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Abstract Injection of shrimp with non-specific double-
stranded RNA (dsRNA) of diverse lengths, sequences, and
base compositions is known to induce non-specific immunity
and protect against lethal disease, although the mechanisms
are unclear. Previous shrimp studies examined the effects of
non-specific RNA on particular pathways, while their global
effects have not been examined. To understand the global
effects of non-specific RNA in shrimp, we injected kuruma
shrimp (Marsupenaeus japonicus) with a dSRNA and a small
interfering RNA (siRNA) that is not specific to any gene in the
shrimp genome and then examined global gene expression at
24 and 48 h with a microarray. For the non-specific RNA, we
chose double-stranded green fluorescent protein (dsGFP) and
siGFP because they are commonly used as mock controls and
their effects on shrimp have not yet been studied. Injection of
PBS was used as a control. The microarray results showed that
many genes were up-regulated and some were down-
regulated by dsGFP. In addition, dsGFP injection increased
survival following WSSV challenge. The changes in expres-
sion for several genes were confirmed by quantitative PCR.
The up-regulated genes included genes for eight immune-
related proteins: c-type lectin 2, hemocyte homeostasis-
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associated protein, viral responsive protein, fibrinogen-
related protein 1, sid-1 like protein, argonaute 2, Dicer 2,
and heat shock protein 90. These results show that injection
of shrimp with non-specific dsSRNA hinders viral accumula-
tion and prevents significant mortalities.
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Innate - RNAI - Microarray

Introduction

Shrimp farming has become a vital source of export income
for many countries since the 1970s (Flegel and
Sritunyalucksana 2011). From small-scale operations, it has
become a vibrant industry that approaches the production lev-
el of capture fisheries. However, further growth has been im-
peded by the spread of viral pandemics, and production is still
being impacted by viral pathogens such white spot syndrome
virus (WSSV). There has been a rapid increase in the work on
shrimp viral responses since 2000 (Flegel and
Sritunyalucksana 2011). A notable discovery in the study of
shrimp immune response is the presence of an RNA interfer-
ence (RNAI1) mechanism that was initially identified as a nat-
ural antiviral immunity in plants and arthropods (Wang et al.
2006a, b). In RNAI, double-stranded RNA (dsRNA) mole-
cules suppress the expression of genes with homologous se-
quences (Robalino et al. 2005). Injecting shrimp with dsSRNA
specific to viral genes has had considerable success in
blocking disease progression (Robalino et al. 2007). RNAi
had been used as an antiviral therapy for Taura syndrome virus
(TSV), WSSV, and yellowhead virus (YHV) because these
viruses form dsRNAs that have the potential to engage the
shrimp RNAi pathway, leading to effective antiviral re-
sponses. However, another interesting RNAi phenomenon is
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that injection of dSRNA of any length, sequence, or base com-
position can provide animals with partial protection from viral
challenge.

The first study to exhibit such results was done by
Robalino et al. (2004) where the injection of duck Ig
dsRNA reduced cumulative mortality of Litopenaeus
vannamei after TSV and WSSV challenge. It was speculated
that this phenomenon is an example of a conserved antiviral
mechanism of vertebrate and invertebrate innate immunity.
Subsequently, other studies looked for novel molecular mech-
anisms of innate immunity in crustaceans. Because RNAi
components are capable of dsSRNA binding and recognition,
some of them have been speculated to be involved in the
observed protection against viral infection after dsSRNA intro-
duction. Clear mechanisms for such a response are yet to be
established, and thus, numerous studies have examined the
direct effect of dSRNA or viral DNA/RNA on the transcrip-
tional expression of some RNAi components. Several lines of
evidence suggest a functional overlap between non-specific
activation of antiviral immunity and some aspects of the
RNAi mechanism: (1) up-regulation of RNAi components
such as Dicer (Su et al. 2008; Chen et al. 2011) and toll-like
receptors (Labreuche et al. 2010) after viral infection; (2) in-
creased WSSV replication after knockdown of RNAi compo-
nents, trans-activation response RNA-binding protein
(TRBP), and eukaryotic initiation factor 6 (elF6) (Wang
et al. 2012; Chendrimada et al. 2007); and (3) increased
mRNA expression of argonaute and sid-1 (proteins that serve
as channels for systemic spread of dsRNA) after injection of
non-specific dsSRNA (Labreuche et al. 2010).

