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Vertebrates mount a strong innate immune response against viruses, largely by activating the interferon
system. Double-stranded RNA (dsRNA), a common intermediate formed during the life cycle of many viruses,
is a potent trigger of this response. In contrast, no general inducible antiviral defense mechanism has been
reported in any invertebrate. Here we show that dsRNA induces antiviral protection in the marine crustacean
Litopenaeus vannamei. When treated with dsRNA, shrimp showed increased resistance to infection by two
unrelated viruses, white spot syndrome virus and Taura syndrome virus. Induction of this antiviral state is
independent of the sequence of the dsRNA used and therefore distinct from the sequence-specific dsRNA-
mediated genetic interference phenomenon. This demonstrates for the first time that an invertebrate immune
system, like its vertebrate counterparts, can recognize dsRNA as a virus-associated molecular pattern, result-
ing in the activation of an innate antiviral response.

In vertebrates, receptors of the innate immune system rec-
ognize pathogen-associated molecular patterns in order to ac-
tivate early defense mechanisms. Innate immune recognition
plays an important role not only in clearing the majority of
invading pathogens but also in priming and directing the adap-
tive immune response. The most prominent of the innate im-
mune receptors belong to the Toll-like receptor (TLR) family.
TLRs share structural features with the mammalian interleu-
kin-1 receptor and function as activators of intracellular sig-
naling in response to infection. In mammals the TLRs are
involved in recognition of diverse microbial products including
lipopolysaccharide (LPS) (23, 37), lipoteichoic acids (39), un-
methylated CpG-rich DNA (6), bacterial flagellin (20), and
double-stranded RNA (dsRNA) (4). Upon their activation,
TLRs engage a variety of intracellular adaptor molecules, lead-
ing to signal transduction events that regulate the expression of
genes of the immune system (reviewed in reference 3). This
general model for cell-based immunity (i.e., microbial recog-
nition, signal transduction, and transcriptional activation) is
also used by invertebrates. In Drosophila melanogaster, recog-
nition of bacterial peptidoglycan triggers immune responses
through activation of the Toll and immune deficiency (Imd)
pathways (29; reviewed in reference 21). These two distinct
signal transduction pathways are involved in the fly’s responses
to fungi and gram-positive bacteria and to gram-negative bac-
teria, respectively.

Although the invertebrate immune system has been well

studied in the context of antibacterial and antifungal re-
sponses, there is no information at the cellular or molecular
level regarding the invertebrate immune response directed
against viruses. In mammals, antiviral and antibacterial innate
responses include partially overlapping, but distinct pathways.
The most prominent innate antiviral response in vertebrates is
the interferon (IFN) system. IFNs comprise a family of cyto-
kines expressed in response to viral infection and other insults
and regulate a myriad of cellular and systemic responses di-
rected to control viral propagation (see reference 30 for a
review). Upon induction of cells by circulating IFNs, signal
transduction through the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) system results in the
induction of hundreds of genes (14, 15). IFN-inducible genes
include those encoding RNA-dependent protein kinase
(PKR), the Mx protein, oligoadenylate synthetase, and IFNs
themselves. This self-amplifying system can be triggered not
only by IFN, but also directly by viral components. A potent
inducer of the IFN response is dsRNA, a molecule that often
occurs during viral infection as a result of viral genomic repli-
cation and viral RNAs with extensive secondary structure (re-
viewed in reference 25). In mammals dsRNA is recognized by
TLR3, which activates myeloid differentiation factor 88
(Myd88)-dependent and independent signal transduction cas-
cades, leading to the expression of IFN-� (4, 36). dsRNA also
induces antiviral responses intracellularly, by directly activating
PKR, which leads to inhibition of cellular and viral protein
synthesis via phosphorylation of eukaryotic translation initia-
tion factor 2� (eIF2�) (34). It has been generally accepted that
these dsRNA-induced immune responses are absent from in-
vertebrates, a conclusion supported by the lack of genes ho-
mologous to IFNs or to the major effectors of the IFN response
(e.g., PKR) in several fully sequenced invertebrate genomes (1,
10, 13, 22).
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The complexity of the biological properties of dsRNA in
vivo became more apparent with the discovery of dsRNA-
mediated postranscriptional gene silencing (PTGS or RNA
interference [RNAi]). This phenomenon has been described in
both plants and animals, including nematodes (16), insects
(35), and mammals (42). Typically, dsRNA is processed into
short duplexes 21 to 25 bp long, known as short interfering
RNAs by the RNase III Dicer (7). These short interfering
RNAs are utilized to recognize homologous mRNAs and trig-
ger their degradation by RNase activities associated with the
RNA-induced silencing complex (18, 19). It has been proposed
that RNAi represents an ancient antiviral mechanism used to
inhibit the expression of viral gene products in infected cells
because viral dsRNAs often occur in the course of infection.
For instance, viral strategies to evade the RNAi pathway exist
in both plant and animal viruses (31, 32, 40).

