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Double-stranded RNA (dsRNA) is a common by-product of viral infections and a potent inducer of innate
antiviral immune responses in vertebrates. In the marine shrimp Litopenaeus vannamei, innate antiviral
immunity is also induced by dsRNA in a sequence-independent manner. In this study, the hypothesis that
dsRNA can evoke not only innate antiviral immunity but also a sequence-specific antiviral response in shrimp
was tested. It was found that viral sequence-specific dsRNA affords potent antiviral immunity in vivo, implying
the involvement of RNA interference (RNAi)-like mechanisms in the antiviral response of the shrimp. Con-
sistent with the activation of RNAi by virus-specific dsRNA, endogenous shrimp genes could be silenced in a
systemic fashion by the administration of cognate long dsRNA. While innate antiviral immunity, sequence-
dependent antiviral protection, and gene silencing could all be induced by injection of long dsRNA molecules,
injection of short interfering RNAs failed to induce similar responses, suggesting a size requirement for
extracellular dsRNA to engage antiviral mechanisms and gene silencing. We propose a model of antiviral
immunity in shrimp by which viral dsRNA engages not only innate immune pathways but also an RNAi-like
mechanism to induce potent antiviral responses in vivo.

Double-stranded RNA (dsRNA) is a hallmark of viral in-
fections, and thus, it is not surprising that the immune system
has evolved the capacity to recognize dsRNA and respond to it
by mounting antiviral responses. In vertebrates, these innate
antiviral responses rely in part on the recognition of dsRNA by
Toll-like receptor 3 and by RNA-dependent protein kinase
(32, 47). The consequences of dsRNA recognition include ac-
tivation of the interferon system, initiation of apoptosis, and
inhibition of cellular protein synthesis. From an evolutionary
perspective, innate immune activation by dsRNA has long
been thought to be exclusive to vertebrates. This view has been
encouraged by the fact that genes encoding homologues of
interferons, their receptors, and most of the prominent inter-
feron-regulated genes are absent in fully sequenced inverte-
brate genomes (1, 7, 10, 11). Nevertheless, it is a reasonable
expectation that invertebrates should have an innate immune
system capable of recognizing dsRNA as a signature of viral
infection. A previous study suggested such a capability by dem-
onstrating that exposure of a marine shrimp to dsRNA induced
innate antiviral immunity in a sequence-independent manner
(36). The mechanisms underlying this phenomenon as well as
its occurrence in other invertebrate taxa remain unknown, but

it is clear that the recognition of dsRNA by another pathway,
RNA interference (RNAi), is widely distributed among inver-
tebrates and likely an important component of the invertebrate
antiviral response.

RNAi comprises a set of related cellular processes by which
dsRNA molecules direct the suppression of gene expression
based on sequence homology between the dsRNA trigger and
the target gene. The specific mechanisms used by dsRNA to
exert its silencing effects are diverse and include target RNA
degradation, chromatin modification, and translational repres-
sion. The biological consequences of this set of phenomena are
significant: RNAi has been implicated in the control of gene
expression during development (6, 9, 17), heterochromatin
establishment and maintenance (13, 18, 30, 46), suppression of
transposon activity (25, 33, 38, 41, 49), control of mRNA turn-
over in plants (14), and antiviral immunity (24, 28). The uni-
fying mechanistic feature of all RNAi-related pathways seems
to be the processing of dsRNAs by members of the Dicer
family, RNase III type endonucleases that generate 21-to
23-bp duplexes with 5� phosphates and 3� dinucleotide over-
hangs (3). These short dsRNA duplexes are recruited by pro-
tein complexes, which then recognize cellular (or viral) RNA
targets by virtue of their homology to the complex-bound short
RNA. Regardless of the specific mechanism used (transla-
tional repression, mRNA degradation, or chromatin modifica-
tion), these events result in sequence-specific gene silencing.
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Several lines of evidence support the notion that the RNAi
pathway plays a role in antiviral immunity in metazoa. The
requirement for the RNAi machinery for transposon silencing
in Caenorhabditis elegans (41) and Drosophila melanogaster
(38) implies evolution of RNAi as a defense mechanism
against foreign nucleic acids. More significantly, suppressors of
RNAi, whose activity is essential for viral replication in cell
culture, have been found in insect and vertebrate viruses (22,
28, 29). Furthermore, infection of animal cells with RNA
viruses can lead to the accumulation of virus-specific short
RNA species (ca. 20 bp) of both sense and antisense polarities,
suggesting processing of viral dsRNA intermediates into short
interfering RNAs (siRNAs) (28). The in vivo role of the RNAi
pathway in insect antiviral immunity has been recently dem-
onstrated by experiments where silencing of Argonaute protein
family members involved in RNAi rendered mosquitoes more
permissive to replication of an RNA virus (24). Finally, the
feasibility of using exogenous dsRNAs and siRNAs targeting
viral sequences to effectively control viral infections in vivo
suggests that the antiviral functions of the RNAi pathway can
be exploited for therapeutic purposes (4, 15, 43–45).