Although microarray analyses have provided important in-
sights into the regulation of biodefense mechanisms of
shrimp, they have not yet been applied to understanding the
effects of non-specific RNA on injected shrimp. Using micro-
array technology, the current study aimed to determine the
global expression of shrimp injected with non-specific
dsRNA. The microarray data were then used to identify genes
that become up-regulated in comparison with non-injected
and mock-injected shrimp. The relationship of transcript ex-
pression in experimental shrimp and observed increase in sur-
vival after pathogen challenge of pre-injected shrimp will give
important insights about the components of this induced non-
specific immune response.

Methods

Shrimp Samples

Apparently healthy kuruma shrimp (Marsupenaeus
Japonicus) with an average body weight of 14 g were used

in the experiments. Delivered farm shrimp were temporarily
kept in large stocking tanks prior to experiments. They were
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acclimatized for 5 days in a recirculating water tank with
maintained temperature of 22-25 °C, salinity of 30-35 ppt,
and aeration. Shrimp were fed with commercial pellets once a
day during the course of acclimatization and injection
experiments.

dsRNA Preparation/Synthesis

dsRNAs were in vitro synthesized using T7 RiboMAX™
Express Large-Scale RNA Production System (Promega,
USA). Primers specific to GFP were designed and incorporat-
ed with T7 promoter to produce sense and anti-sense tem-
plates, which were then column-purified using Amicon®
Ultra-0.5 centrifugal filter devices (Millipore, USA). They
were immediately checked by gel electrophoresis for the pres-
ence of a clean fragment with the expected size. The concen-
tration of these purified products was quantified using a spec-
trophotometer. Single-stranded RNAs (ssRNAs) were tran-
scribed by incubation at 37 °C for 30 min using T7 RNA
polymerase. Equal amounts of sense and anti-sense transcripts
were annealed by incubation at 70 °C for 10 min to produce
double-stranded RNA. Freshly synthesized dsSRNAs were pu-
rified by phenol/chloroform/isoamyl alcohol extraction and
finally verified by gel electrophoresis.

Injection and Hemocyte Collection

After acclimatization, shrimp were intramuscularly injected
with 100 pl of phosphate-buffered saline (PBS) solution,
small interfering green fluorescent protein (siGFP), or
double-stranded green fluorescent protein (dsGFP) at a con-
centration of 3 png per gram body weight of shrimp.
Hemolymph of treated kuruma shrimp was collected at desig-
nated time points such as 0, 24, and 48 h postinjection.
Approximately 500 pl of hemolymph was drawn out from
the ventral sinus using a 2.5-ml sterile syringe with 1 ml of
filter sterilized and pre-cooled anticoagulant (0.82 % NaCl,
0.55 % citric acid, 1.98 % glucose, and 0.88 % sodium citrate
dissolved in water and adjusted to pH 5.6). Hemocytes were
immediately collected by centrifugation at 3000xg for 3 min,
and the resulting pellet was washed with 1x PBS.

Challenge Experiments

Two days after injection of PBS or dsGFP, 20 kuruma shrimp
were injected intramuscularly with WSSV inoculums, which
were previously prepared from tissues of WSSV-infected
shrimp. These inoculums were diluted to 107 in 100 pl of
PBS prior to injection. Mortalities were monitored and record-
ed daily for 14 to 20 days. Survival analysis was done using
the statistics and graphing software packaged in GraphPad
Prism 6.0d (GraphPad Software, Inc., USA).
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Microarray Analysis