The sequence-specific effects of dsRNA that result in en-
dogenous RNA degradation are widely conserved and proba-
bly present in most invertebrates. In contrast, the sequence-
independent induction of antiviral immunity by dsRNA has
long been thought to be exclusive to vertebrates. Here we
report the induction of an antiviral state by nonspecific dsRNA
in the marine shrimp Litopenaeus vannamei. Our findings show
for the first time that invertebrates can display inducible anti-
viral immunity in response to a bona fide virus-associated mo-
lecular structure. Moreover, this opens the possibility that in-
nate antiviral immunity in invertebrates shares some of the
molecular features of vertebrate antiviral responses.

MATERIALS AND METHODS

Animals and experimental viral infection. The bioassay system, experimental
animals, and White spot syndrome virus (WSSV) and Taura syndrome virus (TSV)
inocula used in these studies have been described elsewhere (38). Briefly, shrimp
(L. vannamei) were stocked individually in 260-ml tissue culture flasks and
acclimated for a 2- to 3-day period, with a 100% daily water exchange (artificial
seawater; Marine Environment), and fed approximately half a pellet of commer-
cial feed every day. When indicated (see Fig. 2b), shrimp were kept in 10-gallon
tanks (10 to 15 shrimp/tank) connected to a recirculation system with constant
water flow and air supply. After acclimation, shrimp were treated by intramus-
cular injection of dsRNA and infected by intramuscular injection of 0.45-�m-
pore-size-filtered extracts of infected shrimp. In the case of TSV, the final
dilution was 10�8 or 10�5, and in the case of WSSV the final dilution was 4 �
10�8 to 6 � 10�8 (weight/volume dilutions). These dilutions (10�8 for TSV and
4 � 10�8 to 6 � 10�8 for WSSV) were chosen as doses that consistently resulted
in mortality rates of between 60 and 90% over a large number of experiments
and titration trials. Negative controls were injected with extracts of specific-
pathogen-free shrimp at equivalent dilutions. Injection volumes were 20 �l,
unless otherwise specified. Mortality was recorded daily, and water exchange and
feeding regimes were as described above.

dsRNA. Single-stranded RNA (ssRNA) was transcribed in vitro from linear-
ized plasmid constructs by using T3 and T7 phage RNA polymerases (Promega),
and the DNA template was then degraded by addition of DNase I (Promega) at
a ratio of 1 U/�g of template. The transcripts were then purified by organic
solvent extraction by standard methods or by silica matrix absorption (RNeasy;
Qiagen). cRNA strands were mixed in the presence of 400 mM NaCl–10 mM
Tris-Cl (pH 7.4) and annealed by incubation at 75°C for 15 min, 65°C for 15 min,
and room temperature for 15 min. The formation of dsRNA was monitored by
determining the size shift in agarose gel electrophoresis, and the concentration
of dsRNA was measured spectrophotometrically. The DNA templates used for
in vitro transcription were pBluescript vector (Stratagene) hosting either a
309-bp portion of the immunoglobulin (Ig) � H chain of the duck, Anas platy-
rhynchos (accession no. AJ312200); a 1,316-bp genomic noncoding region of
clone BAC6 from the catfish Ictalurus punctatus IgH locus (accession no.
CC936713); a 1,079-bp portion of pig Sus scrofa IgG cDNA (accession no.
U03778); or a 1,184-bp fragment of the bacterial artificial chromosome (BAC)

cloning vector pBeloBAC11. Poly(C-G), poly(I-C), and poly(C) are commercial
dsRNA and ssRNA analogs (Sigma-Aldrich).

