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ABSTRACT

White spot syndrome virus (WSSV) is a large, enveloped, double-stranded DNA virus that
threatens shrimp aquaculture worldwide. So far, the mechanisms of WSSV-host interactions
are ill-defined. Recent studies have revealed that IE1, an immediate-early protein of WSSV, is
a multifunctional modulator implicated in virus—host interactions. In this study, the functions
of IE1 were further explored by identifying its interacting proteins using GST-pull down and
mass spectrometry analysis. A total of 361 host proteins that potentially bind to IET were
identified. Bioinformatics analysis revealed that the identified IE1-interactors wereinvolved in
various signaling pathways such as prophenoloxidase (proPO) system, PI3K-AKT, and MAPK.
Among these, the regulatory role of IE1 in shrimp proPO system was further studied. The Co-
immunoprecipitation results confirmed that IE1 interacted with the Ig-like domain of
Penaeus vannamei proPO or proPO-like protein (hemocyanin). Additionally, we found that
knockdown of IE1 reduced viral genes expression and viral loads and increased the hemo-
cytes’ PO activity, whereas recombinant IE1 protein inhibited the PO activity in a dose-
dependent manner. Finally, we demonstrated that WSSV could suppress the hemocytes’ PO
activity at the early infection stage. Collectively, our current data indicate that IE1 is a novel
viral regulator that negatively modulates the shrimp proPO system.
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White spot syndrome virus (WSSV), the only mem-
ber of the genus Whispovirus in the family
Nimaviridae, is a highly infectious and lethal virus
that infects all major cultured shrimp species in the
world [1]. It is a large, enveloped, double-stranded
DNA (dsDNA) virus with a circular genome of
approximately 300 kbp. Since the first outbreak in
the early 1990s, WSSV has spread globally to all the
main shrimp-farming areas, causing mass mortalities
and enormous economic losses in shrimp aquaculture
[2]. Although the complete genome of various WSSV
isolates has been successfully sequenced for many
years [3-5], most viral proteins show no homology
to any known proteins or motifs, and therefore their
biological functions during viral infection are still ill-
defined and remain to be explored.

Like other DNA viruses, the WSSV genome is expressed
sequentially via immediate-early (IE), early (E), and late (L)
phases [6]. The IE genes are expressed prior to de novo viral

translation machinery of the host cells. They usually encode
essential regulatory proteins implicated in initiating virus
replication and/or modulating the host’s physiological
environment to benefit viral replication [7-10]. Until
now, although twenty-one IE genes from WSSV gen-
ome have been identified using microarray analysis
[11-13], only a few IE proteins have been functionally
characterized. For example, it had been shown that
WSV403 acted as a E3 ubiquitin ligase involved in
virus latency infection [14]. WSV051 utilized the cray-
fish small ubiquitin modifier (SUMO) system to pro-
mote WSSV propagation [15]. WSV083, as a serine/
threonine-protein kinase, inhibited cell adhesion by
attenuating the phosphorylation of the shrimp Focal
adhesion kinase (FAK) [16]. A recent study reported
that WSV083 could also bind and phosphorylate
shrimp T-cell factor (Tcf), which led to Tcf degradation
via the ubiquitin-proteasome pathway and conse-
quently inhibited the Tcf-mediated antiviral effect [17].
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Among the WSSV IE proteins identified, IE1, also
named as WSV069, is currently the most intensively stu-
died. It has been previously shown that IE1 possessed the
properties of transactivation, dimerization and DNA-bind-
ing [18], suggesting that it may function as a transcription
factor during WSSV infection. Interestingly, IE1 could
annex shrimp TATA-box binding protein (TBP) to aug-
ment its transactivation activity [19], while exploited thior-
edoxin to restore its reduced DNA binding activity due to
oxidizing conditions [20]. On the other hand, a growing
number of studies have recently shown that IE1 can also
interact with several host cellular proteins to manipulate
cell functions for supporting viral replication. For instance,
IE1 stimulated G1/S transition by competitively interacting
with the shrimp Retinoblastoma protein (Rb), thereby
providing a hospitable cellular environment for efficient
viral genome replication [21]. Additionally, IE1 could bind
and activate the signal transducer and activator of tran-
scription (STAT) and c-Jun NH2-terminal kinase (JNK) to
enhance viral genes expression [22,23]. Moreover, IE1
associated with shrimp p-catenin and Chibby, two impor-
tant regulators of Wnt signaling pathway [24], to inhibit
the antiviral effect of Wnt cascade via blocking the nucleus
translocation of B-catenin [25,26]. From the foregoing, IE1
is a multifunctional regulator that plays crucial roles in
WSSV-host interactions.

In the present study, the potential biological func-
tions of IE1 were further explored by using GST-pull
down coupled with liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis. A total of
361 candidate IEl-interactors from penaeid shrimp
were identified, which are mainly implicated in regulat-
ing various cellular processes or signaling pathways
such as prophenoloxidase (proPO) system, PI3K-AKT,
MAPK, Focal adhesion and cell cycle. Furthermore, we
confirmed that IE1 interacted with the Ig-like domain
of Penaeus vannamei proPO or proPO-like protein
(hemocyanin), which consequently suppressed the PO
activity and promoted viral propagation. Our present
data provides additional insights into the functions of
IE1 and contributes to a better understanding of the
WSSV-host interactions.

