
cles may result in stearic interference of them binding to proximal
epitopes. To circumvent the problem, only MAbs W1 and W30 were
used at the test line and for colloidal gold conjugation, respectively

Even though the optimized concentration of WSSV MAb W1
used the dual strip test (0.4 mg/ml) was much lower than the anti-
body used in the single strip test (1.5 mg/ml) (Sithigorngul et al.,
2006), the sensitivity of WSSV detection was over 100-fold higher.
Moreover, the use of MAb W1 at this lower concentration at one
test line made it possible to combine WSSV detection with a second
test line further away from the sample application well to detect
YHV. When used at higher MAb W1 concentrations at the first test
line position W, gold conjugated-MAb Y19 was blocked from react-
ing with more distal YHV test line Y and gave false-positive results
for WSSV occurred.

However, using the optimized test conditions both YHV and
WSSV proteins were readily detected in homogenates of shrimp tis-
sue. Despite the lower detection sensitivity compared to PCR-based
techniques, the test strip offers advantages in providing a result
very quickly (within 15 min of sample preparation and application),
its simplicity not requiring highly skilled laboratory technicians
or equipment that allow its pond-side use by shrimp farm staff.
Whilst dot blotting procedures offer similar detection sensitivity,
a laboratory is required and result turn-around time (∼7 h) is far
longer.

Although antibody-based diagnostic methods exhibit far poorer
sensitivity than PCR-based methods, the dual immunochro-
matographic strip test offers some advantages for farm-based
management of WSSV and YHV disease risks. In a study comparing
the use of a PCR test and a MAb-based immunodot test or detecting
WSSV in Penaeus monodon, both were found to have value (Patil et
al., 2008). For example, the lower detection of the immunodot test
proved to be instructive on the likelihood of disease occurrences,
as all six farms at which WSSV was detected at various times post-
stocking had failed harvests. Conversely, the very high sensitivity of
PCR can be instructive on the unlikelihood of disease occurrences,
as at four farms at which WSSV was only detected following the
used of more sensitive 2-step PCR, shrimp were harvested success-
fully at 105 d post-stocking. Similar PCR evidence of the long-term
persistence of WSSV infections in the absence of disease, unless
environmental stressors trigger elevated virus replication leading
to disease, has been obtained in other studies (Peng et al., 1998; Tsai
et al., 1999). Therefore, the lower diagnostic sensitivity of the dual
immunochromatographic strip test described here provides shrimp
farmers with a simple and effective diagnostic means of monitoring
for WSSV and YHV infection loads predictive of impending disease
and thus affording them with tool to manage against production
losses.
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