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ARTICLE INFO ABSTRACT

The white Spot Syndrome Virus (WSSV) is a pathogen that causes huge economic losses in the shrimp-farming
industry globally. At the WSSV genome replication stage (12 hpi) in WSSV-infected shrimp hemocytes, activa-
tion of the PI3K-Akt-mTOR pathway triggers metabolic changes that resemble the Warburg effect. In shrimp, the
upstream regulators of this pathway are still unknown, and in the present study, we isolate, characterize and
investigate two candidate factors, i.e. the shrimp Ras GTPase isoforms LvRas and LvRap, both of which are
upregulated after WSSV infection. dsRNA silencing experiments show that virus replication is significantly re-
duced when expression of either of these genes is suppressed. Pretreatment with the Ras inhibitor Salirasib
further suggests that LvRas, which is a homolog to a commonly overexpressed human oncoprotein, may be
involved in regulating the WSSV-induced Warburg effect. We also show that while both the PI3K-Akt-mTOR and
Raf-MEK-ERK pathways are activated by WSSV infection, LvRas appears to be involved only in the regulation of
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the mTOR pathway.

1. Introduction

White spot disease (WSD), which is caused by a large dsDNA virus
called the white spot syndrome virus (WSSV), continues to lead to
massive economic losses in global shrimp production [1]. WSSV is a
relatively complex virus with low sequence homology to other known
viruses, and its pathogenesis and virus-host interactions are still not
completely understood [2,3]. Recently, using a systems biology ap-
proach, we found that WSSV was able to induce metabolic repro-
gramming at the genome replication stage (12 hpi). In particular, we
found that this virus induced aerobic glycolysis (also known as the
Warburg effect) as shown by an increase in glucose consumption and
lactate secretion [4,5]. The PI3K-Akt-mTORC1 pathway was also im-
plicated as the regulatory pathway that mediated these WSSV-induced
shifts in metabolism [4]. However, the question of which upstream
factor[s] might control the activation of this pathway has so far not
been addressed.

One possible candidate is the small GTPase protein Ras, a human
cancer proto-oncogene that has been extensively researched [6]. Acti-
vated Ras is known to control not only the PI3K-Akt-mTOR signaling
pathway [7-10] but also the Raf-MEK-ERK pathway [11-13]. Further,
active Ras isoforms have been reported to affect cell metabolisms,

especially the enhancement of glycolytic flux and lactate production
[14-16]. In most cancer cells, by triggering both of the above pathways,
oncogenic, constitutively active Kras promotes aerobic glycolysis, glu-
taminolysis and other metabolic reprogramming [6,12,17-22]. Ras
activation plays a similar role during human adenovirus type 36 (Ad-
36) infection, where it leads to an increase in the PI3K pathway-de-
pendent uptake of glucose [23].

Ras proteins are members of the Ras subfamily, which, together
with five other subfamilies (Ral, Rap, Rheb, Rad and Rit) [24,25] be-
longs to the Ras family. The Ras family and four other main families
(Rho, Rab, Ran and Arf/Sar) [26] in turn belong to the Ras superfamily.
All of the eukaryotic, small GTP-binding proteins (G proteins, or small
GTPase proteins) belong either to the Ras superfamily or to one of
several other superfamilies. These proteins are involved in the regula-
tion of various cellular mechanisms, including cytoskeleton re-
modeling, cell growth, proliferation and differentiation [27,28]. All of
them can be activated by replacing GDP with GTP, and inactivated by
hydrolyzing GTP to GDP [29,30]. When activated, i.e. when bound to
GTP, proteins in the Ras superfamily facilitate binding with effectors
and thereby initiate signaling cascades [11,31]. In all of these proteins,
GTP hydrolysis and effector protein interactions are mediated by the
Ras domain. This domain consists of 5 conserved G box GDP/GTP-
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binding motif elements, G1-G5, which are highly evolutionarily con-
served. In most organisms, proteins in the Ras superfamily also include
hypervariable regions (HVRs) in the C-terminal [32,33]. Following the
HVR, proteins in the Ras and Rho families have a terminal CaaX motif.
This motif is responsible for the initiation of post-translational lipid
modification (i.e. farnesylation), which results in re-localization to the
plasma membrane and is an essential step in Ras activation [34-39].
In the present study, we identified, isolated and characterized white
shrimp genes for both Ras and Rap, and we investigated the involve-
ment of Ras in the WSSV-induced Warburg effect. We also investigated
the possible involvement of the PI3K-Akt-mTOR and Raf-MEK-ERK
pathways in mediating the observed Ras-dependent metabolic changes.

2. Materials and methods
2.1. Experimental animals

In this study, white shrimp (Litopenaeus vannamei; mean weight:
2-3 g) were obtained from the International Center for the Scientific
Development of Shrimp Aquaculture, National Cheng Kung University
(NCKU) and from the Department of Aquaculture, National Pingtung
University of Science and Technology (NPUST). Upon arrival, in order
to reduce any stress induced by transportation, the shrimp were
transferred to a water tank system containing sterilized seawater
(30 ppt at 25-27 °C) for at least 1 day (no more than 3 days).