Materials and methods
Shrimp and virus

The penaeid shrimp (Penaeus vannamei), about 5-8 g,
were purchased from Huaxun Aquatic Product Corpo-
ration (Shantou, China). All shrimp were kept in air-
pumped circulating seawater at room temperature for at
least 2 days before all experiments. The intact WSSV stock
(China strain, GenBank accession number: AF332093.3)
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was prepared from infected Procambrus clarkii using
differential centrifugation, and the concentration of the
purified virions was evaluated by spectrophotometry
according to previous descriptions [27,28]. All animal
experiments were performed in line with the guidelines
and approval of the Animal Research and Ethics
Committees of Shantou University, Guangdong, China.

Plasmid construction

For prokaryotic protein expression, the open reading
frame (ORF) of IEl, amplified from WSSV genomic
DNA, was digested by restriction enzyme EcoR I and
Xho 1 (Takara Bio Inc, China) and inserted into the
PGEX-6p-1 vector (Solarbio, China) to generate the plas-
mid pGEX-6P-IE1. For eukaryotic protein expression, the
ORFs of IE1 and enhanced green fluorescent protein
(EGFP) were cut by Kpn I and Xho I, and ligated into
the pIZ-V5-His vector (Invitrogen, USA), which pro-
duced V5-tagged IE1 and EGFP expression plasmids
(pIZ-V5-IE1 and pIZ-V5-EGFP). Similarly, the ORFs of
PyvproPO1 (GenBank No. EU284136.1), Ig-like domain of
PyproPO1, and PyproPO2 (GenBank No. EU373096.1)
were fused with a FLAG tag at the N-terminus, followed
by cleavage with Hpa I and Hind III and finally ligated
into the pIEx-4 vector (Novagen, USA) to produce plas-
mids pIEx-FLAG-PvproPO1, pIEx-FLAG-PvproPO1-Ig-
like, and pIEx-FLAG-PvproPO2. The ORF of P. vanma-
mei hemocyanin (PvHMC) (GenBank No. X82502), fused
with EGFP and FLAG tag at the C-terminus, was cut by
BamH I and ligated into the pIZ-V5-His vector using the
EasyGeno single assembly cloning kit (TransGen Biotech,
China) to construct the plasmid pIZ-PvHMC-EGFP-
FLAG. Primers used for plasmid construction are listed
in Table 1.

Expression and purification of recombinant
glutathione-S-transferase (GST) and GST-IE1
protein

The GST and GST-IEI expression plasmids (pGEX-6p-1
and pGEX-6p-1-1E1) were transformed into Escherichia
coli BL21, respectively. The transformed bacteria were
cultured at 37°C for 4h in Luria-Bertani (LB) medium
(10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.4)
containing 100 pg/mL ampicillin (GenStar, China) and
then induced using 1 mM isopropyl-B-D-thiogalactopyr-
anoside (IPTG) (GenStar, China) for 16 h at 16°C. After
protein induction, the bacteria were resuspended using
TBS buffer (50 mM Tris, 150 mM NacCl, 1% TritonX-100,
10% glycerol, 1 mM PMSF, pH 8.0), and then lysed by a
brief sonication on ice. Subsequently, the bacteria cell
lysate was centrifuged, and the supernatant was collected
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Table 1. Primers used in this study.

Primer name

Sequence (5’-3')

For plasmid construction

GST-IE1-F
GST-IE1-R
IE1-V5-F
IET-V5-R
EGFP-V5-F
EGFP-V5-R
Flag-PvproPO1-F
Flag-PvproPO1-R

Flag-PvproPO1-lg-like-F
Flag-PvproPO1-Ig-like-R

Flag-PvproPO2-F
Flag-PvproPO2-R
PvHMC-EGFP-Flag
PvHMC-EGFP-Flag
For qPCR assay
qlE1-F

qlE1-R
qWSV051-F
qWSV051-R
qWSsVo79-F
qWSV079-R
qWSV514-F
qWSV514-R
qWSVICP11-F
qWSVICP11-R
qVP28-F

qVP28-F

qEF1a-F

gEF1a-R

For RNAi assay
dsRNA-IE1-F
dsRNA-IE1-R
dsRNA-IET-T7-F
dsRNA-IET-T7-R
dsRNA-EGFP-F
dsRNA-EGFP-R
dsRNA-EGFP-T7-F
dsRNA-EGPF-T7-R

CCGGAATTCATGGCCTTTAATTTTGAAGACTC
CCGCTCGAGTTATACAAAGAATCCAGAAATCTCATC
CGGGGTACCATGGCCTTTAATTTTGAAGACTC
CCGCTCGAGCGTACAAAGAATCCAGAAATCTCATC
CGGGGTACCATGGTGAGCAAGGGCGAGGAG
CCGCTCGAGCGCTTGTACAGCTCGTCCATGCC
ATCGTTAACAATGGACTACAAGGACGACGATGACAAGATGGCGAACGACCAGCAGCGTC
CCCAAGCTTTCAGTTCAGTTTGTCGCCCAGGAAC
GGCATCGTTAACACAGGAGTACAAGTTGACCCAGC
CCCAAGCTTTCACTTATCGTCGTCATCCTTGTAATCGTTCAGTTTGTCGCCCAGG
ATCGTTAACAATGGACTACAAGGACGACGATGACAAGATGGACAAGAGTCGGAAGAACC
CCCAAGCTTTCAGTCTCGGTTCAGCCTCTCGG
TTGGTACCGAGCTCGATGAGGGTCTTAGTGGTTCT
CACACTGGACTAGTGTAATGAATGTGTTCACCATGATTG

