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The Macrobrachium rosenbergii nodavirus (MrNV), belonging to the Nodaviridae family, is responsible for a deadly
infection in freshwater prawns, especially impacting the post-larvae of Macrobrachium rosenbergii with a mor-
tality rate reaching 100 %. Recent research has shed light on the typical process of MrNV trafficking within the
host, illustrating how the virus navigates through cells as the infection advances and the subsequent cellular
alterations. Yet, the specific cellular pathways disrupted by MrNV, leading to these alterations, are underex-
plored. Furthermore, the precise effects of the MrNV capsid protein, known for its strong immune response, on
the host cells are not well understood. This study seeks to clarify these impacts by analysing and comparing the
protein expression profiles in healthy, MrNV virus-like particle (VLP) invaded, and MrNV-infected Sf9 cells over a
24-h period using a mass spectrometry based proteomics approach. Our findings show that the protein expression
in MrNV VLP-invaded and MrNV-infected Sf9 cells during the mid-infection stages is similar, involving key
signalling pathways like the eukaryotic translation system, cell cycle, actin cytoskeleton regulation, and the
mTOR pathway. However, changes in protein expression for key proteins such as 40S and 60S ribosomal sub-
units, 14-3-3 protein epsilon, and tubulin beta chain persisted only within the MrNV-infection group whilst the
protein expression in the VLP-invasion group reverted to baseline levels over time, underscoring the transient
nature of VLP effects due to their inability to replicate. Additionally, a reduction in peroxiredoxin levels was
observed in the later stages of MrNV infection, indicating a potential viral strategy to trigger apoptosis and
release virions. Our results suggest that MrNV increases expression of 40S ribosome activity to boost viral protein
synthesis while suppressing 60S ribosome expression, which impedes the synthesis of host proteins. MrNV also
appears to extend the lifespan of host cells by interfering with their cell cycle and blocking apoptotic pathways,
thus facilitating viral replication. This research enhances our comprehension of MrNV’s infectious mechanism,
delineates the pathways exploited by the virus, and identifies crucial molecular targets for potential therapeutic
intervention.

1. Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is a vital
aquaculture resource. As of 2021, the prawn production reached
327,828 t (Food and Agriculture, 2021). A notable challenge that re-
duces the prawn production is the prevalence of white tail disease
(WTD) caused by Macrobrachium rosenbergii nodavirus (MrNV), which is
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a pervasive threat worldwide (Chen et al., 2021). Initially detected in
Guadeloupe in 1997 (Arcier et al.,, 1999), MrNV has emerged as a
transboundary viral pathogen, spreading across various regions, often
resulting in 100 % mortality in post-larvae. Presently, effective treat-
ments for WTD are lacking, while efforts to develop prophylaxis against
WTD are ongoing (Chen et al., 2023), but both are not ready for com-
mercial applications. A limiting factor to this translational research is a
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lack of understanding of MrNV’s infection mechanism.

In recent years, efforts have been made to study the mechanism of
MrNV infection. Significant molecular processes governing MrNV traf-
ficking, such as its binding and entry into host cells, the formation and
subsequent escape from endosomes, and its migration towards the host
nucleus for replication, have been examined (Goh et al., 2014; Hanapi
et al., 2017; Sirikharin et al., 2019; Somrit et al., 2016). Studies have
revealed that the protruding domain of the MrNV capsid protein in-
teracts with transglutaminase and employs the caveolin-mediated
pathway for cell entry. Upon encapsulation, MrNV traverses the cyto-
plasm towards the nucleus, potentially utilising the endosomal acidifi-
cation process to destabilize the endosomal membrane before escaping
the organelle. The presence of a nuclear localization signal on the viral
capsid protein facilitates MrNV migration to the nucleus (Hanapi et al.,
2017). Interestingly, while nuclear entry may not be necessary for the
viral replication, it is theorised that MrNV modulates nucleocytoplasmic
trafficking, resulting in the excessive migration of nuclear proteins into
the cytoplasm (Flather and Semler, 2015). This alteration permits MrNV
to conduct viral replication proximal to the nucleus and endoplasmic
reticulum.