2.2. Cloning of full-length cDNAs of LvRas and LvRap

An in-house L. vannamei stomach transcriptomic database [40] was
used to search for homologs of the human Ras isoform Kras (NCBI
Accession number: NP_004976.2). Two contigs, Lv23558.1 and
Lv153409.1, were found to show high homology with human Kras, and
these were used to design primer sets to amplify these two genes from
white shrimp hemocytes cDNA (Table 1). The resulting PCR amplicons
were cloned in T&A Vector (RBS Biosciences) and sequenced. The Basic

Fish and Shellfish Immunology 88 (2019) 150-160

Local Alignment Search Tool (BLAST) identified the first sequence as
orthologous to Ras, and the second sequence as orthologous to Ras-like
GTPase Rap, which is a member of the Ras family of GTPases. We
named these orthologs LvRas and LvRap, respectively, and the corre-
sponding sequences have been uploaded to NCBI with accession num-
bers MK392631 and MK392632. The full-length amino acid sequences
of LvRas and LvRap were aligned with other selected Ras GTPases from
the GenBank database by using the GeneDoc program and Cluster
Omega software.

2.3. Virus and virus inoculum

The Taiwan isolate of the white spot syndrome virus (WSSV)
(GenBank Accession no. AF440570) was used in this study. The stock of
WSSV inoculum (3.3 x 10* WSSV copies/|il) was prepared from WSSV-
infected moribund white shrimp as described previously [3,4] and
stored at —80°C. For the challenge experiments, the experimental
WSSV inoculum was prepared from the WSSV stock by dilution 10~%
with phosphate buffer saline (PBS) (137 mM NacCl, 2.7 mM KCI, 10 mM
Na,HPO,4, 2mM KH,PO,). Shrimp were challenged with WSSV in-
oculum (100 pl/shrimp) by intramuscular injection. The WSSV chal-
lenge dosage used in this study resulted in an approximately 50%
WSSV-induced mortality rate at 3 days post challenge. Shrimp injected
with PBS were used as controls. At each time point (12 and 24 hpi), 4
pooled hemocytes, pleopod and gill samples were collected (3 shrimp
per sample) from each group. As described below, hemocytes samples
were subjected to real-time PCR to measure the mRNA levels of host
genes and WSSV genes, while the pleopod samples were used to
quantify the number of WSSV genomic DNA copies as described in Su
[4]. The pooled gill samples were subjected to western blotting to de-
termine protein expression levels [4].

Table 1
Primers used in this study.

Gene Primer Primer sequence (5’ — 3’) Usage

LvRas
LvRas-F ATGACGGAATACAAGCTCGTCG PCR
LvRas-R CTAGAACACAATGCACTTCCTC PCR
LvRas-qF ATGGTTTTGGTGGGCAACA Real-time PCR
LvRas-qR GCCTGCTGCATGTCCATTG Real-time PCR
T7-LvRas-F *TAATACGACTCACTATAGGGAGAATGACGGAATACAAGCTCGTCG dsRNA synthesis
T7-LvRas-R *TAATACGACTCACTATAGGGAGACTAGAACACAATGCACTTCCTC dsRNA synthesis

LvRap
LvRap-F ATGCGTGAATACAAGATTGTGG PCR
LvRap-R TTATAAAAGGCAACACTTCTTC PCR
LvRap-qF TAAGATCAATGTCAATGACAT Real-time PCR
LvRap-qR ATTTAACTTTCTGTCGGGGG Real-time PCR
T7-LvRap-F *TAATACGACTCACTATAGGGAGAATGCGTGAATACAAGATTGTGG dsRNA synthesis
T7-LvRap-R *TAATACGACTCACTATAGGGAGATTATAAAAGGCAACACTTCTTC dsRNA synthesis

Firely-Luciferase
Luc-F GTTCAGCGTGTCCGGCGAG PCR
Luc-R GTTCTTCTGCTTGTCGGCC PCR
T7-Luc-F *TAATACGACTCACTATAGGGAGAGTTCAGCGTGTCCGGCGAG dsRNA synthesis

T7-Luc-R *TAATACGACTCACTATAGGGAGAGTTCTTCTGCTTGTCGGCC dsRNA synthesis
EFl-a

EFla-F ATGGTTGTCAACTTTGCCC RT-PCR

EFla-R TTGACCTCCTTGATCACACC RT-PCR

EFla-real-F ACGTGTCCGTGAAGGATCTGAA dsRNA synthesis

EFla-real-R TCCTTGGCAGGGTCGTTCTT dsRNA synthesis
WSSV VP28

VP28-real-F AGTTGGCACCTTTGTGTGTGGTA Real-time PCR

VP28-real-R TTTCCACCGGCGGTAGCT- Real-time PCR
Others

Anchor-dTv GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV cDNA synthesis

* The added T7 promoter sequence is underlined.
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(A) atgacggaatacaagctcgtggtggttggagctggaggegttgggaagagtgcacttact 60