While RNAi has been clearly shown to function as an anti-
viral mechanism in several insects, its role in antiviral immunity
in other invertebrates has remained unexplored. Moreover,
until recently, the role of dsRNA as a sequence-independent
inducer of innate immunity in invertebrates was unrecognized.
It has previously been shown that dsRNA induces broad-spec-
trum antiviral immunity in a sequence-independent manner in
a marine invertebrate, the shrimp Litopenaeus vannamei (36).
This observation, together with the striking evolutionary con-
servation of the RNAi pathway, prompted us to consider the
potential for the convergence of innate immunity and RNAi as
two distinct antiviral mechanisms induced by a common virus-
associated molecular pattern, dsRNA. Here, we show that
dsRNA can engage both innate immune pathways and an
RNAi-like mechanism to stimulate potent antiviral immunity
in a marine shrimp.

MATERIALS AND METHODS

Shrimp, viruses, and challenge systems. L. vannamei shrimp (1 to 2 g) were
kept in artificial seawater (Marine Environment) and challenged using either
individual or collective challenge systems. In the individual system, single animals
were kept in 260-ml tissue culture flasks with ca. 100 ml of artificial seawater and
100% daily water exchange (34). Infection in this individual system allows good
resolution of subtle differences between experimental treatments, mainly be-
cause the viral dose is not amplified via cannibalism. Alternatively, a collective
infection system was used in which shrimp were kept in groups of 10 to 12 in
10-liter tanks connected to a water recirculation system with mechanical and
biological filtration as well as UV sterilization. Collective challenge allows rein-
fection events and dose amplification to occur due to cannibalism during the
course of the experiment. While less control over the total viral dose per shrimp
is achieved in the collective challenge system, initial exposure is the same for all
treatments. Most importantly, this system allows assessment of the effects of
antiviral stimulation under conditions that mimic high population density (like
those encountered in aquaculture systems and under certain environmental
conditions). The white spot syndrome virus (WSSV)-containing extract used to
challenge shrimp by intramuscular injection has been described elsewhere pre-
viously (34). This viral extract was used at a 4 � 10�8 dilution (weight of infected
tissue:volume of saline) to typically yield mortalities between 60 and 80% or at
higher concentrations to induce 90 to 100% mortality in unstimulated shrimp.
Volumes of injected infective material were 20 �l per animal for all experiments,
unless otherwise stated. For per os infection experiments, WSSV or Taura
syndrome virus (TSV)-containing tissues were generated by infecting specific-
pathogen-free L. vannamei shrimp (3 to 4 g) and collecting moribund and dead

animals over a period of 7 to 10 days. Infected tissue was fed to experimental
shrimp at a rate of 10% biomass per day for 3 consecutive days. Shrimp were fed
artificial dry food throughout the experiments, except on days of viral infection.
Statistical statements (one-tailed P values, unless otherwise indicated) were
derived from pairwise comparisons of the fractions of dead and alive animals in
experimental and control groups using Fisher’s exact test. To silence endogenous
genes, shrimp were injected with 5 �g of dsRNA, a dose determined to be
effective for mRNA knockdown over a large number of experiments (data not
shown). For sequence-independent antiviral immunity assays, 5 �g of dsRNA
was also used, based on previous work showing that doses of 1 �g or more are
consistently effective for inducing innate antiviral protection (reference 36 and
data not shown). The doses of dsRNA required for sequence-specific antiviral
protection were empirically determined as part of the present study and were
found to be gene target specific.

dsRNA. dsRNAs were generated by in vitro transcription as described previ-
ously (36), using recombinant pGEM-TE (Promega), pCR4.0 (Invitrogen), or
pBluescript (Stratagene) as a template. Sequences representing portions of the
ribonucleotide reductase small subunit (RR2), DNA polymerase (DP), and open
reading frame (ORF) WSV252 from WSSV were obtained from the L. vannamei
expressed sequence tag (EST) collection at http://www.marinegenomics.org.
These WSSV-encoded sequences were generated from subtractive hybridization
libraries from infected shrimp, and as such, they represent fragments of WSSV-
expressed genes and not full-length cDNAs. When the ESTs overlapped with
more than one of the computationally predicted ORFs from the WSSV genome,
the annotations given corresponded to those ORFs representing the most sig-
nificant match based on BLASTx (2). DP and RR2 inserts were amplified by
PCR from the appropriate EST clone and subcloned into pGEM-TE for dsRNA
preparation using T7 and SP6 RNA polymerases. WSV252 was similarly ampli-
fied and cloned into pCR4.0 for dsRNA synthesis using T3 and T7 RNA poly-
merases. NCBI accession numbers of the ESTs used as templates and insert sizes
are as follows: WSV186/ribonucleotide reductase small subunit (755 bp),
CK572927; WSV514/DNA polymerase (311 bp), CK572497; and WSV252
(446 bp), CX769772. vp19 DNA (366 bp) was amplified by PCR from a homog-
enate of WSSV-infected shrimp and cloned into pCR4.0 for dsRNA synthesis
using T3 and T7 RNA polymerases. Primers for vp19 were CGAAGCTTG
GCCACCACGACTAACACTC (forward) and CGGAGCTCCTGCCTCCTC
TTGGGGTAAGAC (reverse). vp28 DNA (615 bp) was amplified similarly to
the vp19 sequence, except that it was cloned into pCR2.1 and then subcloned
into pBluescript KS for dsRNA synthesis using T3 and T7 RNA polymerases.
Primers for vp28 were CGGGATCCATTGAAGGCCGCGCCATGGATC
TTTCTTTCACTCT (forward) and CGGAGCTCTTACTCGGTCTCAGTG
CCAGA (reverse). The TSV genomic fragment (542 bp) encoding a portion of
the predicted protease gene (31) was cloned by reverse transcription-PCR from
total RNA of TSV-infected shrimp using primers CGTATGGACGAAGCTTG
TTGATGCC (forward) and CTGGGGGACCACTCTTGCTGTTC (reverse).
The control dsRNA for duck immunoglobulin � (Ig�) has been reported previ-
ously as an inducer of innate antiviral protection in shrimp (36). The dsRNA
targeting hemocyanin was prepared from pBluescript KS hosting a fragment of
the hemocyanin cDNA (NCBI accession number CK572713). The dsRNA tar-
geting CDP (CUB domain protein) was prepared from pCR4.0 hosting a frag-
ment of the CDP cDNA that had been amplified with primers CGCGTC
ACTCGTTGAAGCTCA (forward) and CAGCTGCAGTCTGTGTTGTTC
(reverse) from the full-length CDP cDNA (NCBI accession number AY907539).
siRNAs with UU 3� overhangs (sequences shown in Table 1) were purchased
from Dharmacon. Poly(C-G) was from Sigma-Aldrich. Diced dsRNA was pre-
pared by incubating dsRNA with human recombinant Dicer followed by purifi-
cation by size exclusion according to the manufacturer’s instructions (Ambion).