Generally, viral infections often induce alterations in the host cell’s
physiological processes to manipulate its protein production machinery,
facilitating the synthesis of viral proteins (Wang et al., 2007). Viruses
have evolved sophisticated strategies to manipulate cellular pathways,
including the cell cycle, apoptosis, and antiviral responses, aiming to
enhance viral RNA transcriptions while hindering host cellular mecha-
nisms to prevent premature viral clearance (Barber, 2001). In this re-
gard, Pasookhush et al. (2019) employed transcriptomics to investigate
the impact of MrNV infection and observed significant changes in the
mRNA expression of immune response proteins, phagocytosis,
apoptosis, and RNA interference in infected post-larvae. Upregulation of
mRNAs encoding the pattern recognition proteins like the C-type lectin
and mannose-binding lectin suggests their potential role in combating
MrNV infection. Conversely, downregulation of mRNA associated with
the toll immune deficiency (IMD) signalling pathways, such as the
spatzle protein, implies a reduction in antimicrobial peptide production.
Additionally, upregulation of mRNAs encoding several caspases and
inhibitors of apoptosis proteins indicates that MrNV could inhibit
apoptosis. However, it should be noted that transcriptomic data may not
directly correlate with changes in protein levels due to factors such as
rapid degradation or inefficient translation of mRNA into proteins
(Hanson and Coller, 2017; Neymotin et al., 2016). Furthermore, tran-
scriptomic studies often overlook crucial post-translational modifica-
tions on proteins that play a pivotal role in their functionality
(Gunawardana and Niranjan, 2013; Takemon et al., 2021). Therefore,
conducting proteomic studies is imperative to comprehend the alter-
ations in protein levels induced by infections. Despite the importance of
such investigations, there is a notable absence of such studies examining
the effects of MrNV infection in both in vitro and in vivo models. This
scarcity may stem from challenges such as the limited availability of
proteins in databases related to the host organisms of MrNV. Therefore,
in the present study, we aimed to conduct proteomic analysis on MrNV-
infected Sf9 cells throughout early to late-stage infection, aiming to
elucidate time-resolved differential protein expression changes in
response to infection. Sf9 cells derived from Spodoptera frugiperda serve
as a valuable model for studying MrNV infection due to their suscepti-
bility to MrNV infection and the virus propagates efficiently within these
cells (Somrit et al., 2016). To the best of our knowledge, this is the first
study to understand the mechanism of MrNV infection across its early to
late-stage progression by employing a proteomic approach.

2. Materials and methods
2.1. Expression and purification of MrNV-VLP from E. coli

E. coli cells containing the recombinant plasmid encoding the MrNV
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capsid protein (Goh et al., 2011) were cultured on Luria Broth (LB) agar
supplemented with ampicillin (50 pg/ml), and incubated overnight at
37 °C. A single bacterial colony of the overnight culture was then
inoculated into 500 ml of LB broth containing ampicillin (50 pg/ml), and
then incubated in a shaking incubator (37 °C, 220 rpm). The optical
density of the culture at wavelength 600 nm (ODggp) was recorded until
it reached 0.6-0.8. Subsequently, 500 pl of 1 M isopropyl f-d-1-thio-
galactopyranoside (IPTG) was added to induce the capsid protein
expression, followed by further incubation at room temperature for 5 h
(220 rpm) before centrifugation at 5400 xg for 10 min (4 °C) to pellet
the cells. The cell pellets were resuspended in 15 ml of lysis buffer [25
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 500
mM NaCl; pH 7.4] containing 4 mM MgCl, and 0.2 mg/ml freshly pre-
pared lysozyme. After gentle mixing, 2 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.02 mg/ml DNase I were added to the cell culture,
followed by incubation at room temperature for 2 h. The mixture was
then sonicated using a probe sonicator at 200 Hz for 20 s for 10 cycles to
lyse the cells. After sonication, the mixture was centrifuged at 12,000 xg
for 10 min (4 °C), and the supernatant was filtered using a 0.45 pm
cellulose acetate pore filter before loading onto a calibrated His-Trap HP
5 ml column (GE Healthcare, Buckinghamshire, United Kingdom). The
bound sample was washed sequentially with binding buffer A (25 mM
HEPES, 500 mM NaCl, 50 mM imidazole, pH 7.4) and binding buffer B
(25 mM HEPES, 500 mM NaCl, 200 mM imidazole, pH 7.4), followed by
elution with elution buffer (25 mM HEPES, 500 mM NaCl, 500 mM
imidazole, pH 7.4). The eluted samples containing MrNV VLPs were
pooled and dialysed against HEPES buffer (25 mM HEPES, 150 mM
NaCl; pH 7.4) for 2 h, followed by buffer exchange with fresh HEPES
buffer and overnight dialysis.