Histology and immunohistochemistry. Whole shrimp were fixed in Davidson’s
solution (33% ethanol, 22% formalin, 11.5% acetic acid) for 24 h and then
transferred to 70% ethanol and stored until histological analysis by hematoxylin-
eosin staining (33) and immunohistochemistry by using an anti-WSSV monoclo-
nal antibody detection system (Diagxotics).

RESULTS

dsRNA induces an antiviral state in shrimp. We first ob-
served that injection of shrimp with dsRNA afforded antiviral
protection while testing the effects of RNAi-mediated down-
regulation of signal transduction pathways on the outcome of
challenge with TSV. Our experimental approach was to inject
purified cognate dsRNA and then challenge animals with TSV
to explore whether animals in which genes of interest were
downregulated would display increased susceptibility to virus.
Surprisingly, injection of any dsRNA, whether representing
shrimp genes or nonspecific dsRNA controls, resulted in in-
creased survival to TSV challenge (not shown). This initial
observation prompted us to address the possibility that, as in
vertebrates, dsRNA can induce an antiviral program in shrimp.

To explore whether dsRNA induces a general antiviral re-
sponse in the shrimp, we analyzed the effect of dsRNA treat-
ment on infection with TSV, an ssRNA virus (8), and on
infection with WSSV, a complex enveloped dsDNA virus (45).
Reductions in cumulative mortality of 50 to 75% were ob-
served in animals treated with dsRNA, compared to mock-
treated animals (Fig. 1a and b). The level of antiviral protec-
tion was reduced (to ca. 12%) when shrimp were subjected to
a significantly higher dose of TSV (Fig. 1a), suggesting that,
like any immune response, dsRNA-induced antiviral protec-
tion in shrimp can be overwhelmed by increasing the load of
infectious agent. The dsRNA used to protect against both TSV
and WSSV in the experiments summarized in Fig. 1 was tran-
scribed from the gene for the duck Ig � heavy chain. This
sequence has no similarity to any known shrimp gene or to the
genomes of WSSV (accession no. NC�003225) or TSV (acces-
sion no. NC�003005). Thus, the observed antiviral response
induced by duck � dsRNA is unlikely to involve the sequence-
specific RNAi pathway and therefore may represent a more
general antiviral mechanism active against two unrelated vi-
ruses.

Preliminary experiments (data not shown) suggested that 1
�g of duck � dsRNA was close to the minimal effective dose
required to induce protection against WSSV infection and that
as much as 100 �g of dsRNA could be injected into a shrimp
of 1 to 2 g without causing obvious signs of toxicity. Thus,
intermediate doses of 7 to 15 �g were subsequently used in the
studies reported here to investigate the characteristics of the
dsRNA-induced antiviral response in shrimp.

Confirmation that the induction of an antiviral state by
dsRNA was sequence independent was sought by challenging
shrimp with WSSV after treatment with four different types of
unrelated dsRNA sequences. We used sequences derived from
vertebrate immunoglobulin genes (duck � and pig �), fish non-
coding genomic DNA, and bacterial vector sequence
(pBeloBAC11 vector). Each one of these sequences induced
protection against WSSV infection (Fig. 1b). To determine
whether dsRNA treatment inhibits viral infection or results in
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FIG. 1. dsRNA induces an antiviral state in shrimp. Shrimp (1 to 2 g) were injected intramuscularly with either saline (positive [E] and negative
[u] controls) or 8 �g of dsRNA as indicated. At 72 h after dsRNA injection, animals (n 	 38 to 42) were infected by intramuscular injection with
TSV (a) or WSSV (b and c) as described in Materials and Methods. In panel a, the effect of a 1,000-fold increase in the dose of TSV (from 10�8