Total RNA from hemocytes of control and shrimp injected with
PBS, dsGFP, and siGFP was extracted using RNAiso reagent
(Takara, Japan). The extracted total RNA was then purified by
RNeasy Mini Kit (Qiagen, Germany), and the purity was
checked by Agilent 2200 TapeStation System (Agilent
Technologies, USA). Total RNA (200 ng) was reverse tran-
scribed and labeled with Cy3 using a Low Input Quick Amp
Labeling kit (Agilent Technologies) and then hybridized on the
microarray in accordance to the protocol listed in one-color mi-
croarray-based expression analysis. The hemocyte tran-
scriptome was analyzed by using the Agilent Gene Expression
oligo microarray. An 8 x 15-k microarray format, which contains
around 13,875 probes, was used (eight microarrays per slide).
Hybridization was done for 17 h at 65 °C and then followed by
washing in buffers 1 and 2 (Agilent Technologies, USA) for
1 min each at room temperature and 37 °C, respectively. The
slides were eventually dried and scanned immediately with Sure
Scan High-Resolution Scanner (Agilent Technologies, USA).
Data were extracted from the scanned slides using Agilent
Feature Extraction Software and imported into GeneSpring
GX Software (Agilent Technologies, USA). After data were
filtered on expression, flags, and error, all treatment groups were
compared by one-way analysis of variance (ANOVA) with a
corrected p value of p<0.05. Only differentially expressed genes
with a 4-fold change based on pairwise analysis with the control
groups were further analyzed and visualized by Gene Cluster 3.0
program (de Hoon et al. 2004) and Java TreeView (Saldanha
2004). Gene ontology annotation was done using BLAST2GO
(Conesa et al. 2005) with default parameters in BLAST (E value
cutoff 1x107%) and other analyses. Gene expression data were
uploaded to NCBI Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/) with the accession number GSE61541.

Gene Expression Analysis

Following the manufacturer’s protocol with slight modification,
total RNA was extracted from pelleted hemocytes using
RNAiso reagent. Concentration and purity were checked by a
spectrophotometer, and 1 pg of total RNA was added as a
template in reverse transcription reactions using High-
Capacity cDNA Reverse Transcription kits (Applied
Biosystems, USA). Expression levels were checked by quanti-
tative PCR (qPCR). Primers used were designed using Primer
Express 3 (Applied Biosystems, USA) and are listed in Table 1.
gPCR was carried out in an Applied Biosystems 7300 real-time
PCR system using Thunderbird™ SYBR® qPCR Mix with the
following protocol: 60 s at 95 °C, 40 cycles of 15 s at 95 °C, and
60 s at 60 °C, and a dissociation curve analysis. Each reaction in
a MicroAmp Optical 96-well reaction plate (Applied
Biosystems, USA) contained 1x qPCR mix, 0.3 uM each of
gene specific forward and reverse primers, 0.4 pul ROX

reference dye, and 2-ul complementary DNA (cDNA) tem-
plate. Gene expression data were determined by 22T meth-
od using shrimp elongation factor-1 alpha (EF-1c) as reference
gene and presented as relative expression ratio of treated shrimp
and untreated shrimp. Statistical significance was determined
using the Holm-Sidak method, with alpha=5.000 %, packaged
in GraphPad Prism 6.0d (GraphPad Software, Inc., USA).
Computations assumed that all rows were sampled from popu-
lations with different scatter (SD).

Gene Expression Analysis of WSSV Viral Protein 28
(vp28)

cDNA templates from gills of control and experimental
shrimp were used in real-time quantitative PCR analysis as
described previously. Expression values are presented as ra-
tios relative to gene expression of 1 dpi of WSSV in treated
groups with EF-1« as the reference gene.

Results
Challenge Experiments

Shrimp were first injected with 3 pg of dsGFP and then
injected with WSSV inoculum 2 days later. The results of
challenge experiments are shown in Fig. 1. dsGFP injection
prior to WSSV infection resulted to 60 % final cumulative
survival of shrimp, which was significantly higher than the
5 % survival of the PBS control groups (chi-square and
Gehan-Breslow-Wilcoxon tests). As shown in Fig. 1, most
shrimp mortalities occurred during days 1-6.

Microarray Analysis

Out of 13,875 spotted genes on the microarray, 399 (14 %)
genes were differentially expressed between treated and un-
treated groups based on 4-fold change significance analysis
(Table 2). The 24 and 48-h dsGFP-treated groups had more
up-regulated genes and fewer down-regulated genes than the
siGFP and PBS groups. About 4 % (8) of the up-regulated
genes and about 3 % (6) of the down-regulated genes had
BLAST hits with E values less than 1x10>. Cluster analysis
of expression values based on expression and treatment is
shown in Fig. 2. Four major groups were observed.

