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Abstract RNA interference (RNAI) is a potential strategy
to control shrimp viral diseases, including the white spot
disease caused by White Spot Syndrome Virus (WSSV).
Selection of genes for targeting is an important criterion.
We have compared the efficacy of dsRNAs targeting
structural (vp28 and vp281) and nonstructural genes (rrl
and dnapol) of WSSV in controlling viral multiplication
in Penaeus monodon. Targeting the rrl and vp28 genes
provided better protection (93.3% and 90% survival
respectively) compared to vp281 and dnapol in experi-
mentally infected shrimp. Temporal transcriptional analysis
of the corresponding genes and PCR-based diagnosis of
WSSV in samples collected at different time points in the
experiment supported this observation, thereby indicating
that targeting a combination of rrl and vp28 would be
effective in limiting WSSV multiplication.

White spot syndrome is an economically devastating viral
disease of farmed shrimp. The disease is caused by white
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spot syndrome virus (WSSV), which is a double-stranded
DNA virus of the genus Whispovirus, family Nimaviridae
[1]. WSSV outbreaks in shrimp farms result in 100%
mortality within 5-10 days, causing serious economic los-
ses, and the problem is compounded by the wide host range
of this virus [2—4]. There is no established therapy avail-
able for the treatment of WSSV infection in shrimp.
Administering inactivated virus [5] and WSSV envelope
proteins as an oral vaccine or intramuscular injection has
been reported to increase the survival of experimentally
infected shrimp [6-8]; however, application of these
products in field trials have not been reported so far. At
present, the practical method to control this virus includes
screening of brooders and shrimp seeds for WSSV prior to
spawning and stocking, respectively.

RNA interference (RNAi), a natural biological phe-
nomenon, is currently being examined as an antiviral
therapeutic strategy. RNAi is the silencing of gene
expression that occurs when dsRNA is introduced into a
cell [9]. Long dsRNAs in the cytoplasm produced by viral
infections, transposons, or cellular transcripts are processed
into 21- to 23-nucleotide (nt) RNA duplexes called short
interfering RNAs (siRNAs) by an RNase III nuclease
called Dicer [10]. These siRNA sequences are incorporated
into an RNA-induced silencing complex (RISC) and are
subsequently unwound. The guide strand (complementary
to the mRNA), which has a less thermodynamically stable
5" end [11] remains with the RISC while the passenger
strand is cleaved and ejected from the complex. The
complex then binds to the complementary mRNA in the
cytoplasm and cleaves it. This results in silencing of gene
expression at the posttranscriptional level. The RNAi
phenomenon has been reported in plants, fungi, nematodes,
insects, crustaceans and mammals [12—-14]. The use of
RNAI as an antiviral agent in humans has been reported
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[15]. RNAI elicited by administering either long dsRNAs
or siRNAs has been shown to induce antiviral protection in
shrimp [14, 16-20].

The present investigation was undertaken to study whe-
ther targeting genes with different functions in the viral life
cycle have similar or varying impact on viral multiplication
in the host. Four genes— two nonstructural protein-encoding
genes, viz., rrl (large subunit of ribonucleotide reductase,
RR gene) and dnapol (DNA polymerase), and two genes
encoding viral envelope proteins viz., vp28 and vp281, were
selected. These genes were targeted by administering in
vitro-synthesized dsRNA to WSSV-infected shrimp, and
the protection thus afforded was compared.

In this study, for dsSRNA synthesis, sequences of the
WSSV genes vp28 (GenBank ID: DQ979320), vp281
(GenBank ID: EF534251), rrl (GenBank ID: AF099142)
and dnapol (GenBank ID: AF369029) were retrieved from
GenBank. Primers designed to amplify partial sequences of
these genes are as follows: vp28 (F: 5-GCAAAATCAAG
ATCCGCAAT-3’ and R: 5-GTGAAGGAGGAGGTGTT
GGA-3'), vp281 (F: 5-GACCGAATGACACCCGTAA
G-3' and R: 5-CCACTGTCGCTATCTGTTGC-3'), rr1 (F:
5'-CGGACTGAGGACGCTAGAAT-3' and R: 5'-CCCT
CGTCCTCAAATCTTCA-3') and dnapol (F: 5-TCTGC
GTGGCTAGGTCTCTT-3' and R: 5-TGACGGCCAATC
AGATTACA-3). DNA extracted from WSSV-infected
shrimp tissue was used as template. The amplified products
were cloned in the vector LITMUS28i (New England
Biolabs) by blunt-end cloning of the PCR products
according to standard protocols [21]. The insert sequences
in each clone were amplified using T7 minimal primer
(New England Biolabs) corresponding to the dual T7
promoter in the vector. The amplicons were then tran-
scribed to dsRNA in vitro using T7 RNA polymerase (New
England Biolabs). The template DNA was removed by the
addition of DNase I (New England Biolabs).