M T E Y K L V VYV GGA GG V G K S AL T 2
attcaacttattcaaaatcactttgtcgatgaatatgatccaaccatagaagattcatac 120
I 9 L I 9Q N HF V DEYDUPTTIED S Y 40
cgtaaacaggtcgtcattgatggggagacgtgtctactggatattctegacacagecggg 180
R K Q v v I DG ETCTULTULUDTI L DT A G 60
caagaagaatacagtgcaatgcgagaccagtatatgcgaactggggaagggttcctactt 240
Q EE Y S A MRDOQYMU®RTGE G F L L 80
gtttttgctgtcaacaatgcaaagtcttttgaggatataagtgecatategggaacagata 300
V F AV NN AIK S F EUDTI S A Y RE Q I 100
aaacgagtaaaggacgcagatgtggtacctatggttttggtgggcaacaaatgegacttg 360
K RV K DAD V V PM VLV G N K C D L 12
caggtgcgtgcaatggacatgcagcaggcacgagaagtggccaagaattatgacattcecct 420
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ttcattgagacctctgeccaagaccegecatgggtgtegacgatgecttetacactttagta 480
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gttcagtttgtgcagggcatctttgtcgagaaatatgatcccacgatagaagattcttat 120
V Q F V. Q G I F V E K Y D P T I E D S Y 40
cgtaagcaagtggaagtggatgggcagcagtgtatgettgaaatccttgatactgetgga 180
R K Q V. EVD G Q 9 CMLE I LUDTA G 60

actgaacaattcacagcaatgcgtgatctctatatgaagaatggacagggctttgttttg 240
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T A Q S T F N D L Q D L R E Q I
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Fig. 1. Nucleotide and deduced amino acid sequences of (A) LvRas and (B) LvRap. The deduced amino acid sequences of LvRas and LvRap are shown under the
corresponding nucleotide sequences. The Ras domains in LvRas and LvRap are shaded.

2.4. Quantification of host genes and the WSSV structural gene VP28 by
real-time PCR

Total RNA was extracted from the pooled shrimp hemocytes sample
and mixed with Superscriptase II Reverse Transcriptase (Invitrogen)
and Anchor-dTv primer (Table 1) to synthesize the cDNAs. To measure
the relative expression levels of the host genes (LvRas, LvRap and an
internal control gene EFla) and WSSV VP28, cDNAs were subjected to
real-time PCR using the Bio-Rad detection system with KAPA SYBR’
FAST Master Mix (KAPA). Primer sets used for real-time PCR are listed
in Table 1. Data values of all samples were calculated by the 2~ 4ACT
method and normalized relative to the housekeeping gene EFla. After
the Empirical Rule was performed on all data for the detection and
exclusion of statistical outliers, statistically significant differences be-
tween groups were analyzed either by Student's t-test or Tukey's test for
comparing multiple treatments.

2.5. Quantification of the WSSV genome copy number

Genomic DNA was extracted from pooled pleopod samples using a
DTAB/CTAB DNA extraction kit (GeneReach Biotechnology Corp.).
WSSV viral genome copy numbers were measured using the IQ Real™
WSSV quantitative system (GeneReach Biotechnology Corp.). Statistical
analysis was performed as described before.

2.6. Measurement of Ras activation

The Ras-GTP levels were determined by using a Ras activation assay
kit (Cell Biolabs, Inc.). For this assay, to ensure a good yield and quality
of proteins, lysates were extracted from shrimp gill tissue instead of
hemocytes. Samples of gill tissue were lysed by homogenization in ice-
cold 1x Assay/Lysis buffer with protease inhibitor cocktail and phos-
phatase inhibitor (Roche), and protein concentrations were determined
using the Bradford Protein Assay (Bio-Rad). For the total Ras and beta-
actin input control, lysates containing 25 pg of protein were mixed with
SDS-sample buffer and subjected to western blotting as described
below. For the active Ras-GTP pull-down assay, lysates containing ap-
proximately 2.5mg of protein were collected into new tubes, the vo-
lume was adjusted to 1 ml with ice-cold 1x Assay/Lysis buffer, 40 pl
Rafl RBD Agarose bead slurry was added, and the mixture was in-
cubated at 4°C for 1h. After centrifugation, the Rafl RBD Agarose
beads were washed three times with ice-cold 1x Assay/Lysis buffer. The
activated Ras that was bound to these beads was then dissolved in SDS-
sample buffer and subjected to western blotting with Ras antibody. For
the positive and negative controls, lysates containing ~ 2.5 mg of pro-
tein extracted from healthy, untreated shrimp were collected, adjusted
to a volume of 1ml with ice-cold 1x Assay/Lysis buffer and 20 ul of
0.5M EDTA was added. 10 ul of GTPyS was added to the positive
control while 10l of GDP was added to the negative control. After
incubation at 4°C for 1h, 65pul of 1M MgCl, was added to stop the
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Fig. 2. Multiple alignment of deduced amino acid sequences for LvRas, LvRap, three Ras superfamily members from kuruma shrimp and three human Ras
isoforms. The conserved G1 ~ G5 motifs, core effector region, hypervariable region (HVR) and the CaaX/CCXX motifs are indicated. NCBI accession number: human
Hras [CAG38816], human Nras [AAA60255], human Kras [XP_011518955], kuruma prawn Ras [ANR94954.1], kuruma prawn Rap [ANR94953.1], kuruma prawn

Ral [ANR94955.1].

reaction. Aliquots of the positive and negative control lysates con-
taining 2.5 mg of protein were then subjected to the pull-down assay
and western blotting as described above; portions of the positive and
negative control lysate containing 25 pg of protein were subjected only
to western blotting.