GCACAACAACAGACCCTACCC
GAAATACGACATAGCACCTCCAC
GAAGAGCTTGTCGACGTGCC
TCTGTGGATTTTCTGATGGGT
GGGTGATTACGATTCGGACA
ACGGAAGAACCACACAGGGG
GTTTGATTATGCGGGTGCTTT
CCCTCTCCGTCCCCGCTCATA
ACCTTCCAGACTGACGCCG
CATTGAGGACAAAAGTAGATCCC
AAACCTCCGCATTCCTGTGA
TCCGCATCTTCTTCCTTCAT
TATGCTCCTTTTGGACGTTTTGC
CCTTTTCTGCGGCCTTGGTAG

GAAGACTCTACAAATCTCTTT

CTTGCACCTACACGCATTACA
GGATCCTAATACGACTCACTATAGGGAAGACTCTACAAATCTCTTT
GGATCCTAATACGACTCACTATAGGCTTGCACCTACACGCATTACA
CGTAAACGGCCACAAGTT

TTCACCTTGATGCCGTTC
GGATCCTAATACGACTCACTATAGGCGTAAACGGCCACAAGTT
GGATCCTAATACGACTCACTATAGGTTCACCTTGATGCCGTTC

and further incubated with GSH magnetic beads
(Beaverbio, China) for protein purification. The purity
of the recombinant GST and GST-IE1 proteins was ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Coomassie blue staining.

GST pull-down and LC-MS/MS analysis

In order to identify the potential cellular proteins inter-
acting with IE1, GST pull-down assay was performed as
previously described with minor modification [29].
Briefly, the hemocytes were collected from the WSSV-
infected shrimp and lysed in cell lysis buffer (50 mM Tris,
150 mM NaCl, 1% TritonX-100, 10% glycerol, 2 mM
EDTA, 1mM Phenylmethylsulfonyl fluoride [PMSF]
and 1xcocktail protease inhibitor, pH7.4). After a brief
sonication, the hemocytes lysates were centrifugated at
20,000 x g for 20 min at 4°C to collect the supernatants.
Next, the supernatant proteins (about 5 mg total protein)
were pre-cleared by incubating with GSH magnetic beads

(Beaverbio, China) for 1 h at 4°C and then incubated with
GST or GST-IE1 protein conjuncted GSH magnetic beads
overnight at 4°C. Thereafter, the beads were thoroughly
washed using cell lysis buffer and bound proteins were
eluted from the beads by boiling with 1x SDS protein
loading buffer (50 mM Tris, 100 mM dithiothreitol
[DTT], 2% SDS, 0.1% bromophenol blue, 0.1% B-mer-
captoethanol, 10% glycerol, pH 6.8). The prepared protein
samples were analyzed by SDS-PAGE and subsequent
silver staining.

For protein identification, the differential brands con-
taining the potential IE1-interacting proteins were excised
and delivered to Shanghai Applied Protein Technology
(APT) for LC-MS/MS analysis. The gels were cut into
small pieces and sequentially subjected to protein reduc-
tion, alkylation, and digestion, followed by LC-MS/MS
analysis using a Q-Exactive mass spectrometer (Thermo
Scientific, USA) as previously described [29]. The gener-
ated MS/MS spectra were searched against our in-house P.
vannamei transcriptome data [30] using the Byonic



software (versionl.7.0_25) to identify the peptide and
protein. All procedures and methods used in the LC-
MS/MS followed the standard guideline of APT.

Bioinformatics analysis

The Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway entry ID of each
identified IE1-interacting proteins were retrieved from our
in-house P. vannamei transcriptome data. The GO entry ID
was subjected to GO functional classification using Web
Gene Ontology Annotation Plot (WEGO) program
(https://wego.genomics.cn), while the KEGG pathway
entry ID was further analyzed by KEGG pathway database
(https://www.genome.jp/kegg/). The functional domains of
PyproPO1, PvproPO2 and PvHMC were analyzed using
Basic Local Alignment Search Tool (BLAST) (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Co-Immunoprecipitation (Co-IP) assay

High-five cells were seeded into six-well culture plate at
the density of about 1x 10° cells/well and then main-
tained in Express Five SFM medium (ThermoFisher
Scientific, USA) overnight. For DNA transfection, 1 pg
of the FLAG-tagged PvproPOl, PvproPOl-Ig-like,
PyproPO2 and PvHMC expression plasmids (pIEx-
FLAG-PvproPO1, pIEx-FLAG-PvproPOl-Ig-like, pIEx-
FLAG-PvproPO2, and pIZ-PvHMC-EGFP-FLAG) were
separately co-transfected with 1 ug of pIZ-V5-1E1 or pIZ-
V5-EGFP using FuGENE HD transfection reagent
(Promega, USA) according to the manufacturer’s instruc-
tions. At 48 h post transfection, the cells were harvested
and lysed with 200 uL of Western and IP cell lysis buffer
(Beyotime, China) for 20 min on ice. The cell lysate super-
natant was then collected by centrifugation at 16,000 x g
for 10 min at 4°C, After that, a fraction of cell lysate
supernatant (20 pL) was used to detect protein expression
by Western blot, while the rest was incubated with 5 uL of
anti-FLAG M2 magnetic beads (Sigma-Aldrich, USA) for
overnight at 4°C. Finally, the beads were washed three
times using cell lysis buffer, and further incubated with 20
uL of 3XFLAG peptide (1 mg/mL) to elute the bound
proteins for Western blot analysis.