Severely infected moribund shrimps collected during
a WSSV outbreak in Nagapattinam, India, and stored at
—70°C were used as the source of WSSV. The shrimps
were tested for the presence of WSSV and other shrimp
viruses using the appropriate IQ 2000 kits and were found
to be positive for only WSSV (data not shown). Challenge
experiments were performed using extracts from the
infected tissues, and the infected animals were found to be
positive for WSSV, thereby confirming that the virus in the
stored infected tissues were infectious (data not shown).
For the present experiment, WSSV-infected tissue extract
was prepared by homogenizing 1 g of pleopod tissue in
10 ml of phosphate-buffered saline (PBS) (pH 7.4). The
homogenate was centrifuged, and the supernatant was fil-
tered through a 0.22-pum filter. For this study, we sought to
use a dose of WSSV that would give 100% mortality over
an extended period. A dose producing mortality within a
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short span of time would not be conducive to observing the
effects of dsRNA injection. Hence, the filtrate was diluted
at various ratios (1:10, 1:20, 1:30, 1:40 and 1:50) and
injected in shrimp. The dilution (1: 40) that produced 100%
mortality within 9-14 days was chosen as viral inoculum
for the present study (data not shown).

P. monodon weighing 1.5 (£0.5) g, reared from
WSSV-free seeds, were procured from a farm in Mah-
abalipuram, India. In our laboratory, the shrimps were
maintained at 28°C in 100-1 tanks containing filtered
seawater at a salinity of 28 g/l with continuous aeration.
The shrimps were fed three times a day with commercial
pellet feed. The shrimps were divided into six groups in
triplicate with ten animals in each. Each group was
maintained in a 50-1 tank. The negative control group was
injected with TN only (50 mM Tris, pH 7.5, 100 mM
NaCl) buffer. The four test groups each received one
type of dsRNA (and were named the dsRNAvp2S,
dsRNAvp281, dsRNArrl and dsRNAdnapol groups,
according to the WSSV gene targeted). Six pg/g body
weight of dsSRNA in TN buffer was injected intramuscu-
larly in the third segment of the abdomen of each animal
of the test groups. We had previously tested 2-10 pg/g
body weight dsSRNA concentrations and found that there
was no significant difference in the efficacy from 5-10 pg
(data not shown). Hence, we used 6 pg in the present
study. After 24 h, WSSV extract was injected intramus-
cularly in the dilution (1:40) that produced 100% mortality
in 9-14 days. The positive control group received only the
WSSV inoculum injection. The dead animals were not
removed from the tanks to allow a re-infection process
similar to what would happen in the pond. The animals
were observed for 14 days. The significance of the mor-
tality rates observed in the different experimental groups
was analyzed by one-way ANOVA followed by Turkey’s
multiple comparison test using GraphPad Prism version
5.04 for Windows, GraphPad Software, San Diego, Cali-
fornia USA, http://www.graphpad.com. Another replicate
of each test and control group was maintained and sub-
jected to the same treatments described above. This rep-
licate was not used for mortality studies. Shrimps were
collected from this replicate at regular intervals (every
48 h from the time of dsRNA injection), and tissues were
preserved in 95% ethanol at —20°C for RNA and DNA
extraction.