TABLE 1. siRNAs used in this study

Target gene Target sequencea

vp19 .................................................................AGAAGGACAGCGAUUCUGA
vp19 .................................................................CGAUGAUGAGGACAAAUAU
vp19 .................................................................UUACACCAUGGAAGAUCUU
Hemocyanin....................................................CACACCAUAUCGAGCGUAA
Hemocyanin....................................................GUUGAUGUUAGCAAUAACA
Hemocyanin....................................................AUACAUGGAUAACAUCUUC
Control siRNA...............................................ACCAUCGAGCAUGAACAUC

asiRNAs contained the shown sequence as a 19-bp RNA duplex, with addi-
tional 3� UU overhangs.
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RNA blots. Total RNA was resolved in denaturing agarose gels containing
formaldehyde, transferred to nylon membranes (S&S), and probed using 32P-
labeled randomly primed DNA (37). Hybridizations were performed overnight
at 65°C in 1 mM EDTA–7% lauryl sulfate–0.5 M sodium phosphate dibasic, pH
7.2, followed by washing in decreasing concentrations of buffer SSC (150 mM
sodium chloride–15 mM sodium citrate) in the presence of 0.1% lauryl sulfate.
Signal on membranes was recorded with a Typhoon 9410 phosphorimager
(Amersham).

RESULTS

Potent and specific antiviral immunity induced by dsRNA in
vivo. It has previously been shown that dsRNA induces innate
antiviral immunity in shrimp in a sequence-independent man-
ner (36). To test whether dsRNA also induces sequence-spe-
cific antiviral immunity, we took advantage of the fact that the
innate antiviral protection afforded by dsRNA in shrimp is
overcome when the virus is delivered shortly after dsRNA
injection and when the dose of virus used is high (36). Thus, in
an initial series of experiments, shrimp were injected with long
dsRNA of either arbitrary sequence or WSSV-specific se-
quence and challenged by injection with a high dose of WSSV.
As shown in Fig. 1a, a nonspecific dsRNA (for duck Ig�) failed
to protect shrimp against challenge with this dose of virus, but
treatment with dsRNAs derived from any one of three WSSV
genes was significantly protective. The magnitude of antiviral
protection (relative to no-dsRNA controls) afforded by the
different WSSV-specific dsRNAs was varied: 78% for RR2
dsRNA, 85% for vp28 dsRNA, and only 44% for the DNA
polymerase dsRNA. While this experiment (Fig. 1a) indicated
viral sequence-specific dsRNA-mediated protection from a
WSSV challenge administered by injection, the normal route
of infection of shrimp with WSSV is the oral route, associated
with the cannibalism of moribund and dead cohorts. Thus, the
effect of injected dsRNA on the response of shrimp to oral
WSSV infection was tested in a collective challenge system
where shrimp were infected per os and allowed to further prey
on infected sick and dead animals throughout the experiment.
The results shown in Fig. 1b indicate that the sequence-inde-
pendent innate immune response [induced in this case by
poly(C-G)] was insufficient to protect against this high-dose
oral challenge but that essentially complete protection was
achieved by the administration of the same dose of dsRNA
specific for vp19, a protein of the WSSV envelope. The ability
of virus sequence-specific dsRNA to induce potent antiviral
immunity is likely a dsRNA-mediated phenomenon, since
treatment of shrimp with RNA antisense to vp19 was not
sufficient to recapitulate the strong protective effects of vp19
dsRNA (Fig. 1c).