Western blot analysis

The protein samples were separated by SDS-PAGE and
transferred onto PVDF transfer membrane (Millipore,
USA). The membranes were blocked with 5% (w/v)
skim milk dissolved in TBST buffer (20 mM Tris, 150
mM NaCl, 0.1% Tween 20, pH 7.6) at room tempera-
ture for 1h, and then incubated with the primary
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antibodies (i.e., anti-V5, anti-FLAG, anti-IE1 and anti-
Tubulin) for overnight at 4°C. After three times wash,
the membranes were further incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibody
(ThermoFisher Scientific, USA) at room temperature
for 1h. Proteins on the membranes were subjected to
react with Immobilon Western Chemiluminescent HRP
Substrate (Millipore, USA) and visualized using
Amersham Imager 600 (GE Healthcare, USA). The
anti-V5 and anti-FLAG antibodies were bought from
Sangong Biotech (Shanghai). The anti-tubulin antibody
was purchased from Sigma-Aldrich. The anti-IE1 anti-
body was prepared in-house by immunizing the mouse
with recombinant IE1.

WSSV challenge and determination of the PO
activity

For WSSV challenge experiment, the shrimp were
intramuscularly injected with 100 uL of WSSV virions
(approximately 1x 10° copies) using a sterile syringe
with a 22-gauge needle, while the control group was
injected with an equivalent volume of sterile PBS. At 0,
3, 6, 12 and 24 h post-infection, hemolymph per group
was collected into 300 uL of precooled anti-coagulant
solution (258 mM Sodium citrate dihydrate, 328 mM
Sodium citrate, 110 mM glucose, 140 mM NaCl, pH
6.0) using the sterile syringe, and then immediately
centrifugated at 500xg for 10 min at 4°C to pellet the
hemocytes. For determination of the PO activity, the
obtained hemocytes were washed two times using anti-
coagulant solution and used for measurement of the
PO activity as described previously with some modifi-
cation [31,32]. In brief, hemocytes were lysed and soni-
cated in cell lysis buffer (415mM NaCl, 100 mM
glucose, 10 mM cacodylic acid, 5mM CaCl,, pH7.0).
The hemocytes lysate supernatant (HLS) was collected
by centrifugation at 20,000xg for 20 min at 4°C and
total protein concentration was then determined using
BCA protein assay kit (Sangon Biotech, China). Next,
HLS (100 pl) was mixed with 65 ul of freshly prepared
L-DOPA (3mg/mL) (Sangon Biotech, China). After
incubation for 30 min at room temperature, the absor-
bance at 490 nm was monitored using a microplate
reader, and the PO activity was determined as AA490/
mg total protein/min.

RNAi assay

In order to explore the role of IE1 on the shrimp proPO
activation, RNAi experiment was performed as previously
described with minor modification [19]. Briefly, the dou-
ble-strand RNA (dsRNA) of IE1 and EGFP, designated as
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dsRNA-IE1 and dsRNA-EGFP, were synthesized in vitro
using a commercial RNA synthesis kit (New England
Biolabs, USA) with primers shown in Table 1. Shrimps
were randomly divided into two groups, with each of the
experimental and control group intramuscularly injected
with 10 ug dsRNA-IE1 and dsRNA-EGFP, respectively.
At 12 h post-dsRNA injection, each shrimp were further
injected with 1 x 10> WSSV virions. At 24 h post infec-
tion, hemocytes per group were collected and used for the
measurement of the PO activity as described above.
Meanwhile, the total RNA, genomic DNA and whole
cell lysates were prepared from hemcoytes and subjected
to evaluate the knockdown efficiency of IE1 using
Western blot analysis as described above, as well as deter-
mine the viral genes expression and viral loads using
qPCR.

Detection of viral genes expression and viral loads
by qPCR

To analyze the knockdown efficiency of IE1 and
further determine whether IE1 depletion affects the
expression of the other viral genes, relative qPCR
experiment was carried out. Briefly, the total RNA
was  extracted from hemocytes wusing the
RNAFast200 kit (FeiJie, Shanghai, China), and
cDNA was synthesized using the TransScript one-
step gDNA removal and cDNA synthesis superMix
(Trans Gen Biotech, China) according to the man-
ufacturer’s instructions. The qPCR reactions con-
tained 10 uL of 2xRealStar Green power mixture
(GenStar, China), 1L each of forward and reverse
primers, 1 uL of cDNA template plus 7 uL of Milli-Q
water. The qPCR assays were performed on a
LightCycler 480 (Roche, Switzerland) with the fol-
lowing cycling conditions: one cycle at 95°C for 5
min and 35 cycles of 95°C for 15 s and 60°C for 30
s. Each sample per group was carried out in tripli-
cate, with the PvEFla used as the internal control.
For viral loads detection, the genomic DNA was
isolated from hemoctyes using Marine Animal
DNA Kit (TIANGEN, Beijing, China) according to
the manufacturer’s instructions. The viral loads were
detected using absolute qPCR as previously
described [33]. All the primers used in this study
are listed in Table 1.