qPCR Analysis

At 5 dpi, expression of vp28 was much lower in the dsGFP-
injected group than in the PBS-injected group (Fig. 3). qPCR
was used to validate the microarray results for several genes
from the shrimp innate immune response and components of
the RNAi pathway. dsGFP injection significantly affected the
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Table 1 List of primers, their

names, sequences, and putative Name Sequence (5" to 3') Gene target
gene targets used in qPCR
experiments sidl-f AGGTACGCGCTGGAGGAAC sid-1-like protein
sidl-r CCACCATGCCTGCTCGAGAT sid-1-like protein
agoF TGCACGTCAGGCAGCTTTT Argonaute 2
agoR TGGCAACCTTCACCAGAGGC Argonaute 2
derF CCAACTTGCGACCAAAGGAGAGT Dicer 2
derR AGGGTCTTCAGGAGGGAGGTCT Dicer 2
ctl2F ACAGTCCGATCTCCCATTGCA c-type lectin 2
ctl2R TCGAACCAGATCCGGTGCAA c-type lectin 2
vrpqF CTTCCGAAGCCATCAGAGCGG Viral responsive protein
vrpgR GGCCCCAAACGAAGGTAGCGA Viral responsive protein
fibriF GCTTCCGCCTCGACGCTCA Fibrinogen-related protein 1
fibriR TTGCAGACCATCATCGGGGT Fibrinogen-related protein 1
HHAP F TCATGCAACAGCGACGTGTA Hemocyte homeostasis-associated protein
HHAP R GGCGGCTCATCGCTCTT Hemocyte Homeostasis-associated protein
HSP90 F TGCATCGTGACCTCCCAGTA Heat shock protein 90
HSP90 R GGGCCTGAGCCTTCATGA Heat shock protein 90
Serpin 6 F GGGCGGAGGTGGACATG Serine proteinase inhibitor
Serpin 6 R CCTGCGAAGACCCTATCTTAAAGA Serine proteinase inhibitor

expressions of several innate-immune-system-related genes,
up-regulating eight of them (c-type lectin 2, hemocyte
homeostasis-associated protein, viral responsive protein,
fibrinogen-related protein, sid-1 like protein, argonaute 2,
Dicer 2, and heat shock protein 90) and down-regulating one
(serine proteinase inhibitor). The qPCR results for each of
these genes (Fig. 4) were consistent with the microarray data.

Discussion

Microarray analyses have been shown to successfully eluci-
date the relationship of different sample conditions to the tran-
scriptome response in many species (Calduch-Giner et al.

WSSV Challenge

- PBS
— dsGFP

Percent survival

Days post injection (dpi)

Fig.1 Cumulative percent survival of shrimp challenged with white spot
syndrome virus in relation to injection of PBS or dsGFP 2 days before the
challenge. This is a representative of two experiments, each using 18
shrimp per treatment group. The survival curves are significantly
different based on a chi-square and Gehan-Breslow-Wilcoxon test
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2014; Rebl et al. 2014; Mazurais et al. 2014; Limtipsuntorn
et al. 2014; Kaitetzidou et al. 2012). In kuruma shrimp, recent
transcriptome studies have shown that microarray technology
is useful in studying the effects of gene-specific silencing on
the expression of non-target genes. A link between different
members of the shrimp immune system has been suggested
because silencing transglutaminase, a protein responsible for
blood coagulation, caused significant down-regulation of the
gene expressions of other antimicrobial peptides like crustin
and lysozyme (Fagutao et al. 2012). It is interesting to note
that the number of down-regulated genes is higher than the
number of up-regulated genes in global expression analyses of
gene-specific silenced shrimp (Fagutao et al. 2009). In another
microarray study of kuruma shrimp, peptidoglycan stimula-
tion was found to increase the expressions of crustin, lyso-
zyme, and a few antibacterial peptides (Fagutao et al. 2008).
The antiviral ability of the shrimp immune system, however,
is also not yet fully elucidated, and the mechanisms of im-
mune stimulation by non-specific dsSRNA remain unknown.
Injecting dsRNA of diverse lengths, sequences, and base com-
positions has been demonstrated to protect shrimp from mor-
tality induced by low doses of viruses, but the molecular
mechanism is still unclear (Robalino et al. 2007).
Subsequently, it was suggested that RNAi-related antiviral
response and innate immune response may involve the same
pathway in shrimp (Labreuche et al. 2010). These responses,
however, required induction of sid-1 and Ago 2 by longer
small RNA complexes like dsSRNA. A similar result may be
observed in this study because sid-1 and Ago 2 were up-
regulated in the 24 and 48-h dsGFP-treated groups based on
microarray and qPCR data. Additionally, the global
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Table2  Summary of total number of genes found in microarray analysis data of hemocytes from kuruma shrimp after injection of dsGFP, siGFP, and