The dose dependence of the immunity induced by WSSV-
specific dsRNA was tested in the oral challenge system using
the vp19 sequence and WSV252, a viral ORF of unknown
function. The results, shown in Fig. 1d, indicate that the in-
duced protection was indeed dose dependent. vp19 dsRNA
was highly protective at doses of 10 �g (81% protection) and
1 �g (72% protection), while at 0.1 �g, the level of protection
was only 29%. When WSV252 dsRNA was used, a dose-
dependent response was also observed, but the overall efficacy
of this dsRNA was inferior to that of vp19. These data further
demonstrate that dsRNA with viral sequence specificity in-
duces potent antiviral immunity in a dose-dependent manner.

While the data shown in Fig. 1a and b are suggestive of
sequence specificity in dsRNA-induced antiviral immunity, one
alternative explanation for the dramatically different antiviral
properties of dsRNAs of viral sequence and dsRNAs of arbi-
trary sequence is that the former induce stronger innate (non-
specific) immune responses than the latter due to some feature
of dsRNAs derived from viruses that is not found in nonviral
dsRNAs (e.g., biased base content or short virus-specific mo-
tifs). To address this possibility, the sequence specificity of
antiviral protection was tested across two unrelated viruses.
Shrimp were challenged with a high dose of TSV by the per os
route after injection with duck Ig� dsRNA, vp19 dsRNA (from
WSSV), or dsRNA for a portion of the putative protease
encoded in the TSV genome (31). It was observed in these
experiments that dsRNA of TSV-specific sequence provided
effective protection from TSV infection (Fig. 1e), while vp19
dsRNA treatment resulted in only transient anti-TSV protec-
tion, comparable to that afforded by innate stimulation by duck
Ig� dsRNA. Both non-TSV dsRNAs caused only a delay in the
onset of mortality, which by 11 days postinfection (dpi)
reached 89% and 94% for duck Ig� and vp19 dsRNA treat-
ments, respectively. The ability of anti-TSV dsRNA to induce
immunity against WSSV was also tested, and similar results
were obtained (i.e., no cross-protection between TSV and
WSSV) (data not shown). These data further demonstrate that
strong dsRNA-mediated antiviral immunity is dependent upon
sequence homology between the dsRNA trigger and viral tar-
gets. Collectively, the data shown in Fig. 1 demonstrate that
(i) activation of a dsRNA-induced, sequence-dependent im-
mune response provides strong and specific antiviral protec-
tion and (ii) the degree of protection is influenced by both the
identity and dose of the dsRNA administered.

dsRNA-induced gene silencing in shrimp. The data shown in
Fig. 1 suggest engagement of an RNAi-like mechanism in
antiviral protection induced by dsRNA against high doses of
virus. Since functional RNAi in shrimp has not been previously
reported, experiments were conducted to test the existence of
RNAi-like responses in L. vannamei. Thus, long dsRNA spe-
cific for each of two endogenous genes was injected intramus-
cularly into the abdomen of shrimp and was followed 48 h later
by analysis of the expression of the targeted mRNAs. One of
the targeted genes encodes an isoform of hemocyanin (NCBI
accession number AJ250830), the oxygen carrier protein in
shrimp whose expression is restricted to the hepatopancreas.
The other target is a novel gene of unknown function which we
have termed CDP (NCBI accession number AY907539), for
CUB (complement subcomponents C1r-C1s/sea urchin pro-
tein Uegf/bone morphogenetic protein 1) domain protein. The
expression patterns and tissue distribution of CDP are not
fully known, but EST analysis suggests that its mRNA is pre-
sent in at least two tissues, hemocytes and gills (http://www
.marinegenomics.org). The results shown in Fig. 2 indicate that
injection of gene-specific dsRNA leads to substantial and spe-
cific depletion of the cognate mRNAs in hepatopancreas and
gills. Injection of the dsRNA analogue poly(C-G) had no ap-
parent effect on hemocyanin or CDP expression relative to
injection of saline only. Likewise, injection of hemocyanin
dsRNA had no effect on CDP expression. These results dem-
onstrate that a dsRNA-induced gene-silencing pathway exists
in shrimp and that it can be triggered systemically by injection
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FIG. 1. Potent and specific antiviral immunity induced by dsRNA in vivo. (a) Shrimp (1 to 2 g) were injected intramuscularly with either saline
(no-virus and no-dsRNA controls), 12 �g of dsRNA for duck Ig�, or 12 �g of dsRNA for the WSSV gene RR2, DP, or vp28. dsRNAs were mixed
with 20 �l of diluted WSSV-containing homogenate (6.6 � 10�7, wt/vol). An individual flask challenge system was used (n � 46 to 47). Every
WSSV-specific dsRNA afforded significant antiviral immunity 10 dpi, compared to duck Ig� dsRNA (P � 0.0001 in every case). (b) Controls were
as described above for a. One microgram of the indicated dsRNAs was injected per shrimp, followed by feeding of WSSV-containing tissue at 10%
biomass daily for 3 consecutive days, starting 4 h after dsRNA injection. A collective challenge system was used (n � 30 to 35). vp19 dsRNA
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of dsRNA into the abdominal muscle. While these results do
not provide molecular mechanistic evidence of RNAi in
shrimp, it is clear that dsRNA induces specific down-regulation
of gene expression in these animals. These observations, taken
together with the data shown in Fig. 1, suggest that a gene-
silencing phenomenon induced by dsRNA can be mobilized in
shrimp to provide strong antiviral immunity. Thus, dsRNA
induces three distinct phenomena in shrimp: (i) an innate
general immunity to viral infection (36) (Fig. 3c) that can be
overwhelmed by high-dose viral challenge (Fig. 1a, b, and e),
(ii) a much stronger sequence-specific antiviral response
(Fig. 1), and (iii) specific down-regulation of gene expression
(Fig. 2). All of these phenomena were induced by long dsRNA,
raising the question of whether or not they can also be induced
by siRNAs, the intermediates of the RNAi pathway down-
stream of initiating long dsRNA. This issue was addressed in
the series of experiments described below.