to 10�5 [wt/vol] dilutions) in both positive controls and dsRNA-treated shrimp is also shown in the dotted mortality curves. The dsRNA
preparations were a 309-bp portion of duck Ig� (‰; accession no. AJ312200), a 1,316-bp genomic noncoding region of clone BAC6 from the catfish
IgH locus (F; accession no. CC936713), a 1,079-bp portion of pig IgG cDNA (✳ ; accession no. U03778), and a 1,184-bp fragment of the BAC
cloning vector pBeloBAC11 (26) (�). The chi-square statistic was used to assess the significance of the observed antiviral protection by comparing
the final cumulative mortality in dsRNA-treated groups with that of their respective positive controls: (a) duck Ig� dsRNA (
2 	 6.05 [0.01 � P
� 0.025]) and duck Ig� dsRNA TSVx1000 (
2 	 0.75 [not significant]) and (b) duck Ig� dsRNA (
2 	 5.29 [0.01 � P � 0.025]), pig Ig dsRNA
(
2 	 12.93 [P � 0.001]), pBeloBAC11 dsRNA (
2 	 8.67 [0.001 � P � 0.005]), and fish noncoding dsRNA (
2 	 15.39 [P � 0.001]). Panel c shows
eosin-hematoxylin staining and anti-WSSV immunostaining of hemopoietic tissue sections from a control infected shrimp in comparison to a
dsRNA-treated/WSSV-infected shrimp. The sections shown were obtained 72 h after viral infection. Arrows indicate the presence of intranuclear
inclusions characteristic of WSSV infection and WSSV-positive immunoreactivity. Scale bars, 20 �m.
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attenuation of WSSV-induced mortality without affecting viral
accumulation in the host, histological analysis was performed
on shrimp challenged with WSSV with or without pretreat-
ment with dsRNA. Dramatic differences were observed when
we tested the accumulation of WSSV particles and the occur-
rence of classical tissue damage in control and dsRNA-treated
shrimp 36 and 72 h after infection (data not shown and Fig.
1c). Histological sections of control infected animals revealed
large basophilic granular viral inclusions in nuclei of gastric
and cuticular epithelial tissues (not shown), as well as hemo-
poietic tissues (Fig. 1c). These features were absent from an-
imals protected by dsRNA treatment. These observations sug-
gest that WSSV fails to accumulate significantly in dsRNA-
treated shrimp, probably due to the induction of an antiviral
protection system. Collectively, these data support the conclu-
sion that dsRNA induces, in a sequence-independent manner,
an antiviral program in shrimp.

Induction of the antiviral state is due to RNA. Some potent
inducers of innate immunity can exert strong effects on sensi-
tive cells at relatively low concentrations. We considered the
possibility that the relative resistance of dsRNA-treated ani-
mals to viral challenge was due to contaminants in the dsRNA
preparations that could copurify with dsRNA during organic
solvent extraction (e.g., LPS and DNA). In addition, we con-
sidered the possibility that compounds present in the RNA
preparations could directly inactivate the viruses used in our
studies, even when 72 h were allowed to pass between dsRNA
treatment and viral injections. To address these issues, we
conducted a series of experiments in which we subjected the
animals to a two-step dsRNA application regime. First, we
injected animals with dsRNA 72 h before viral challenge as
done before and then applied an additional dose of dsRNA
mixed with the viral preparation. We reasoned that, if contam-
inants in dsRNA preparations were responsible for direct in-
activation of the virus, we would observe high survival rates in
shrimp injected with viral inoculum that has been mixed with
the dsRNA preparations. Figure 2a shows that a single dsRNA
dose administered 72 h before viral challenge protects shrimp
against WSSV to a similar extent as two applications of dsRNA
(72 h before infection and injection of virus-dsRNA mixtures).
Furthermore, when dsRNA was injected only as a mixture with
the viral inoculum, poor protection (�10% reduction in mor-
tality) was observed relative to the 72-h pretreatment or the
double treatment with dsRNA. These results demonstrate that
direct inactivation of the virus by dsRNA or by putative con-
taminants cannot account for the observed antiviral protection.
Furthermore, Fig. 2b shows that RNase treatment destroyed
the antiviral protection afforded by our preparations and that
dsRNA purified from in vitro transcription reactions by two
different methods (organic solvent extraction or silica matrix
adsorption) have similar abilities to induce the antiviral re-
sponse. Taken together, these results demonstrate that intact
RNA (and not other compounds present in the dsRNA prep-
arations) is the inducer of the observed antiviral immunity in
shrimp.