2.7. Western blotting

In addition to the Ras activation samples described above, western
blotting was also performed on pooled gill samples (3 shrimp/sample)
that were collected and immediately stored in liquid nitrogen before
use. These samples were homogenized in 0.33x PBS with protease in-
hibitor and phosphatase inhibitor (Roche), subjected to the Bradford
Protein Assay (Bio-Rad) to determine protein concentrations, and por-
tions of lysate containing ~ 100 ug of protein were prepared. All sam-
ples for western blotting were then mixed with SDS-sample buffer (1%
SDS, 15% glycerol, 10 mM Tris-HCl [pH 6.8], 10% beta-mercap-
toethanol) to a final volume of 40 ul, and then separated by 15% SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis).
After transfer onto polyvinylidene fluoride (PVDF) membranes and
blocking with 0.5% BSA in TBST [0.5% Tween 20, 200 mM NaCl,
50 mM Tris-HCl, pH7.5] for 10.5hat 4°C, the membranes were in-
cubated with the respective primary antibodies in TBST at 4°C.
Following several extensive washes with TBST, membranes were then
incubated in TBST containing horseradish peroxidase (HRP) conjugated
goat anti-mouse secondary antibody (Santa Cruz), or HRP conjugated
goat anti-rabbit secondary antibody (Invitrogen) for 1h at room

temperature. After further washing with TBST several times, the signals
were developed by ECL detection agents (PerkinElmer). The
ImageQuant™ LAS 4000 chemiluminescence system was used for signal
detection. Intensities of specific protein bands were determined and
quantified using ImageJ software.

2.8. Antibodies

The primary antibodies used in this study were: Ras Antibody (Cell
signaling; Catalog No. 3965) for detecting Ras; p44/42 MAPK (Erk1/2)
(137F5) Rabbit mADb (Cell signaling; Catalog No. 4695) for detecting
total ERK protein; Phospho-p44/42 MAPK (Erkl/2) (Thr202/Tyr204)
(D13.14.4E) XP° Rabbit mAb (Cell signaling; Catalog No. 4370) for
detecting phospho-ERK (which is used to indicate activation of the Raf-
MEK-ERK pathway); Phospho-4E-BP1 (Thr37/46) (236B4) Rabbit mAb
(Cell signaling; Catalog No. 2855) for detecting phospho-4E-BP1(which
is used to indicate activation of the PI3K-Akt-mTOR pathway); and
Beta-actin antibody (Millipore; Catalog No. # MAB1501) for the in-
ternal control. In-house antibodies that recognize the WSSV structural
protein VP28 and the major WSSV non-structural protein ICP11 were
prepared as described previously [41].

2.9. The in vitro synthesis of LvRas and LvRap dsRNA

To produce the linear DNA templates, partial cDNA fragments of
LvRas, LvRap and luciferase with lengths of approximately 500-600 bp
were amplified by RT-PCR with the primer sets LvRas-F/LvRas-R,
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Fig. 3. Real-time qPCR results for (A) LvRas and (B) LvRap mRNA ex-
pression in 10 shrimp tissues. Samples from hemocytes (Hcy), pleopod (P1),
gill, heart (Hrt), hepatopancreas (Hep), intestine (Ins), nervous tissue (Ner),
muscle (Mus), stomach (Stm) and lymphoid organ (Lym) were amplified using
gene specific primer sets (Table 1). The 274 method was used to calculate
relative gene expression.

LvRap-F/LvRap-R and Luc-F/Luc-R (Table 1). The T7 promoter se-
quence was fused onto both strands of these linearized DNA templates
using PCR with the following specific primer sets: T7-LvRas-F/LvRas-R,
LvRas-F/T7-LvRas-R; T7-LvRap-F/LvRap-R; LvRap-F/T7-LvRap-R; T7-
Luc-F/Luc-R and Luc-F/T7-Luc-R (Table 1). The resulting amplicons
were then used as templates to synthesize ssRNAs using the T7 Ri-
boMAX Express large-scale RNA production system (Promega) ac-
cording to the manufacturer's instructions. dsRNAs were produced by
mixing the corresponding ssRNAs together, annealing at 70°C and
cooling down to room temperature. The dsRNAs were purified using
phenol/chloroform/isoamyl alcohol extraction, verified by agarose gel
electrophoresis, and quantified by using a UV spectrophotometer. The
dsRNAs were stored at —80 °C before use.