Effect of recombinant IE1 protein on the PO activity

To further whether IE1 has a direct inhibitory effect
on the PO activity, the purified recombinant GST-
IE1 (0.2 pug or 2 pg) protein or the same amount of
GST protein (negative control) was incubated with

70 ug of HLS for 5min at room temperature. L-
DOPA was then added into to the reaction mixture.
At 30 min post incubation, the absorbance at 490
nm was monitored, and the PO activity was deter-
mined as described above.

Results

Identification of the host cellular proteins that
potentially interact with IE1

Recently, several studies have demonstrated that IE1
is a versatile regulator that is essential for WSSV
replication [19-23,25,26]. In order to further gain
insight into the biological functions of IE1 during
viral infection, in this study, we conducted GST-pull
down and LC-MS/MS analysis to identify the cellu-
lar host proteins that may interact with IE1. At first,
the recombinant GST-IE1 and GST proteins were
expressed and purified from E. coli cells (Figure
la—c). For GST pull-down experiment, the GSH
magnetic beads bound with the GST-IE1 or GST
(negative control) were incubated with HLS for
overnight at 4°C. After a thorough wash, the
bound proteins were eluted from the beads, followed
by SDS-PAGE and silver staining analysis. As indi-
cated in Figure 1(d), compared with control, there
were 4 differential bands with molecular protein
sizes at >90 kDa, 50-90 kDa, 30-40 kDa, and 20-
25 kDa (indicated by box B1-B4). Finally, the four
differential gels were then dissected and subjected to
LC-MS/MS analysis. The MS/MS search results
showed that the differential bands (B1-B4) were
identified as 98, 110, 104, and 49 proteins, respec-
tively (Supplementary Table S1). Therefore, we
identified a total of 361 host proteins that poten-
tially bind to IE1 in this study.

Functional classification analysis of the potential
IE1-interacting proteins

To clarify the biological functions of the identified
IE1-interacting proteins, the GO annotation analysis
was performed. As shown in Figure 2(a), of the 361
identified IEl-interacting proteins, a total of 264
proteins had been annotated, which were classified
into three GO terms including biological process,
molecular function and cellular component. In bio-
logical process, the identified proteins were mainly
implicated in cellular process (73.5%) and metabolic
process (56.8%). For cellular component and mole-
cular function, most of the identified proteins were
localized in cell part (67.8%) and organelle (50.8%),
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Figure 1. Identification of the host cellular proteins potentially interacting with WSSV IE1. (a) and (b) Expression of recombinant GST
and GST-IET proteins. The GST or GST-IET expression plasmid transformed Escherichia coli cells were induced using 0 or 1 mM IPTG
and then lysed for SDS-PAGE analysis. (c) SDS-PAGE analysis of the purified recombinant GST and GST-IE1 proteins. (d) GST pull-
down and LC-MS/MS analysis of the candidate IE1-interacting proteins. The GST and GST-IE1-bound GSH magnetic beads were
incubated with the hemocytes lysate supernatant (HLS). After incubation and wash, the bound proteins on the beads were eluted
and then subjected to SDS-PAGE and silver staining analysis. The differential bands were excised from the gel and used for LC-MS/

MS analysis. M: protein marker.

and possessed binding (69.3%) and catalytic activity
(63.3%). In addition, the identified IEl-interacting
proteins were further analyzed using KEGG pathway
analysis. The results showed that the identified pro-
teins were involved in modulating various signaling
pathways such as proPO system, PI3K-AKT, MAPK,
Focal adhesion and cell cycle (Figure 2b). Notably,
the proPO system, an important component of the
innate immune system in invertebrates [34], was the
most annotated signaling pathway (Figure 2b and
Supplementary Table S2), suggesting that IE1
might play vital roles in controlling the proPO acti-
vation in shrimp.

IE1 binds to Ig-like domain of PvproPO and PvHMC

According to the results of LC-MS/MS identification, a
total of 14 proPO system-related proteins were identified
to be putative IEl-interactors with the identification of

PvproPO1, PvproPO2 and PvHMC containing the most
number of unique peptides (Table 2). Bioinformatic ana-
lysis revealed that PvproPOl, PyproPO2, and PvHMC
were highly homologous. The PvproPO1 and PvproPO2
had 72% identity in protein sequence, while PyproPO1/2
and PvHMC showed 28% sequence identity (Figure 3a). In
addition, the three proteins were composed of the same
functional domains including an all-alpha domain in the N
terminus, a Copper-containing domain in the midsection
and an Ig-like domain in the C terminus (Figure 3a). The
data indicated that PvproPO1/2 and PvHMC play similar
roles in the proPO system, and they were therefore selected
to further determine whether they can interact with IE1
using Co-IP experiment. The FLAG-tagged PvproPOl,
PyproPO2, and PvHMC proteins were co-expressed with
the V5-tagged IE1 or EGFP (negative control) in the insect
High-five cells, respectively. As indicated in Figure 3(b-d),
when using anti-FLAG or anti-V5 antibody in Western
blot analysis, the expression of PyproPOl, PvproPO2,
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Table 2. Summary of the identified proPO system proteins that potentially binds IE1.