The 1Q2000™ WSSV Detection and Prevention System
(Farming IntelliGene Tech. Corp, Taiwan; henceforth
referred to as 1Q2000 WSSV kit) was used to diagnose the
steady-state level of WSSV infection in the experimental
animals sampled at regular intervals. The kit allows for
differentiation of WSSV infection as very light, light,
medium and severe (by comparison with positive standards
provided in the kit).
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Total RNA was extracted from the gill tissues of shrimps
collected at each time interval using TRIzol reagent
(Invitrogen). First-strand cDNA was synthesized using the
oligo-dT primer, and the cDNA was used for PCR in a 25-pl
reaction mixture containing the appropriate primer pair. An
18S rDNA primer set, Deca 20A2 (5'-ACTTCCCCCGGA
ACCCAAAGACT-3') and Deca 2089 (5-GGGGGCATTC
GTATTGCGA-3'), was used as an internal control for RNA
quality and amplification efficiency. The level of tran-
scription in each group at all time points was compared to
the level of transcription of the gene in the third sample
(144 h) collected from the positive control group.

Injection of dsRNA at 6 pg/g body weight was found to
afford protection against WSSV in P. monodon, and the
effectiveness of the dsRNA varied with the viral gene
targeted for silencing. The positive control group injected
with only WSSV showed mortality from the 4th dpi, and
cumulative mortality reached 100% by the 13th dpi. The
highest survival rates were observed in dsRNArr1 group at
93.3% (Fig. 1a) and dsRNAvp28 group, which had a sur-
vival rate of 90%. The mortality rates in these two groups
were found to be significantly different from those in the
remaining groups, including the positive control group
(P < 0.05). However, the mortality rates of the dsR-
NAvp28 and dsRNArrl groups were not significantly dif-
ferent from each other (P < 0.05), thereby indicating that
both the dsRNAs gave similar levels of protection against
WSSV (Fig. 1b). The dsRNAdnapol and dsRNAvp281
groups had comparatively lower survival rates of 76.6%
and 66.7%, respectively (Fig. 1a). There was no mortality
in the negative control group. dsRNAs targeting rrl, a
nonstructural-protein-encoding gene, and vp28, a struc-
tural-protein-encoding gene, were both found to control
viral multiplication with high efficiency. On the other hand,
dsRNAs targeting dnapol, a nonstructural-protein-encoding
gene, and vp281, a structural-protein-encoding gene, were
comparatively less efficient in controlling WSSV infection.
This observation indicates that the function of the protein
encoded by the gene and its role in the viral life cycle
should form the criteria for selection of a gene as target for
RNA..

On performing WSSV diagnostic PCR using a 1Q2000
WSSV kit, all samples collected from the dsRNAvp28
group at all time points (from 48 h post-dsSRNA-injection
up to 336 h at 48-h intervals) were found to be very slightly
positive for WSSV (Fig. 2). RNA extracted from these
samples was subjected to RT-PCR with the appropriate
primer pair to study the level of transcription, and the vp28
transcript was detected up to 144 h post-dsRNA-injection,
but at a low level (Fig. 3). This indicates that there had not
been complete viral clearance; however, the viral load was
insufficient to trigger WSD and subsequent death. We
hypothesize that in this group, viral DNA replication took

100 4

g0{ —=—wp28
o V281
—&—m
704 —=—dnapol
s0{ —o— Positive control
—&a— Negative control

Percentage cumulative mortality g
8

1 2 3 4 5 -] 7 8 9 0 1 12 13 14
Days after dsRNA injection in test groups

&8 2 8 B8

Mortality (arcsine value of %) g
B

o

Experimental groups

Fig. 1 (a) Graph showing percentage of cumulative mortality in
P. monodon injected with dsRNA corresponding to four WSSV genes
in relation to the positive control and negative control groups. Higher
survival rates were found in the dsRNArrl (93.3%) and dsRNAvp28
(90%) groups. (b) Analysis of the total mortality observed in the
various experimental groups that received different dsRNAs in
comparison with the controls. The percentage mortality values were
converted to arcsine values for statistical analysis by one-way
ANOVA followed by Turkey’s multiple comparison test. There was
significant difference in the mortality rates between the different
experimental groups (P < 0.05). The mortality rates of dsSRNAvp28
and dsRNArrl groups were not significantly different

place initially, but as the major envelope protein was not
synthesized, there was inhibition of viral assembly. This in
turn could have inhibited cellular destruction and further
spread of infection and mortality. The transcription anal-
ysis results suggest that viral DNA was able to support
transcription of the vp28 gene up to 144 h at a detectable
level, after which this gene was not transcribed to a level
detectable by the method adopted for analysis. It is likely
that the incompletely assembled viral particles or viral
DNA had still not been removed from the animal’s system,
which accounts for the detection of WSSV DNA by 1Q
2000.