2.10. dsRNA silencing

For the dsRNA-mediated gene silencing experiments, shrimp in the
experimental groups were injected intramuscularly with LvRas dsRNA
or LvRap dsRNA at 1 ug dsRNA per g shrimp body weight, while shrimp
in the control groups were injected intramuscularly with PBS only or
Luc dsRNA. Three days after the dsRNA treatment, shrimp were in-
jected with WSSV or with the PBS vehicle only. At 3 days post dsSRNA
treatment and 24 h post WSSV injection, pooled hemocytes samples (3
shrimp in each pool sample) were collected from each group and used
to determine both the efficiency of the gene silencing and the mRNA
expression level of the WSSV structural gene VP28. At 24 h post WSSV
injection, pooled pleopod samples (3 shrimp in each pool sample) were
also collected and used to measure the WSSV genome copy number as
described above.
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2.11. Preparation of the Ras inhibitor Salirasib and confirmation of the
effect of Salirasib on LvRas activation

Salirasib powder (farnesylthiosalicylic acid [FTA], Sigma-Aldrich
Co.) was dissolved in 99% ethanol to produce the stock Salirasib so-
lution. This stock was then diluted with PBS (pH8.0) to produce dif-
ferent concentrations of the final working Salirasib solution in 0.3%
ethanol. Two hours before WSSV injection, shrimp were injected in-
tramuscularly with 100pl of the working Salirasib solution at
10-35ug/g shrimp body weight. Shrimp treated with 100 pl of the
vehicle only (ie. 0.3% ethanol) were used as controls. Pooled samples
were collected, and mRNA expression levels and WSSV copy numbers
were determined as described above. To confirm the effect of Salirasib
on LvRas GTPase activity, shrimp were treated with the highest dosage
of Salirasib (35 pg/g shrimp body weight) followed by WSSV challenge.
At 24 hpi, pooled gill samples (6 shrimp per sample) were collected and
Ras activation was measured as described above.

2.12. Effect of treatment with Ras inhibitor Salirasib on the concentration of
glucose and lactate in hemolymph

After pretreatment with Salirasib or the 0.3% ethanol vehicle only,
shrimp were injected with WSSV or PBS, and at 12 and 24h post
challenge, pooled hemolymph samples (3 shrimp/sample) were col-
lected without anticoagulant from each group. After being kept at 4 °C
for 12-16 h, the samples were then centrifuged (800 x g for 10 min),
and the supernatants were transferred into new tubes. The concentra-
tions of glucose and lactate in the supernatants were measured by using
Glucose GLUC-PAP (Randox Laboratories Ltd.) and Lactate (Fortress
Diagnostics, Ltd.).

3. Results

3.1. Both LvRas and LvyRap were found in our L.vannamei transcriptomic
database

A search for the human Kras sequence (NCBI Accession number:
NP_004976.2) against our in-house L.vannamei transcriptomic database
found two contigs (Lv23558.1 and Lv153409.1) with high homology.
Primer sets corresponding to Lv23558.1 and Lv153409.1 were designed
to confirm the cDNA sequences of these two genes by using gene
cloning (Table 1). The resulting sequences were checked against the
NCBI database and identified by BLAST as a Ras protein and a Ras-like
protein (Rap). We named these proteins LvRas and LvRap respectively.
As Fig. 1 shows, LvRas consists of 564 bp encoding 187 amino acid
residues with a molecular weight of approximately 21.33 kDa, while
LvRap consists of 561 bp encoding 186 amino acid residues with a
molecular weight of approximately 20.89 kDa. A SMART search re-
vealed that LvRas and LvRap both have a Ras domain (residues 1-166
in LvRas [Fig. 1A] and residues 1-167 in LvRap [Fig. 1B]). The Gen-
eDoc program revealed that LvRas was similar to LvRap with 50%
identity and 71% similarity.