Protein name ProteinID Pepcount UniquePep Coverage Mw

Prophenoloxidase-1 CL2821.Contig1 14 14 18.08% 78,170.71
Alpha 2 macroglobulin CL1530.Contig1 12 12 7.57% 167,057.3
Prophenoloxidase-2 CL2821.Contig2 5 5 6.08% 78,810.5
Hemocyanin Unigene13144 4 4 4.53% 74,988.91
Serine protease 3 Unigene20940 4 3 11.14% 41,037.38
Clip domain serine proteinase 1 Unigene16701 3 3 6.96% 41,946.03
Serine protease 1 Unigene9185 3 2 6.01% 39,113.96
Prophenoloxidase activating enzyme CL4501.Contig2 2 2 3.71% 56,046.14
QM protein Unigene16939 2 2 5.45% 25,531.53
Serine protease snake CL4163.Contig1 2 2 5.43% 38,122.1
Serine proteinase Unigene14592 2 2 5.41% 36,386.68
Prophenoloxidase activating enzyme 3 Unigene1965 2 2 4.72% 41,021.6
Serine protease Mas Unigene8002 1 1 2.25% 37,865.99
Clip domain serine proteinase 2 Unigene25426 1 1 3.74% 31,657.49

PyHMC, IE1 and EGFP could be detected in all input
samples. Next, the FLAG-tagged proteins were then
immunoprecipitated using anti-FLAG M2 magnetic
beads, and the IP samples were subjected to Western
blot analysis using anti-V5 antibody. The results showed
that the FLAG-tagged PyvproPOl, PvproPO2, and
PyHMC could be immunoprecipitated with the V5-
tagged IE1, whereas EGFP could not be immunoprecipi-
tated (Figure 3b-d). Furthermore, to figure out
which functional domain of PvproPO and PvHMC was
responsible for IE1 binding, we constructed the expres-
sion plasmids of all-alpha domain, Copper-containing
domain, and Ig-like domain of PvproPOl and Co-IP
was performed as described above. Unfortunately, only
the Ig-like domain of PvproPOl could be successfully
expressed in cells, while the all-alpha domain and
Copper-containing domain of PvproPOl could not be
expressed. The Co-IP result showed that IE1 could bind
to the Ig-like domain of PvproPO1 (Figure 3e). Given that
the Ig-like domain of PvproPO and PvHMC is highly

conserved, the data here suggest that IE1 could physically
interact with the Ig-like domain of the PvproPO and
PyHMC.

IE1 inhibits the PO activity and promotes viral
replication

To explore how IE1 modulates the proPO system, as well
as its effect on virus replication, RNAi experiment was
carried out in this study. As shown in Figure 4(a), the
dsRNA-IE1 or dsRNA-EGFP (negative control) were
injected into shrimp to knockdown IE1 expression during
WSSV infection, followed by detection of viral genes
expression, viral loads and PO activity. The qPCR results
showed that the mRNA and protein level of IE1 in WSSV-
infected hemocytes was dramatically downregulated after
injection with dsRNA-IE1 compared with the control
dsRNA-EGFP (Figure 4b-c), indicating that a successful
in vivo gene silencing of IE1 during viral infection. It was
showed that the suppression of IE1 could significantly
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Figure 2. Functional classification analysis of the potential IE1-interacting proteins. (a) and (b) GO and KEGG pathway analysis of the
identified IE1-interacting proteins. The GO and KEGG pathway entry ID of each identified IE1-interacting proteins were retrieved from
our in-house P. vannamei transcriptome data, and then subjected to GO and KEGG pathway analysis using WEGO program and KEGG