PBS at 24 and 48-h time points

Injection dsGFP siGFP PBS
Hours postinjection 24 48 24 48 24 48
Total number of spotted genes 13,875 13,875 13,875 13,875 13,875 13,875
Expressed genes 2936 2936 2936 2936 2936 2936
Up-regulated genes (>4-fold change) 180 178 147 120 136 134
Known genes 172 170 138 115 129 126
Unknown genes 8 8 9 5 7 8
Down-regulated genes (>4-fold change) 219 221 252 279 263 265
Known genes 213 215 247 270 256 259
Unknown genes 6 6 5 9 7 6
Total differentially expressed genes 399 399 399 399 399 399
Percentage (%) of differentially expressed genes 14 14 14 14 14 14

expression patterns shown by microarray analysis indicated
that only dsGFP induces an informative differential

Fig. 2 Hierarchical clustering
analysis of 399 genes in
hemocytes of shrimp injected
with dsGFP, siGFP, and PBS at 24
and 48-h time points. Each row
represents a single gene and each
column is the average expression
data of four samples in each
experimental group. Genes were
linked by the dendrogram shown
on the left to illustrate similarity in
expression pattern. Up-regulated
genes are shown in red, down-
regulated are in green, and genes
without significant change from
the control are in black
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Fig. 3 Gene expression of WSSV viral protein 28 (vp28) at several time
points after injection of PBS and dsGFP 2 days before viral challenge.
The relative value was determined by 2" 22¢T method using shrimp
elongation factor-1 alpha (EF-1c) as the reference gene of treated and
untreated shrimp. The data were analyzed by multiple ¢ tests, and
statistical significance between PBS and dsGFP treatments (indicated
by an asterisk) was determined using the Holm-Sidak method, with
alpha=5 %. Computations assume that all rows are sampled from
populations with the same scatter (SD). Dotted line at the relative value
of 1 represents no difference between control shrimp and experimental
shrimp

In agreement with previous studies, our results show that
injection of non-specific dSRNA like dsGFP significantly
protected shrimp against WSSV infection (Fig. 1). During
days 1 to 5, when most mortalities occurred, expression of
WSSV vp28 was lower in the dsGFP-injected groups than in
the control group (Fig. 3). At day 5, when the mortality of the
control group reached 95 %, vp28 expression had been high
for 4 days. On the other hand, the mortality of the dsGFP-
injected group was 15 %, and vp28 expression was almost
completely gone (RV=0.28) at this time. In a study of
Pacific white shrimp (Robalino et al. 2004), histological sec-
tions of non-specific dsSRNA-treated shrimp at 3 dpi of WSSV
showed no basophilic granular viral inclusions in the nuclei of
gastric and cuticular epithelial tissues. Taken together, these
results indicate that WSSV fails to accumulate significantly in
non-specific dsSRNA-treated shrimp. Our results also confirm
that dsRNA induces an antiviral state in a sequence-
independent manner, characteristic of the innate immunity.

Components of the RNAi mechanism that respond to non-
specific dsSRNA include Ago 2, Dicer 2, and sid-1-like protein
(Labreuche et al. 2010). Consistent with these findings, Ago 2
and sid-1-like transcripts in kuruma shrimp were up-regulated
by non-specific dSRNA. Up-regulation of RNAi components
was expected because dsRNA is a known ligand of these
molecules. The notable observation in this study, however, is
that these genes are up-regulated not for silencing of a specific
gene but for some other physiological response. We have ob-
served in this study, as other studies also showed, that up-
regulation of these genes caused a sufficient antiviral state that
improves shrimp survival during WSSV infection.
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Subsequently, Ago 2 of Penaeus monodon was up-regulated
by Staphylococcus aureus and WSSV, a clear indication that
Ago 2 has an immune role (Yang et al. 2014). On the other
hand, while the role of sid-1 in RNAI is already known,
knockdown experiments reveal that sid-1 expression is a lethal
phenotype. This indicated that the gene is involved in other
essential functions (Labreuche et al. 2010). We speculate that
one of these functions includes antiviral immunity. Dicer 2 is
reported to be a host susceptibility locus in Drosophila
(Galiana-Arnoux et al. 2006) and to be up-regulated in
Chinese shrimp with acute WSSV infection (Li et al. 2010).
Dicer 2 is up-regulated in Pacific white shrimp injected with
poly-C/G and WSSV (Chen et al. 2011). Dicer 2 is also up-
regulated in dsGFP-treated kuruma shrimp, which supports its
role in non-specific activation of antiviral immunity. This ac-
tivation of antiviral immunity may be observed because up-
regulated transcript expression of Dicer 2 is reported to en-
hance RNAi potency and efficacy for antiviral action (Kim
et al. 2005). Silencing of TRBP in kuruma shrimp increased
viral replication, possibly as a result of destabilization in Dicer
transcript expression (Labreuche et al. 2010). Dicer and TRBP
directly interact with each other in the RNAi pathway, in
which Dicer binds to dsSRNA (Daniels et al. 2009). This find-
ing supports the idea that Dicer has a more active role in
preventing viral replication.