siRNAs fail to induce antiviral immunity when injected into
shrimp. The ability of siRNAs to induce a strong antiviral
response was compared to that of long dsRNA. A control
dsRNA for duck Ig� (309 bp), dsRNA for vp19 (366 bp), and
mixtures of siRNAs specific for vp19 (Table 1) were compared
in a high-dose WSSV challenge (Fig. 3a). As predicted, the
long dsRNA for vp19 gave complete protection against viral
challenge, while the nonspecific dsRNA (duck Ig�), although it
reduced the rate at which animals died, ultimately showed
100% mortality. Surprisingly, the cocktail of three anti-vp19

synthetic siRNAs failed to induce measurable antiviral protec-
tion. Because, in vertebrates, siRNAs seem less capable of
inducing some of the innate immune responses that long
dsRNA molecules activate (and this seems to be analogous to
observations of L. vannamei) (Fig. 3c), the hypothesis that a
lack of engagement of the innate immune response by mixtures
of virus-specific siRNAs could account for their lack of antivi-
ral activity was tested. The data in Fig. 3a indicate that inclu-
sion of duck Ig� dsRNA into a cocktail of anti-vp19 siRNAs
does not complement their poor antiviral activity and instead
results in significant mortality, similar in magnitude and kinet-
ics to that observed when duck Ig� dsRNA was used alone.
Thus, these data suggest that siRNAs are poor inducers of
sequence-specific antiviral immunity and are incapable of me-
diating antiviral protection even when the innate immune re-
sponse is activated concomitantly by long dsRNA molecules.
For these experiments, siRNA targets in vp19 were selected
using an algorithm that incorporates criteria derived empiri-
cally from silencing experiments in model organisms (http:
//www.dharmacon.com/sidesign/) (35). While rational design of
siRNAs can significantly improve the chances of selecting ef-
fective targets (12, 21, 35), it remains possible that regions of
vp19 mRNA that are most susceptible to RNAi were not tar-
geted by the pool of rationally designed siRNAs used in the
present study. To address this issue, experiments were per-
formed in which pools of siRNAs spanning the entire vp19
coding region were generated in vitro by digesting long vp19

afforded significant antiviral immunity 10 dpi compared to poly(C-G) (P � 0.0001). (c) Twenty microliters of a mixture containing 3 �g of ssRNA
or dsRNA and WSSV-positive homogenate (1 � 10�6, wt/vol) was injected into each of 40 shrimp. Controls and challenge system were as described
above for a. vp19 dsRNA afforded significant antiviral protection 10 dpi compared to the no-dsRNA control (P � 0.001) (n � 40). (d) Injections
and viral infections were as described above for b. The indicated doses of dsRNA for the WSSV genes vp19 and WSV252 were injected into
individual shrimp. Bars represent cumulative percent mortality 10 days after initial viral exposure. A collective challenge system was used (n � 26
to 30). � indicates a significant difference (two-tailed; P � 0.05) between vp19 and WSV252 dsRNAs used at the same dose. Every dsRNA
treatment afforded antiviral protection relative to the virus-only control (P � 0.01 in every case). (e) Shrimp (1 to 2 g) were injected with saline
(no-virus and no-dsRNA controls) or with 5 �g of the indicated dsRNA and were then fed TSV-containing tissues at 10% biomass daily for 3
consecutive days, starting 4 h after dsRNA injection. The TSV dsRNA represents a portion of a putative protease encoded in the TSV genome.
A collective challenge system was used (n � 34 to 36). Protection from viral infection by nonspecific dsRNAs was observed until 7 dpi (P � 0.01
in both cases), but by 11 dpi, only TSV-specific dsRNA was protective (P � 0.0001).

FIG. 2. dsRNA-induced gene silencing in shrimp. Individual shrimp were injected with saline or 5 �g of dsRNA as indicated. Forty-eight hours
after injections, hemocyanin (Hem) expression and CDP expression were analyzed by Northern blot in hepatopancreas and gills, respectively.
Expression of elongation factor 1	 (EF1	) or total RNA (T.RNA) stained with ethidium bromide is shown as a reference. Each lane represents
RNA from a single shrimp.