Poly(C-G), but not poly(I-C) or poly(C), induces the antivi-
ral state. Poly(I-C) is a potent inducer of the innate antiviral
response in vertebrates and a popular experimental tool for
studying the biology of dsRNA in these systems. We explored
the possibility that this and other synthetic commercial RNAs

FIG. 2. Induction of the antiviral state is due to RNA. Shrimp (2 to
3 g) were injected intramuscularly with either saline (positive [E] and
negative [u] controls) or dsRNA. At 72 h after this initial injection,
animals were infected with WSSV either alone or mixed with dsRNA.
(a) Animals (n 	 26 to 31) were injected each time with 50 �l of a
solution containing ca. 10 to 15 �g of dsRNA for duck � and chal-
lenged with WSSV-positive extract. The 72-0 group (F) received
dsRNA both 72 and 0 h (coinjection) before viral infection, the 72
group (gray triangles) received dsRNA only 72 h prior to infection, and
the 0 group (‚) received dsRNA only mixed with the WSSV inoculum.
(b) Shrimp (n 	 20 to 28) were kept in a recirculation system (see
Materials and Methods), injected with dsRNA 72 h before viral chal-
lenge, and then reinjected with dsRNA mixed with WSSV-positive
extract. Positive (E) and negative (u) controls were as described for
panel a. dsRNA for the duck � was used in every case and applied at
10 to 15 �g per injection. dsRNA was purified with phenol and chlo-
roform (gray triangles), RNeasy columns (Qiagen) (F), or purified
with RNeasy columns and treated with a cocktail of RNases (RNase A,
RNase T1, and RNase V1 from Ambion) (�). The Fisher exact test
was used to assess the significance of the observed antiviral protection
by comparing the final cumulative mortality in dsRNA-treated groups
with that of their respective positive controls: (a) 72-0 treatment (P 	
0.0003) and 72 treatment (P 	 0.0001) and (b) dsRNA column (P 	
0.0017) and dsRNA solvent (P 	 0.0003).
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would also induce the antiviral response in shrimp. Figure 3a
shows that poly(I-C) failed to induce protection against WSSV
infection, whereas another dsRNA analogue, poly(C-G) was a
highly effective inducer of antiviral protection. This result sug-
gests differences in the mechanisms for recognition of dsRNA
between vertebrates and shrimp, and further supports the no-
tion that dsRNA can induce the antiviral response in shrimp
independently of the method by which it is prepared or puri-
fied. Importantly, the synthetic ssRNA poly(C) failed to induce

antiviral protection (Fig. 3b), suggesting that, like its vertebrate
counterpart, the antiviral system of the shrimp is capable of
discriminating between ssRNA and dsRNA.

DISCUSSION

The data presented here show that dsRNA evokes, in a
marine invertebrate, protection against viral infection. This
provides the first evidence that an inducible, general antiviral
immune response may be expressed in an invertebrate. Other
studies have suggested that microbial products (e.g., LPS and
�-glucans), as well as certain viral proteins, can enhance anti-
viral resistance in shrimp (11, 24, 41, 43, 44). Our results,
however, further advance our knowledge on antiviral immunity
in crustaceans in three ways. First, the results presented here
demonstrate an antiviral immune response that is active
against two unrelated viruses, TSV and WSSV. The working
hypothesis that we propose on the basis of these results is that
dsRNA induces a general antiviral response in shrimp. Second,
our findings show that the antiviral immune system of the
shrimp responds to dsRNA as a molecular pattern regardless
of its sequence and base composition [except in the case of
poly(I-C)]. Third, these results suggest a possible evolutionary
link (recognition of dsRNA) between innate antiviral immu-
nity in vertebrates and invertebrates.

Although our data demonstrate that dsRNA can protect
shrimp from lethal infection by TSV and WSSV under con-
trolled experimental conditions, it is important to note that
animals were infected with viral doses intended to kill �100%
of the shrimp. The protection induced by dsRNA can be over-
whelmed by a high dose of infectious virus. For instance, we
found that viral doses eightfold higher than the WSSV inocu-
lum used here cause almost 100% mortality in both control and
dsRNA-treated shrimp (data not shown) and that a dramatic
increase in viral dose can minimize the protective effect of
dsRNA upon TSV infection (Fig. 1a).