In addition to the analyzed RNAi components, many of the
differentially expressed genes are known to have binding and
catalytic activity as major molecular functions. The gPCR
results (Fig. 4) confirm the up-regulation of many components
of the innate immunity. In fact, dsGFP-injected groups have a
considerably higher number of up-regulated genes than the
siGFP- and PBS-injected groups (Table 1) confirming the re-
sults of other studies that non-specific long RNA complexes
such as dsRNA can induce the expression of host genes. For
example, the third highest gene in terms of expression at 2 dpi
of dsGFP (based on microarray data) was identified as c-type
lectin 2 gene (Online Resource 1). C-type lectins are pattern
recognition proteins that recognize highly conserved
pathogen-associated molecular patterns (PAMPs) on microbi-
al surfaces. They were previously reported to agglutinate var-
ious bacteria but are also recently found to have antiviral func-
tions (Xu et al. 2014). In this study, high up-regulation of c-
type lectin 2 transcripts was observed at 1 and 2 dpi of dsGFP
groups (Fig. 4), similar to what was found in studies analyzing
c-type lectin expression after WSSV infection (Xu et al. 2014;
Costaetal. 2011; Luo etal. 2007, 2003). Particularly, Xu et al.
(2014) reported that kuruma shrimp c-type lectin 2 can inhibit
the infection and replication of WSSV by binding to WSSV
envelope protein vp28, thereby protecting the shrimp against
WSSV infection. We suggest that up-regulation of c-type lec-
tin 2 after injection of dsGFP (Fig. 4) led to inhibited vp28
expression (Fig. 3) which was then attributed to the observed
increased survival in dsGFP-injected groups (Fig. 1). In



Mar Biotechnol (2015) 17:493-501

499

Argonaute 2 Dicer 2 SID-like
40 20+ 151 4
; ; ; N
% 30 ‘s 151 l ]
g 8 g 107 N
o o o
3 207 3 101 3 l
2 2 2
k) « B W B
E 104 ey 2 51 = E
Py S— == — oL ill - - N — i
& & ,»69‘ &3 K ,bé? 8 & ,Lb‘?‘
PBS | dsGFP || PBS | dsGFP PBS | dsGFP | PBS | dsGFP PBS | dsGFP || PBS | dsGFP
-1.7 4.6 -1.1 7.2 -1.6 38 -1.1 6.0 1.2 9.5 -1.1| 13.0
C-type lectin 2 Fibrinogen-related protein HSP90
80+ * 70+ * 201
T
e 60 e 604 - -
8 S 2 15
2 T
g » M & % &
3 3 15 » o 109
g g ] 2 *
g 4 g 10 5
g 2 § o n
€ ; s 4
. _ﬁrl"_l .............. ﬁ : : ok : = i : i : ok i 'F‘ = —
3 3 3 S S Q 3 oy »
K & ,],tP‘ K K ,Lb‘? & K o
PBS | dsGFP || PBS | dsGFP PBS | dsGFP || PBS | dsGFP PBS | dsGFP || PBS | dsGFP
-14 | 43.2 16 | 474 1.3 12.3 15 13.0 2.6 3.4 13 5.6
Hemocyte homeostatis-associated protein Viral responsive protein Serine protease inhibitor
2001 o 8 34
*
c 150 l *
g B T £
» 1004 4 2 2
2 1 £ g
§ ' 5 4 3
[ o
2> 4
£ 3 .é .‘E 1 T
° 21 ° 2 ©
Y P e | T i i ©
T . , ST W , i | IS
& & o8 & & o K &
PBS | dsGFP || PBS | dsGFP PBS | dsGFP || PBS | dsGFP PBS | dsGFP dsGFP
-5.0 | 248 14 | 364 14 15.4 1.9 8.7 -23 | -80 -1.3 | -103