VOL. 79, 2005 RNAi AND ANTIVIRAL IMMUNITY IN SHRIMP 13565



FIG. 3. Injection of ectopic naked siRNAs does not induce antiviral immunity or gene silencing. (a) Shrimp (1 to 2 g) were injected with either
saline (no-virus and no-dsRNA controls) or 2 �g of dsRNA as indicated. vp19 siRNAs are an equimolar cocktail of three synthetic siRNAs
targeting vp19 (Table 1). WSSV-containing tissue was fed at 10% biomass daily for 3 consecutive days, starting 4 h after dsRNA injection.
A collective challenge system was used (n � 32 to 33). vp19 long dsRNA afforded significant antiviral immunity 10 dpi compared to duck Ig�
dsRNA, vp19 siRNA, vp19 siRNA plus duck Ig� dsRNA, and no-dsRNA treatments (P � 0.0001 in every case). (b) All controls were as described
above for a. In experiment 1 (Exp. 1), shrimp were injected with 2 �g of dsRNA and challenged per os in a collective challenge system (n � 32
to 33). In experiment 2, shrimp were injected with 2.5 �g of dsRNA and challenged per os in the individual challenge system (n � 28 to 30). The
inset on the right shows long vp19 dsRNA and diced vp19 dsRNA resolved by polyacrylamide gel electrophoresis and stained with ethidium
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bromide. M, 10-bp dsDNA ladder. (c) Shrimp (1 to 2 g) were injected with either saline (no-virus and no-dsRNA controls) or 5 �g of the indicated
dsRNAs 72 h prior to infection by intramuscular injection of WSSV-homogenate (diluted 4 � 10�8, wt/vol). The control siRNA is of arbitrary
sequence (Table 1). An individual challenge system was used (n � 30 to 32). Duck Ig� dsRNA afforded significant antiviral immunity 12 dpi
compared to siRNAs and the virus-only control (P � 0.0001 in both cases). (d) Individual shrimp were injected with 5 �g of dsRNA as indicated,
and hemocyanin (Hem) expression was analyzed by Northern blot in the hepatopancreas 48 h after injection. Expression of ribosomal protein S20
(NCBI accession number CK591746) is shown as a reference. Hemocyanin siRNAs are an equimolar cocktail of three siRNAs targeting the
hemocyanin mRNA (Table 1); the same siRNA of arbitrary sequence used in panel c was used as a control. Each lane represents RNA from a
single shrimp.

FIG. 4. Nonspecific dsRNA does not enhance endogenous gene silencing or antiviral immunity induced by sequence-specific dsRNA. (a)
Individual shrimp (1 to 2 g) were injected with the indicated amounts of hemocyanin dsRNA either alone or together with 10 �g of poly(C-G).
Hemocyanin mRNA levels were analyzed by Northern blot 48 h after dsRNA injection. rRNA stained with ethidium bromide (EtBr) is shown as
a reference. Each lane contains RNA from a single shrimp. The bottom panel shows densitometric analysis of hemocyanin mRNA levels
normalized to rRNA (ethidium bromide stain) in each of the experimental groups. The mean ratio and standard deviations for each group of three
shrimp are shown. (b) Shrimp (1 to 2 g) were coinjected with the indicated amounts of vp19 dsRNA and 10 �l of WSSV-infective extract (diluted
2 � 10�6, wt/vol) in the presence or absence of 10 �g of poly(C-G). An individual challenge system was used (n � 38 to 40). Bars indicate the
cumulative percent mortality 10 dpi. No significant differences were observed 10 dpi between treatments with vp19 dsRNA alone and vp19 dsRNA
combined with poly(C-G).
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dsRNA with recombinant mammalian Dicer, followed by pu-
rification of small RNA species. Figure 3b summarizes the
results of two independent experiments in which the antiviral
activity of long vp19 dsRNA was compared to that of siRNA
pools with equivalent sequence content. These data demon-
strate that siRNAs injected into L. vannamei are poor inducers
of antiviral immunity compared to long sequence-specific
dsRNA. It seems likely that the failure of siRNAs to mediate
antiviral silencing in this system is related to inadequate deliv-
ery into cells or limited half-life in the extracellular environ-
ment of the shrimp, since all known mechanisms of dsRNA-
mediated homologous gene silencing utilize small RNA
duplexes as intermediates.

In a second series of experiments, the ability of siRNA
analogues to induce the innate (sequence-independent) anti-
viral immune response in shrimp was tested. In these experi-
ments (Fig. 3c), the injected dose of WSSV was titrated to kill
only 60 to 80% of control shrimp. As previously reported (36),
a dsRNA representing the duck Ig� was capable of stimulating
effective anti-WSSV protection under these conditions (64%
relative protection) (Fig. 3c). However, an siRNA analogue of
arbitrary sequence (control siRNA) (Table 1) was completely
inactive in this antiviral assay. In mammals, the potential of
siRNAs to induce innate antiviral responses is varied, some-
what sequence dependent, and influenced by dose and by the
nature of the 5� ends (5, 20, 26, 39). The experiments reported
here do not comprehensively explore these possibilities in the
shrimp system, and thus, it remains possible that siRNAs pre-
pared in different ways and representing different sequences or
sequence contents are capable of stimulating nonspecific anti-
viral immunity in the shrimp. The results shown in Fig. 3,
however, suggest that the innate (sequence-independent) an-
tiviral immunity as well as the sequence-specific antiviral im-
munity induced by long dsRNA are not effectively recapitu-
lated by siRNAs. These results also raise the question of
whether or not siRNAs can induce genetic interference in vivo
in shrimp, an issue that was addressed in the set of experiments
described below.