Fig. 2 shows the amino acid sequence alignment of LvRas, LvRap,
three members of the Ras superfamily from kuruma shrimp Marsupe-
naeus japonicas (MjRas, MjRap and MjRal), and three human Ras iso-
forms (Hras, Nras and Kras). The typical guanine nucleotide binding
domains (G1- G5) were found in all the listed Ras proteins, and LvRas
contained the corresponding conserved sequences GX(4)GKS/T, YDP-
TIEDSY, DXXGQ, LVGNKXDL and SAK in all five of these domains as
well as the conserved core effector sequence FVDEYDPTIEDSYRK
around the threonine35 in the G2 domain. LvRap, on the other hand,
did not match the consensus sequence for G3 or for the core effector
region. More importantly, the C-terminal CaaX motif, which is involved
in the membrane localization of Ras, was also found in LvRas, whereas
the same region in LvRap conformed to a conserved sequence (CCXX)
that is only found in other members (Rap, Rho, and Rab) of the Ras
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Fig. 4. mRNA expression of LvRas and LvRap in
shrimp hemocytes during WSSV infection. Real-
time PCR was used to measure the gene expression
levels of (A) LvRas and (B) LvRap in pooled hemo-
cytes samples collected from WSSV-infected shrimp
at 12 and 24 hpi. Asterisks indicate a significant
difference between the target mRNA levels and those
in the corresponding PBS control (*p < 0.05,
**p < 0.01).
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Fig. 5. Pull-down assay for activated Ras in shrimp gills at the late stage of
WSSV infection. At 24 h post WSSV injection, 2 pooled gill samples (3 shrimp
in each pool) were collected and total protein lysates were extracted. A portion
(2.5 mg protein) of the extracted lysates was subjected to a GTP-Ras pull-down
assay with Raf-RBD beads, and activated Ras was then detected by western
blotting with a Ras antibody. Another portion (25 pg protein) of the extracted
lysates was subjected directly to western blotting with the same Ras antibody
and with an antibody for f-actin for use as a normalizing control. Total gill
protein lysates from untreated shrimp were used for the positive and negative
controls by adding GTPyS to activate endogenous Ras, and by adding GDP to
inactivate the endogenous Ras, respectively. After quantifying the bands by
using the ImageJ Gel Analysis program, the intensities of each protein band
were normalized against the B-actin internal control.

superfamily. Based on the sequence homology of the flexible C-terminal
hypervariable regions (HVRs), LvRas and LvRap show no obvious re-
semblance to any of the other Ras isoforms.
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WSssv

24 h post WSSV injection

3.2. The mRNA levels of LvRas and LvRap were increased during WSSV
infection

Tissue tropism patterns suggest that LvRas and LvRap were highly
expressed in hemocytes (Hcy) and the lymphoid organ (Lym) (Fig. 3).
Expression levels were lowest in the muscle (Mus).

To elucidate if WSSV infection affects LvRas expression, we mea-
sured changes in LvRas mRNA levels after WSSV challenge. In the he-
mocytes collected from WSSV-infected shrimp, at 12 hpi (the WSSV
genome replication stage) only LvRas mRNA was significantly upre-
gulated (by a factor of 1.22), while at 24 hpi (the late stage), the mRNAs
of LvRas and LvRap were both significantly induced (by a factor of 1.04
and 1.28, respectively; Fig. 4).

3.3. Both LvRas and ERK showed increased activation during WSSV
infection

To investigate LvRas activation after WSSV infection, protein lysates
from WSSV-infected gills were incubated with GST-Raf-1 RBD agarose
beads in order to pull down the GTP-bound form of LvRas. The LvRas
activity was determined by the ratio of GTP-Ras to total Ras, and the
mean value of this ratio was found to be 1.73 times higher in the WSSV
group (Fig. 5).

We next used western blotting to confirm the protein level of Ras
and one of its downstream factors, ERK, in pooled shrimp samples
collected from shrimp at 24 hpi. As Fig. 6 shows, the protein level of
LvRas was elevated at 24 hpi compared to the PBS controls (approxi-
mately 2.04 fold greater; Fig. 6). In addition, WSSV infection resulted in
increased levels of phosphorylated ERK (pERK) (2.36 fold greater) and
total ERK (1.58 fold greater) (Fig. 6).
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Fig. 6. Protein expression of Ras, pERK and ERK in shrimp gills at the late
stage of WSSV infection. At 24h post WSSV injection, 3 or 4 pooled gill
samples (3 shrimp in each pool) were collected and total protein lysates were
extracted. Western blotting was then performed with the following antibodies:
Ras antibody; phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204); and p44/42
MAPK (Erk1/2) (137F5). Two WSSV viral proteins (ICP11 and VP28) were used
as proxies to indicate the WSSV infection state. After quantifying the bands by
using the ImageJ Gel Analysis program, the intensities of each protein band
were normalized against a B-actin internal control.

3.4. Invivo knockdown by RNA interference suggests that LvRas and LyRap
are both important for WSSV replication

To further investigate the importance of both LvRas and LvRap for
WSSV replication, we used in vivo dsSRNA-mediated gene silencing to
suppress the mRNAs of LvRas and LvRap by injecting the corresponding
dsRNA into shrimp. Shrimp treated with a non-specific dsRNA, Luc
RNA, were used as the non-specific dsRNA injection group. When
samples from each of the three experimental groups were collected 3
days after injection, both LvRas and LvRap mRNA were found to be
specifically and significantly decreased by their respective dsRNAs
(Fig. 7).
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The remaining shrimps from the same experimental groups were
further challenged with WSSV, and specific gene silencing was still
observed at 24 hpi after this challenge (Fig. 8A and B). In the groups of
shrimp injected with LvRas dsRNA and LvRap dsRNA, the WSSV VP28
mRNA expression in hemocytes was significantly reduced compared to
the Luc dsRNA-treated group, while no significant difference was ob-
served between the LvRas dsRNA- and LvRap dsRNA-treated groups
(Fig. 8C). Similar results were found for the number of WSSV genome
copies in pleopod samples taken from the same shrimp (Fig. 8D).