Fig. 4 qPCR analysis of genes showing differential expression in the microarray data. An asterisk indicates 95 % significant difference between the
treatments at a particular time point. Table values indicate fold change between treated and untreated groups determined by microarray analysis

addition, the transcripts of another pattern recognition recep-
tor, fibrinogen-related protein (FREP) 1, were up-regulated in
our study. Like c-type lectin 2, FREP 1 transcripts were also
up-regulated in bacteria and WSSV-injected shrimp, and re-
combinant FREP 1 agglutinates several bacteria and binds
peptidoglycan, LPS, bacteria, and vp28 of WSSV. These re-
sults confirm that dsGFP treatment induces many genes that
are involved in binding of pathogens for an effective antiviral
state.

Heat shock protein 90 (HSP90) transcripts were also found
significantly up-regulated in the dsGFP groups as shown in
both microarray and qPCR results. In other studies, this chap-
erone protein was up-regulated after WSSV challenge

(Danwattananusorn et al. 2011; Wang et al. 2006a, b).
However, it is not clear whether this up-regulation has a role
in the host immune system or WSSV infectivity/pathogenici-
ty. In this study, HSP90 was induced by non-specific RNA,
which then supports that this protein has an immune role to
protect the host from viral infection or stress caused by viral
entry and not an infective factor.

We also analyzed the expression of novel viral responsive
genes that were recently discovered. Both microarray and
gqPCR revealed their up-regulation in dsSRNA-treated groups.
For example, the hemocyte homeostasis-associated protein
(HHAP) gene expression reached as high as 100-fold up-reg-
ulation in the dsGFP-injected groups at 1 and 2 dpi. HHAP is a
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viral responsive protein that is suggested to be important
in hemocyte homeostasis. In WSSV-injected shrimp, it is
speculated that the up-regulation of PmHHAP is a mech-
anism for maintaining the hemocyte level in the circula-
tion by preventing too rapid hemocyte degradation and is
also a way to control immune homeostasis in crustaceans
during viral infection (Prapavorarat et al. 2010). Most
likely in the same way, when shrimp was injected with
dsGFP, the up-regulation of HHAP (Fig. 4) directed suf-
ficient hemocyte persistence during viral challenge that
perhaps led to increased shrimp survival. Meanwhile, our
results also showed the up-regulation of a homolog of
P. monodon viral responsive protein 15 (PmVRPI15).
This gene was the highest up-regulated viral responsive
gene ever reported in shrimp (Vatanavicharn et al. 2014).
Decreased WSSV propagation and shrimp mortality by
infection after PmVRP15 knockdown indicate that this
gene codes for a nuclear membrane protein that acts as
a part of the WSSV propagation pathway. In this study,
the gene homolog was significantly up-regulated.
Because this gene is an infective factor, the up-
regulation of this gene may be the reason why protection
in dsGFP-injected groups is only partial and not as high
as in experiments involving RNAi therapeutics such as
dsVP28 (Sudhakaran et al. 2011). We speculate that this
gene is triggered by the same receptors of WSSV in
shrimp, and the up-regulation of other viral-defense-
related genes has a probable compensatory mechanism
to cancel out the effect of increased WSSV infectivity
by the up-regulation of this gene. Likewise, it is also
notable that MjVRP up-regulation is not as high as other
immune-related genes tested (such as c-type lectin 2) or
as reported by Vatanavicharn et al. (2014).

Expression of serine protease inhibitor (serpin) was slightly
down-regulated after 1 dpi of dsGFP, but the change was not
significant. In WSSV-challenged black tiger and Chinese
shrimp, serpin was down-regulated (Homvises et al. 2010;
Liu et al. 2009). In this period, the expression of Fec-serpin
was strongly down-regulated, which might lead to the over-
expression of serine proteinases and the disruption of the
steady balance of serpin-serine proteinase in the immune sys-
tem (Liu et al. 2009). More studies are needed to determine the
effect of dsGFP-induced down-regulation of serpin on
survival.

Our results demonstrate that dsGFP treatment induces the
expression of about 180 genes related to the innate immune
response or RNAi mechanism. Together, these genes hinder
viral accumulation and prevent significant mortalities in in-
fected shrimp.
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