siRNAs fail to induce genetic interference when injected into
shrimp. Hemocyanin was selected as the target to test the
ability of siRNAs to down-regulate gene expression. The si-
lencing activity of long hemocyanin dsRNA (633 bp) was
compared with that of a cocktail of three anti-hemocyanin syn-
thetic siRNAs (Table 1). The results, shown in Fig. 3d, indicate
that siRNAs are poor inducers of specific mRNA degradation
when delivered by injection in vivo. While the long hemocyanin
dsRNA induced strong down-regulation of the hemocyanin
mRNA, there was no down-regulation observed with the cock-
tail of hemocyanin-specific synthetic siRNAs. As controls,
shrimp were injected with long dsRNA of arbitrary sequence
(duck Ig�) or with a control siRNA (Table 1). The anti-hemo-
cyanin siRNAs were designed based on the same criteria
used to select anti-vp19 siRNAs (http://www.dharmacon.com
/sidesign/) (35).

Nonspecific long dsRNA does not enhance endogenous gene
silencing or antiviral immunity induced by sequence-specific
dsRNA. Together with the present study, previous work sug-
gested the existence of two antiviral pathways induced by
dsRNA in shrimp: an RNAi-based pathway and a broad-spec-
trum innate antiviral pathway. However, the fact that both

kinds of responses are triggered by the same viral inducer,
dsRNA, raises the question of whether nonviral dsRNA exerts
its antiviral effects by simply capacitating a natural RNAi-
based antiviral immune system. This could potentially explain
why some (relatively low) level of antiviral immunity is ob-
served in infected shrimp that have been treated with dsRNA
of arbitrary sequence (Fig. 3c). To address this issue, the effects
of dsRNA of arbitrary sequence on the RNAi response in
shrimp were analyzed by assaying hemocyanin mRNA down-
regulation after injection of different amounts of cognate he-
mocyanin dsRNA in the presence or absence of the dsRNA
analogue poly(C-G) (an inducer of innate antiviral immunity)
(36). The results indicate that there is no discernible effect of
poly(C-G) treatment on the efficacy of hemocyanin down-reg-
ulation by hemocyanin dsRNA (Fig. 4a). These data suggest
that stimulation of innate immunity by dsRNA does not fur-
ther enhance the RNAi response directed against endogenous
genes. To address more directly whether dsRNA of arbitrary
sequence can capacitate a natural RNAi-mediated antiviral
response, shrimp were treated simultaneously with both
WSSV-specific and nonspecific dsRNAs, followed by infection
with WSSV. As shown in Fig. 4b, poly(C-G) does not enhance
the immunity to WSSV induced by vp19 dsRNA. Taken to-
gether, the data shown in Fig. 4 support the hypothesis that two
distinct pathways of antiviral immunity are induced by dsRNA
in shrimp: an innate immunity-based, sequence-independent
response and an RNAi-based antiviral silencing pathway.

DISCUSSION

These experiments systematically demonstrate that the in
vivo administration of long dsRNA down-regulates the expres-
sion of endogenous genes in a marine shrimp in a sequence-
specific manner. In addition, the administration of dsRNA
specific for viral genes induces a potent and virus-specific an-
tiviral response that results in highly effective control of viral
disease. Using WSSV as a model, it was shown that the degree
of protection afforded by specific dsRNAs varies between dif-
ferent viral genes targeted. Although the reason for these dif-
ferences was not addressed in the present study, it seems likely
that different mRNAs are differentially susceptible to se-
quence-dependent targeting. Alternatively, the viral gene
products encoded by the targeted RNAs may be differentially
required for WSSV replication and/or pathogenesis. We have
observed an even stronger gene-specific effect in anti-TSV
immunity induced by TSV-specific dsRNAs (data not shown),
supporting the idea that target selection is a crucial parameter
for successful suppression of viral disease by dsRNA. While
the present paper was under review, another study reported
the use of virus-specific dsRNA to suppress yellow head virus
replication in cultured cells of the shrimp Penaeus monodon
(42). The work of Tirasophon and colleagues is in agreement
with our studies in several ways: (i) dsRNAs derived from viral
genomic sequence were observed to inhibit replication of a
cognate virus, (ii) viral gene target selection was shown to
significantly influence the potency of dsRNA-induced antiviral
protection, and (iii) dsRNA of arbitrary sequence was shown
to evoke a significant antiviral response, albeit much lower in
potency than that induced by virus-specific dsRNA.