3.5. Invivo suppression of LvRas with the inhibitor Salirasib further suggests
its involvement in WSSV replication

To further confirm the role of LvRas in regulating WSSV replication,
at 2 h before shrimp were challenged with WSSV, we pre-treated shrimp
with Salirasib (also called Farnesylthiosalicylic acid [FTS]), which in-
hibits Ras activity by disrupting the translocation of Ras to the plasma
membrane [42]. At 24 h post WSSV injection, the highest concentration
of Salirasib (35ug/g shrimp) significantly reduced both the WSSV
genome copy number and the expression level of WSSV VP28 mRNA
(Fig. 9A and B). At 24 h post WSSV injection, pretreatment with this
same high dosage also resulted in the lowest level of LvRas GTPase
activity (Fig. 9C). Taken together these results suggest that LvRas ac-
tivation is important for WSSV replication.

3.6. LvRas activation is critical for the WSSV-induced Warburg effect

To investigate whether LvRas activation is involved in triggering the
WSSV-induced Warburg effect, we pre-treated shrimp with Salirasib
(35ug/g shrimp) to suppress LvRas activation before injection with
WSSV. We then monitored changes in glucose and lactate, which are
two characteristic hallmarks of the Warburg effect [43-47].

At 12 hpi (the WSSV genome replication stage), the PBS control
groups showed no difference in serum glucose levels. By contrast, after
WSSV challenge, there was a significant reduction in glucose levels in
both the ethanol and Ras-inhibitor groups (Fig. 10a). At the same time,
lactate levels in the serum were significantly elevated in the two control
groups (i.e. the PBS group and the vehicle-treated group). By contrast,
after the LvRas was suppressed by the Salirasib treatment, no sig-
nificant accumulation of lactate in hemolymph was observed
(Fig. 10A). No Warburg effect for either glucose or lactate was observed
at 24 hpi in any of the three groups (Fig. 10B).

3.7. LvRas activation activates the PI3K-mTOR pathway, but not the ERK
pathway

In humans, Ras is known to regulate two pathways involved in the
Warburg effect, i.e. Raf-MEK-ERK and PI3K-Akt-mTOR [48,49]. Fig. 6

(A) (B) Fig. 7. mRNA expression levels of LvRas and LvRap were
reduced in vivo after injecting the corresponding dsRNAs.
LvRas mRNA LvRap mRNA Three days after treatment with the appropriate dsRNA,
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Fig. 9. Treatment with GTP-Ras inhibitor indicates the
importance of LvRas activation in WSSV replication. (A)
Two hours after treatment with the Ras inhibitor Salirasib at
various dosages (10, 25 and 35 pg per g shrimp body weight),
shrimp were injected with PBS or WSSV. At 24 h post in-
jection, pooled pleopod samples (3 shrimp per each sample)
were collected from each group and the WSSV genome copy
number was determined. Shrimp treated with 0.3% ethanol
were used as the vehicle control group. In two further ex-
periments with Salirasib at the high dosage (S35) followed by
WSSV challenge, (B) pooled hemocytes samples (3 shrimp in
each sample) were collected from each group and used to
measure WSSV VP28 gene expression and (C) pooled gill
samples (6 shrimp in each sample) were collected from each
group and used to measure the GTPase activity of LvRas.
Asterisks indicate a significant difference between groups
(*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 10. Lactate accumulation in serum at 12 hpi was no longer seen after pre-treatment with Ras inhibitor Salirasib. Two hours after treatment with
Salirasib (35 pg/g shrimp), shrimp were injected with WSSV or PBS. At (A)12 and (B)24 h, pooled hemolymph samples (3 shrimp/sample) were collected and glucose
and lactate concentrations were measured. Shrimp treated with 0.3% ethanol were used as the vehicle control group. Asterisks indicate a significant difference
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Fig. 11. Effect of Salirasib pretreatment on the activation of the Raf-MEK-
ERK and PI3K-Akt-mTOR pathways at the late stage of WSSV infection (24
hpi). Two hours after injection of Salirasib (35 nug/g shrimp), shrimp were in-
jected with WSSV, and 24 h later, pooled gill samples (3 shrimp/sample) were
collected. Western blotting was used to detect the expression levels of WSSV
proteins and proteins on the ERK and mTOR pathways. Signal levels were
quantified using the ImageJ Gel Analysis program and normalized relative to -
actin. E/P: ethanol vehicle/PBS; E/W: ethanol vehicle/WSSV; S35/W: Salirasib/
WSSV.

shows that ERK was activated after WSSV infection, while in a previous
study, we found that the PI3K-Akt-mTOR pathway was also activated
and critical for the WSSV-induced Warburg effect [4]. To evaluate
whether LvRas is critical for the activation of these pathways, shrimp
were treated with Salirasib before WSSV injection to suppress LvRas
activation. Gills were collected from treated shrimps and subjected to
western blotting. In results that are consistent with our previous finding
in Fig. 9, pretreatment with a high dosage of Salirasib (S35) dramati-
cally reduced the expression levels of two major WSSV late proteins,
WSSV VP28 and ICP11, in the WSSV-challenged shrimp (Fig. 11). The
suppression of LvRas activation also prevented the WSSV-induced
phosphorylation of 4E-BP1, but had no effect on the WSSV-induced
levels of phosphorylated ERK. Given that 4E-BP1 phosphorylation in-
dicates activation of the PI3K-Akt-mTOR pathways [4], from these re-
sults, we conclude that LvRas activation appears to control the WSSV-
induced PI3K-mTOR activation. Meanwhile, although both Figs. 6 and
11 show that the ERK pathway was also activated after WSSV infection,
this pathway does not appear to be regulated by LvRas.