pathway database.
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Figure 3. IE1 binds to the Ig-like domain of PvproPO and PvHMC. (a) Schematic comparison of PvproPO1, PvproPO2 and PvHMC in
protein sequence identity and functional domains. (b-e) Co-IP analysis of the interactions between IE1 and PvproPO/PvHMC. The
FLAG-tagged PvproPo1/pvpropo2/pvhmc/pvpropol-lg-like protein was co-expressed with the V5-tagged IE1 or EGFP (negative
control) in High-five cells. At 48 h post-transfection, cells were harvested and lysed. The whole cell lysate (Input samples) were
obtained by centrifugation and incubated with anti-FLAG M2 magnetic beads. The bound proteins (IP samples) were eluted from the
beads using 3XFLAG peptide. Finally, the input (2%) and IP samples were subjected to western blot analysis with the indicated
antibodies.
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Figure 4. IE1 inhibits PO activity and promotes viral replication in shrimp hemocytes. (a) Workflow of RNAi of IET during WSSV
infection. (b-c) Knockdown efficiency analysis of IE1. hemocytes in dsRNA-IE1 or dsRNA-EGFP-injected shrimp were collected and
used to prepare cDNA and protein lysates for gPCR and western blot analysis. (d) Detection of WSSV genes after IE1 silencing by
relative gPCR. The mRNA expression of IET (WSV069), WSV051, WSV079, WSV514, ICP11 (WSV230), and VP28 (WSV421) was
normalized to PvEF1a and calculated using the 272" method. (e) Detection of viral loads by absolute qPCR. The genomic DNA
was extracted from hemocytes in IE1 or EGFP-silenced shrimp, followed by absolute gPCR analysis, the WSSV copy number in 1 ng of
shrimp genomic DNA was then calculated. (f) Determination of the PO activity after IE1 suppression. The hemocyte lysate
supernatant (HLS) prepared from IE1 or EGFP-silenced shrimp were incubated with L-DOPA. After reaction for 30 min at room
temperature, the absorbance at 490 nm was monitored, and the PO activity was determined as AA490/mg total protein/min. (g)
Effect of recombinant IET protein on the PO activity. The HLS was incubated with recombinant GST-IET (0.2 pg or 2 pg) or the equal
amount of GST protein (negative control) for 5 min at room temperature. After further reaction with L-DOPA, the PO activity was
then determined by measuring the absorbance at 490 nm. All the experiments were carried out in independent triplicates, and the
data were shown as Mean = SD. The significance difference was analyzed using the student’s t-test (*p <0.05, ** p <0.01).
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decrease the expression of viral genes (i.e, WSV051,
WSV079, WSV514, ICP11 and VP28) (Figure 4d) and
viral loads (Figure 4e), suggesting that IE1 plays an impor-
tant role in viral replication. Next, when the PO activity
in hemocytes was determined using L-DOPA as the sub-
strate, shrimp depleted with IE1 had a remarkable
increase (1.83-fold) in PO activity compared with the
control EGFP-silenced shrimp (Figure 4f). Furthermore,
the direct inhibition of IE1 protein on the PO activity was
also analyzed in vitro. The result showed that the PO
activity of HLS prepared from non-WSSV infected
shrimp was significantly reduced when recombinant IE1
protein was added compared with GST (Figure 4g). This
inhibition was dose-dependent, as more decreased PO
activity was detected when the dosage of recombinant
IE1 protein increased (Figure 4g). These results suggest
that IE1 can directly inhibit the PO activity and promote
viral replication.

WSSV represses the PO activity at the early
infection stage

Given that IE1 is an immediately early protein of
WSSV, we sought to determine whether WSSV
repressed the PO activity in the early infection stage.
As indicated in Figure 5(a), at the early infection time
points, the mRNA expression of IE1 was detected at as
early as 3 h and increased gradually from 6 to 24 h post
infection. Meanwhile, compared with the PBS control,
the PO activity in WSSV-infected shrimp was reduced
by 1.78-fold at 3h post infection, and continued to
decrease by 2-, 1.78- and 4-fold, respectively, at 6, 12
and 24h (Figure 5b). These results therefore suggest
that WSSV could suppress the shrimp PO activity,
presumably from the early infection stage.

150001 1 PBS
I wssv

10000

5000+

0-

Relative expression of IE1

Oh 3h 6h 12h 24h

Timepoint post infection

Discussion

For DNA viruses, they usually encode IE proteins that
utilize and/or manipulate the host’s cellular machinery
for completing the replication cycle. Recently, a grow-
ing number of studies have shown that IE1, an immedi-
ate-early protein encoded by WSSV, interacts with
several host cellular proteins (i.e. Rb, STAT, JNK, f-
catenin and Chibby) to modulate various cellular pro-
cesses or signaling pathways and subsequently facilitate
virus replication [21-23,25,26]. However, the IEl-
mediated interaction networks in shrimp remain poorly
understood. Therefore, in this study, we used GST pull-
down and LC-MS/MS to investigate the host cellular
proteins that bind IE1. A total of 361 cellular proteins
from the penaeid shrimp were identified to interact
with IE1 (Supplementary Table S1) potentially.
Bioinformatics analysis revealed that the identified
IE1-interacting proteins were involved in regulating
various cellular processes or signaling pathways such
as proPO system, PI3K-AKT, MAPK, Focal adhesion
and cell cycle (Figure 2b), indicating the critical roles
played by IEl in these cell functions. Interestingly,
previous studies have shown that IE1 modulates the
MAPK and cell cycle via binding of the shrimp Rb
and JNK proteins [21,23]. Our present data further
hinted us that the involvement of IE1 in the regulation
of MAPK and cell cycle is presumably intricate, and the
detailed molecular mechanisms need further studies in
the future.