Administration of dsSRNA targeting vp28] gave protec-
tion against WSSV; however, the mortality rate of this
group was significantly higher when compared to the other
dsRNA-treated groups (Fig. 1b). Samples collected from
the dSRNAvp281 group at all time points were found to be
very slightly positive (Fig. 2). RT-PCR analysis also
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showed that the vp281 transcript was detected up to 240 h
post-dsRNA-injection (Fig. 3). Based on these results, we
suggest that WSSV replication can take place even when
the expression of VP281 protein is decreased, although this
can be ascertained only by further experiments.

The dsRNAdnapol group showed a survival rate of
76.6% (Fig. 1a). Samples from this group collected at 48 h
and 96 h were negative for WSSV, while subsequent
samples were very slightly positive for WSSV infection
(Fig. 2). RT-PCR analysis showed that the dnapol tran-
script was not detected until 144 h and was detected in
subsequent samples from 192 to 336 h (Fig. 3). Although,
the dnapol gene is vital in viral replication, knockdown of
this gene by RNAI did not adversely affect viral multipli-
cation. This observation probably indicates a relationship
between the host and viral replication machinery that is yet
to be understood.

In the present study, the dsRNArrl group had a high
survival rate of 93.3% (Fig. 1a), and all of the samples
from this group were negative for WSSV infection

M 48 96 144 192 240 288 336
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Fig. 2 Determination of the SSV infection level at various time
points (48-336 h) using an 1Q 2000 kit. Diagnosis of WSSV infection
is based on the following band patterns, as given by the manufacturer:
The presence of only one band of 848 bp, which is the product of the
housekeeping gene, indicates a negative sample. The presence of
bands of 848 bp and 296 bp indicates very light infection. The
presence of a band of 296 bp alone indicates light infection. The
presence of bands of 550 bp and 296 bp indicates moderate infection.
The presence of bands of 1100 bp, 550 bp and 296 bp indicates
severe infection. Lane M: 100-bp DNA ladder Lane N: Negative
control without any template Lane P1: Manufacturer’s standard
corresponding to 20 viral copies (light positive) Lane P2: Manufac-
turer’s standard corresponding to 200 viral copies (moderate positive)
Lane P3: Manufacturer’s standard corresponding to 2000 viral copies
(severe positive)
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Fig. 3 Transcriptional analysis of the four WSSV genes. 18S rDNA
amplified from the positive control group is shown as an internal
control. — indicates the negative control, and + indicates the positive
control collected at 144 h

throughout the course of the experiment (Fig. 2). The rrl
transcript was also not detected in the RT-PCR analysis of
these samples at any of the time points (Fig. 3), thereby
indicating a complete knockdown of the gene. rrl is an
early gene of WSSV [22] and its knockdown could result in
reduced or failed viral DNA replication. In the present
experiment, dSRNA was administered 24 h prior to the
WSSV inoculum. When viral gene transcription starts in
the host cells, siRNAs targeting WSSV rrl are already
present in the shrimp system. Therefore, the knockdown of
rrl, which is transcribed within 4-6 h of infection could
result in decreased or failed WSSV DNA synthesis. This
could account for the absence of infection as detected by
1Q2000 analysis and absence of any detectable transcripts
in the RT-PCR analysis.