4. Discussion

It has already been established that the WSSV-induced Warburg
effect (aerobic glycolysis) in shrimp is mediated by the PI3K-Akt-mTOR
pathway [4]. In the present paper, our aim was to identify the upstream
regulator[s] of this pathway, and since Kras is known to activate PI3K-
Akt-mTOR in human cancer cells [50,51], we considered the white
shrimp homolog LvRas to be a likely candidate. As shown in Fig. 4, we
found that after WSSV infection, mRNA expression of LvRAS was
slightly upregulated at both 12 and 24 hpi, and that both the protein
expression and the activated GTP-bound form of LvRas were increased
at 24 hpi (Figs. 5 and 6). We further showed that suppression of LvRas
(and LvRap) mRNA by dsRNA-mediated gene silencing led to a decrease
of WSSV VP28 mRNA expression and the number of WSSV genome
copies (Fig. 8). Similar effects on WSSV replication and protein
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expression were also observed in WSSV-infected shrimp that were pre-
treated with the Ras inhibitor Salirasib (Figs. 9 and 11). These data
clearly imply that both LvRas and LvRap are important for WSSV pa-
thogenesis. However, previous studies would suggest that regulation of
the PI3K-Akt-mTOR pathway is more likely to involve Ras than Rap
[52]. Moreover, a specific Rap inhibitor is not available, and since an
RNAI silencing platform is unsuitable (our unpublished data suggests
that even non-specific dsRNA silencing interferes with the Warburg
effect), our next set of experiments focused only on the involvement of
LvRas in regulating WSSV-induced aerobic glycolysis via the PI3K-Akt-
mTOR pathway.

Fig. 10A shows that at 12 hpi, the Ras inhibitor had no effect on the
uptake of glucose in the WSSV-infected shrimp. However, although
aerobic glycolysis is one of the hallmarks of the Warburg effect in
cancer, we have observed previously (unpublished data) that glucose
consumption is not always seen during WSSV infection. Our pre-
liminary data suggests that glutaminolysis may account for this incon-
sistency, and several recent papers have also suggested that at least in
cancer cells, glutaminolysis provides an alternative carbon source for
lactate production [53,54]. In any case, Fig. 10a also shows that
treatment with the Ras inhibitor caused a significant reduction in the
amount of lactate that accumulated in the serum. Further, since phos-
phorylated 4E-BP1 is an indicator of PI3K-Akt-mTOR activation, the
lower level of 4E-BP1-P in the S35/W group in Fig. 11 suggests that
Salirasib may have caused the disappearance of WSSV-induced aerobic
glycolysis by inactivating the PI3K-Akt-mTOR pathway. By contrast,
even though the increased ratio of ERK-P to ERK in WSSV-challenged
shrimp (Figs. 6 and 11) implies that WSSV must be activating the Raf-
MEK-ERK pathway, we also note that Salirasib treatment had no effect
on the levels of activated ERK (Fig. 11). Thus there is no evidence that
the activation of this pathway is related to LvRas. From this we con-
clude that LvRas is not using the Raf-MEK-ERK pathway to regulate the
Warburg effect in WSSV-infected shrimp.

Lastly, we note that although we found in multiple repetitions (data
not shown) there was only a slight increase in the mRNA levels of LvRas
and LvRap at 24 h after viral infection (Fig. 4), there was a significant
increase in the levels of Ras protein and activated LvRas (Figs. 5 and 6).
This suggests that WSSV infection might primarily affect the activity of
Ras at the protein level, and not at the mRNA level. Although this is a
phenomenon which has not yet been widely studied, recent reports
have shown how a virus might achieve this, for example, via a me-
chanism known as “shut off” whereby a lytic animal virus selectively
inhibits host protein synthesis while increasing the efficiency of virus
mRNA translation [55]. Another study used RNA sequencing and ri-
bosome profiling to show that HCMV regulates the translation of cel-
lular mRNAs over the course of infection even as the corresponding
transcriptional expression levels remain unchanged [56]. Something
similar may be happening in the case of WSSV: taken together Figs. 4-6
and the silencing data suggest that while LvRas expression levels may
not need to be upregulated, any reduction in the amount of LvRas
protein might result in a significant decrease in virus replication.
However, this idea will need to be explored experimentally in a future
study.
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