Although much is known of the molecular basis for antibac-
terial and antifungal responses in invertebrates, especially in
insects (reviewed in reference 21), there is no information
concerning immune mechanisms directed against virus infec-
tions in any invertebrate. It seems clear that invertebrates lack
antiviral systems homologous to vertebrate IFN, based on the
analysis of four complete invertebrate genomes (i.e., Drosoph-
ila melanogaster, Anopheles gambiae, Caenorhabditis elegans,
and Ciona intestinalis). However, the absence of homologous
genes does not rule out the existence of invertebrate immune
systems analogous to those present in vertebrates. For in-
stance, antigen-specific immune memory has recently been
demonstrated for a crustacean in the context of parasitic in-
fection (27). This is surprising, since a bona fide adaptive
immune system homologous to the vertebrate system, which is
based on T and B lymphocytes and rearranging antigen recep-
tor genes, is clearly absent from invertebrates. Genetic diver-
sification and the acquisition of novel gene function during the
evolution of the metazoa may have resulted in convergent
evolution of antiviral immunity. Thus, focusing on function
rather than sequence homology may hold the key to under-
standing the evolution of antiviral immunity at the molecular
level.

Our demonstration that dsRNA induces an antiviral pro-

FIG. 3. Poly(C-G), but not poly(I-C) or poly(C), induces the anti-
viral state. Shrimp (1 to 2 g, n 	 38 to 42) were injected with 8 �g (a)
or 7 �g (b) of synthetic dsRNA analogues as indicated and infected
72 h later with WSSV. All RNA analogues were purchased from
Sigma-Aldrich, reconstituted in 400 mM NaCl–10 mM Tris-Cl (pH
7.4), and annealed and quantified as described in Materials and Meth-
ods. dsRNA for the duck � (7 �g) was included in the experiment on
panel b for comparison. The chi-square statistic was used to assess the
significance of the observed antiviral protection relative to positive
controls: (a) poly CG (
2 	 16.92 [P � 0.001]) and (b) duck Ig� dsRNA
(
2 	 32.17 [P � 0.001]) and poly(C-G) (
2 	 35.05 [P � 0.001]).
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gram in an invertebrate opens the possibility of finding novel
molecular mechanisms of innate immunity. It would be sur-
prising if shrimp expressed genes homologous to IFNs or to
IFN-induced effectors of antiviral immunity, such as PKR or
Mx, since these genes are not present in the genomes of other
arthropods. Interestingly, immune-responsive oligoadenylate
synthetases have been identified in an invertebrate group, the
sponges (17, 28), and the possibility that these genes exist in
crustaceans and play a role in antiviral immunity cannot be
excluded. On the other hand, signal transduction pathways
homologous to those known to regulate the vertebrate IFN
response do exist in arthropods. In Drosophila, the JAK/STAT
system regulates hemopoiesis and sexual determination (re-
viewed in reference 46) and also controls expression of some
immune function genes (e.g., thiol ester-containing proteins
and Turandot A) (2, 9). In A. gambiae, two homologues of
STAT have been described (12), one of which has been shown
to translocate to the nucleus in response to immune challenge
(5), and our own work has identified at least one homologue of
STAT in shrimp (NCBI accession no. CA991435). The discov-
ery that mammalian TLR-3 recognizes dsRNA, leading to ac-
tivation of the IFN response, opens the possibility that a TLR/
NF-�B cassette is also involved in invertebrate antiviral
immunity, and specifically in the dsRNA-induced response re-
ported here.

The widespread existence of dsRNA-induced immune re-
sponses in other invertebrate taxa is an important issue that
remains to be explored. For instance, understanding the anti-
viral defense mechanisms of invertebrate vectors of human
disease (e.g., mosquitoes) will have important implications for
public health. Furthermore, dsRNA-mediated genetic interfer-
ence (RNAi) is a widely used reverse genetics tool in many
invertebrate models. The possible induction of an immune
response by dsRNA may need to be taken into consideration in
interpreting studies with RNAi.
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