The aim of this study was to ascertain whether targeting
structural or nonstructural genes of WSSV by RNAi gives
better protection against this virus. However, our results
suggest that the function of the encoded protein forms a
more important criterion for selection. To our knowledge,
this is the first time the nonstructural-protein-encoding
gene, the rrl gene of WSSV, has been targeted for
silencing viral multiplication by RNAi. WSSV RR has a
large (RR1) and small (RR2) subunit [22], which can be
differentiated from host cellular RR [23]. WSSV RR has
been reported to be functionally involved during infection
[24]. RR is an important enzyme in the viral life cycle, as it
catalyses the reduction of ribonucleotides into deoxyribo-
nucleotides [25]. The activity of host RR is linked to DNA
replication and is reported to be absent or inactive in
resting cells [26]. Viral RRs are believed to enable the
virus to replicate even in non-dividing cells. It has been
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demonstrated that the WSSV RR is functionally active and
enables the virus to replicate even in resting cells, thus
contributing to the rapid onset and lethality of WSSV
infection [24]. Hence, targeting this gene imparted the
highest degree of protection against WSSV compared to all
the other genes examined in this study.

Targeting the vp28 gene gave the second-highest degree
of protection against WSSV in this study. Reports on
siRNA and dsRNA targeting this gene in affording antiviral
response have also been promising [17, 18, 20]. Robalino
et al. reported 85% survival in shrimps treated with vp28-
specific dSRNA and challenged with WSSV [16].The V28
protein plays an important role in the systemic infection of
shrimp [27]. Yi et al. have demonstrated that VP28, a
major envelope protein of WSSV, is involved in attach-
ment to shrimp cells, and the protein enters the cytoplasm
at 3 h post-adsorption [28]. Tang et al. proposed that the
N-terminal transmembrane region of VP28 could interact
with the host receptor or fuse with host cell membrane
[29]. These features of vp28 make it an attractive target for
antiviral studies.

Due to its central role in viral DNA replication, the viral
DNA polymerase gene has been a target for development of
antiviral therapeutics, and even RNAi has been used to
target this gene of many viruses. siRNAs targeting the 3D
pol of poliovirus have been shown to decrease the viral titer
in human cells [30]. Surprisingly, dSRNA corresponding to
dnapol gene afforded less protection, with only 76.6%
survival. Similar results have been observed by Robalino
et al., who reported only 44% survival in DNA polymerase
dsRNA-treated groups [16] and Wu et al., who reported
50% survival in L. vannamei injected with dnapol-specific
siRNA [19]. Despite being a vital enzyme in viral DNA
replication, decreased expression of this protein did not
adversely affect WSSV multiplication in any of these
studies. Cavanaugh and Kuchta showed that in HSV-1, the
host DNA polymerase o, is more efficient in extending the
viral primase-synthesized RNA primers than the viral
polymerase, thereby suggesting that host polymerases are
also involved in herpesviral DNA replication [31]. It is
possible that WSSV, and its host too, could share a similar
mechanism of viral DNA replication, which could, to some
extent, explain why targeting the dnapol gene of WSSV for
knockdown does not completely inhibit viral multiplication.

The VP281 protein of WSSV is a minor envelope pro-
tein [32, 33] that is reported to be involved in infection by
binding to shrimp cell membranes [34, 35]. Administration
of anti-vp281 antibodies [35] and DNA vaccines encoding
vp281 [36] has been shown to give protection against
WSSV. In the present study, administration of dsRNA
targeting this gene gave the least protection against WSSV
when compared to the other targeted genes. Similar
observations were reported by Kim et al., wherein injection

of dsRNA targeting vp281 afforded less protection against
WSSV in P. chinensis than other dsRNAs tested [17].
Hence, this gene may not be a suitable candidate for
developing RNAi-based antiviral strategies against WSSV.

Selection of viral genes for targeting would play an
important role in determining the success of this RNAi as an
antiviral therapeutic. A significant observation in this study
has been that the role and importance of the protein encoded
by the target gene in the viral life cycle is a central factor in
determining its suitability for developing RNAi-based
therapeutics. From the results of this study, a combination
of dsRNA targeting rr/ and vp28 would be a suitable
strategy to protect shrimp against WSSV infection. Under
farm conditions, it would not be practical to apply this
technique to the shrimps in the grow-out ponds. However,
this strategy has great potential in hatcheries to produce
virus-free broodstock, thereby ensuring production of
WSSV-free seeds. Further research on the RNA1 pathway in
crustaceans will help in the development of new strategies
to combat viral diseases affecting cultured crustaceans.
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