Given that the IE1-interacting proteins are mainly
annotated in the proPO system (Figure 2b and Table
2), the involvement of IEl in regulation of this
process was further investigated in this study. It is
well known that the proPO system, which mediates
the melanization, is a crucial innate immune defense

b
0.151 [ PBS
B WSSV
_'_ 1
2 0.10-
=
S
© . ok -
e 0.5 I I "
0.00 . . . l
3h 6h 12 h 24h

Timepiont post infection

Figure 5. WSSV suppresses the shrimp PO activity at the early stage of infection. (a) qPCR analysis of IE1 expression during WSSV
infection. (b) Detection of PO activity after WSSV infection. The shrimp was divided into two group, and then intramuscularly
injected with WSSV or PBS (negative control). At 0, 3, 6, 12 and 24 h post-infection, the hemocytes per group were collected and
used for qPCR and determination of PO activity. The data referred to the means =+ SD of triplicate assays (**, p <0.01).



system in invertebrates [35]. The proPO system is
activated through a serine proteinase cascade. Once
microbes are invading, the microbes-derived elici-
tors such as lipopolysaccharide (LPS) trigger a ser-
ine proteinase cascade including the proPO-
activating enzymes (PPAE), ultimately leading to
the cleavage of the proPO zymogen into the active
PO enzyme. The latter factor oxidizes phenols into
quinones that act as precursor to produce the pig-
ment melanin and toxic reactive intermediates for
killing and restraining the invading microbes. In
shrimp, there are many studies reporting that the
proPO system plays crucial roles in immune
defenses against bacterial and viral infections [36].
It was showed that RNAi-mediated suppression of
PPAE:s significantly increased shrimp’s susceptibility
to Vibrio harveyi infection [37,38]. Similarly, it was
found that knockdown of PPAEs and proPOs
increased viral loads and cumulative shrimp mortal-
ity after WSSV infection [39,40]. However, mount-
ing evidence have recently suggested that the
pathogenic microbes, especially virus, have evolved
with various strategies to evade or counter the anti-
viral melanization for their own benefit. For exam-
ple, it was reported that the WSSV-induced miR-315
attenuated the activation of proPO system via

)7%1 ‘%L %2% WSSV infection
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suppression of PPAE3 expression [41]. In addition,
WSSV encoded proteins WSSV453 and WSSV164
(also known as WSV394 and WSV108 in China
WSSV strain) could inhibit the proPO activation
by direct binding and inhibition of the shrimp
PPAEs and proPOs, respectively [42,43]. In this
study, we further demonstrated that another viral
protein IE1 could interact with the Ig-like domain
of the proPO or proPO-like proteins (PvproPO1/2
and PvHMC) (Figure 3b-e), which are key enzymes/
regulators in the shrimp proPO system [44-46].
Further analysis showed that in vivo RNAi-mediated
knockdown of IE1 increased the hemocytes’ PO
activity in WSSV-infected shrimp (Figure 4f), while
incubation of recombinant IE1 protein with HLS
reduced the PO activity in vitro in dose-dependent
manner (Figure 4g). These results indicate that IE1
is a novel viral regulator that negatively modulates
the shrimp proPO system during WSSV infection.
In addition, given that the viral proteins WSSV164
and IE1 were both identified to be IE proteins [12],
couple with the fact that WSSV453 could also be
expressed at the early stage of infection [42], we
reasoned that WSSV might inhibit the proPO sys-
tem in the early period. To confirm this, the PO
activity of shrimp hemocytes was analyzed at early
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Figure 6. The proposed schematic diagram for the WSSV IE1-mediated inhibition of the proPO system in penaeid shrimp.



946 (&) C.WANG ET AL.

timepoints of infection by WSSV (i.e. 3, 6, 12 and 24 h).
The result revealed that WSSV infection suppressed the
PO activity at as early as 3h after infection, and this
inhibition effect was enhanced as the infection continued
(Figure 5 a and b). These reports suggest that WSSV,
presumably at the early stage, adopts various mechanisms
to negatively modulate the host proPO system for aiding
its own replication.

In invertebrates, the proPO system can be tightly regu-
lated at multi-steps which involves various enzymes/mod-
ulators such as serine proteinases, serine proteinase
inhibitors, PPAEs and proPOs. Recently, an increasing
number of cell proteins have been shown to participate in
control of the proPO activation in shrimp. For example,
HMC is a proPO-like protein that not only has PO activ-
ity but also can regulate the proPO activation via binding
of QM protein [46,47]. In addition, alpha 2 macroglobu-
lin (a2 M) is a broad-spectrum proteinase inhibitor
in plasma that functions in the inhibition of proPO
activation [48]. Our recent study showed that HMC
could interact with the receptor binding domain of
the shrimp a2 M, thereby affecting the a2 M’s inhibi-
tory effect on PO activity [49]. In this study, it is
noteworthy that IE1 was found to potentially interact
with many proPO system proteins including serine
proteinases, PPAEs, QM protein and alpha 2 macro-
globulin apart from the validated PvproPO1/2 and
PyHMC (Table 2). The data suggest that IE1 might
utilize multi-mechanisms to inhibit the shrimp
proPO system, which is probably different with
WSSV453 and WSSV164. Of course, the underlying
molecular mechanisms by which IE1 controls the
shrimp proPO system require further investigation
in the future.

In conclusion, this study for the first time
explored the IE1-mediated interaction networks in
penaeid shrimp, which led to identification of 361
potential IE1-interacting proteins with implications
in many signaling pathways. Furthermore, we
demonstrated that IE1 is a novel regulator encoded
by WSSV that suppresses the host’s melanization via
binding and inhibition of the proPO system proteins
such as PvproPO and PvHMC (Figure 6). The cur-
rent finding provides new insights into the struggle
between WSSV and host, which may contribute to
virus prevention and control in shrimp aquaculture.
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