The present study also compared the biological activities of
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long dsRNAs and siRNAs delivered by injection into shrimp. It
was found that endogenous gene silencing and virus-specific
immunity are not induced by siRNAs injected intramuscularly.
Infections with low doses of WSSV indicated that siRNAs lack
the significant sequence-independent innate antiviral proper-
ties of long dsRNA molecules. Taken together, these data
strongly suggest that siRNAs delivered naked into shrimp have
poor biological activity, not only in terms of gene silencing but
also as inducers of both sequence-specific and sequence-inde-
pendent antiviral responses. This lack of activity could be
the result of instability or poor intracellular delivery of naked
siRNAs injected in the extracellular environment of the
shrimp. For instance, it seems likely that shrimp cells, like
those of other animals, are susceptible to gene silencing when
siRNAs are delivered intracellularly (e.g., by transfection). If
internalization into cells accounts for the functional differences
we have observed between long dsRNA and siRNAs, the data
presented here may indicate the existence of mechanisms for
uptake of long dsRNA that do not act on very short (i.e., ca.
20 bp) substrates. The lack of activity of the siRNAs tested in
these studies in terms of gene silencing and antiviral immunity
should be interpreted with caution, since in mammalian sys-
tems, a great deal of dependency on dose, sequence, and chem-
ical structure has been documented (5, 20, 26, 39), and similar
issues may apply to shrimp in vivo.

One of the more interesting hypotheses derived from our
observations of activation of RNAi and innate immunity by
dsRNA is that these two pathways interact functionally to
mount immunity to a viral pathogen. Such a possibility was
previously unrecognized among invertebrates, as L. vannamei
is the only invertebrate in which dsRNA has been shown to
induce both innate immune reactions and RNAi-like antiviral
immunity. The data suggest, however, that dsRNA analogues
that are capable of inducing innate nonspecific immunity do
not significantly influence the silencing activity of cognate
dsRNAs. These same dsRNA analogues were also not capable
of enhancing the antiviral properties of virus-specific long
dsRNA or of complementing the lack of antiviral activity of
siRNAs delivered by injection. This argues against a mecha-
nism by which induction of broad-spectrum antiviral immunity
by dsRNA of arbitrary sequence is due to some level of non-
specific stimulation of the RNAi pathway. However, it remains
unknown whether the strong antiviral protection afforded by
virus-specific long dsRNAs is the result of RNAi mechanisms
alone or the combination of innate immune activation and
RNAi. This issue is currently difficult to address because it has
not been possible to experimentally induce RNAi in shrimp
with molecules other than long dsRNA (which induces both
specific mRNA degradation and innate antiviral immunity).
Thus, formal testing of a model by which induction of the two
antiviral pathways is responsible for the potent antiviral immu-
nity mounted in response to viral dsRNA awaits a better un-
derstanding of the molecular bases for innate immunity and
RNAi in shrimp.

The demonstration of sequence-specific dsRNA-mediated
antiviral immunity in a marine shrimp further supports the
recently established role of RNAi as an antiviral system in
invertebrates. In mosquitoes, components of the RNAi ma-
chinery have been shown to be required for immunity against
an RNA virus (24), and small RNAs that resemble siRNAs

derived from viral genomes have been found in virally infected
cells in culture (28). Viral suppression of RNAi has also been
demonstrated for insect viruses (22, 28), further implicating
RNAi as a natural antiviral mechanism in invertebrates. Sim-
ilarly, an RNAi-based antiviral mechanism in shrimp predicts
that suppressors of RNAi will be found in viruses affecting
crustacea. This also suggests the possibility of links between
viral pathogenesis and viral manipulation of RNAi (as has
been shown in plants [23]), given the essential role that this
pathway plays in regulating gene expression in metazoa. The
view of RNAi as an immune system also challenges the idea
that invertebrates rely exclusively on the more broad-spectrum
and less specific mechanisms of innate immunity. In fact, in
plant biology, the term “adaptive” has been suggested to better
describe the type of immunity that RNAi represents (16).

In contrast to the adaptive antiviral RNAi system, nothing is
known about molecular mechanisms of innate antiviral immu-
nity in invertebrates. It is expected that just as antimicrobial
peptides under the control of known signal transduction path-
ways are part of the antibacterial and antifungal defense re-
sponse (19), analogous systems with viral specificity will also
operate in invertebrates. Phenomena suggesting that such re-
sponses exist in crustacea, such as induction of antiviral immu-
nity by microbial cell wall components and by dsRNA, have
been reported (8, 36, 40). Immune phenomena reminiscent of
vertebrate adaptive immunity have also been documented in
crustacea from observations of memory of pathogen-specific
features (27, 48). Elucidation of the molecular mechanisms
behind these immune phenomena promises to uncover novel
immune pathways in invertebrates.

The practical implications of the results presented in this
study are threefold: (i) it should be possible to use naked long
dsRNA (but not naked siRNAs) to induce RNAi in shrimp,
allowing for the first time to test gene function in vivo in this
model; (ii) such experimental use of RNAi should take into
consideration the possible effects of unintended stimulation of
innate immune responses; and (iii) joint manipulation of RNAi
and innate immune pathways is a promising approach to the
development of antiviral therapeutics for the control of shrimp
disease. From the perspective of understanding the evolution
of immunity, this study suggests, for the first time, the possi-
bility of dual stimulation of innate immunity and antiviral si-
lencing by dsRNA in an invertebrate.
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