2.2. SDS-PAGE and determination of protein concentration

The eluted samples (10 pl) from the above His-Trap HP column
filtration were combined with 10 pl of SDS sample buffer [100 mM
Tris-HCl; pH 6.8, 20 % glycerol (v/v), 4 % SDS (w/v), 0.2 % (w/v)
bromophenol blue, 200 mM mercaptoethanol], and incubated on a heat
block at 95 °C for 5 min. Following incubation, the samples were
centrifuged at 16,000 xg for 5 min. Subsequently, they were loaded onto
SDS-polyacrylamide [12 % (w/v)] gels, and electrophoresed at 100 V
until the dye migrated to the end of the gel. Following electrophoresis,
the gels were stained with Coomassie Brilliant Blue R-250 (Sigma-
Aldrich, Missouri, USA) for 20 min, and destained with destaining so-
lution [30 % (v/v) ethanol and 10 % (v/v) glacial acetic acid].

The concentration of dialysed MrNV VLPs was determined with the
Bradford assay (Bradford, 1976) using bovine serum albumin (BSA) as
the standard.

2.3. Confirmation of natural propagation of MrNV in M. rosenbergii
postlarvae and Sf9 cells via reverse transcription (RT)-PCR

MrNV-infected postlarvae (PL) exhibited prominent signs of whitish
muscle in the abdominal region (a gift from Dr. Kok Lian Ho from
Universiti Putra Malaysia) served as the source of wildtype MrNV. The
frozen infected PL (100 mg) were thawed in 1 ml of Trizol to yield a 10 %
(v) suspension. Homogenization was performed using a pestle homog-
enizer, and the mixture was incubated at room temperature for 5 min
before adding 0.2 ml of chloroform. After vigorous shaking for 15 s, the
mixture was left for 15 min at room temperature. Subsequently, the
mixture was centrifuged at 12,000 xg at 4 °C for 15 min, and the
aqueous layer was carefully transferred into a fresh microcentrifuge
tube. Addition of 0.5 ml of isopropanol (100 % v/v) followed by a 10-
min incubation at room temperature facilitated RNA precipitation.
The mixture was then centrifuged at 12,000 xg at 4 °C for 10 min to
pellet the RNA, after which the supernatant was discarded. The RNA
pellet was washed with 1 ml of 75 % (v/v) ethanol via vortexing and
centrifuged at 12,000 xg at 4 °C for 5 min. After aspirating the ethanol,
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the pellet was air-dried, and subsequently resuspended in 50 pl of ul-
trapure DNase/RNase-free water at 55 °C for 10 min.

RNA concentration and yield were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA).
cDNA synthesis was performed utilising an iScript cDNA synthesis kit
(Bio-Rad Laboratories, California, USA). The presence of MrNV was
confirmed using the RNA1;_5gs5 forward (5-GTTAAACGTTTTGTTTTC-
TAGC-3") and reverse (5-TAAGGTCCGATTACCACATA-3") primers for
MrNV RNA1 (Jariyapong et al., 2018). The amplified PCR products (205
bp) were purified using a PCR purification kit (Qiagen, Germany) before
DNA sequencing. Gel electrophoresis was employed to assess the size of
the amplified PCR products. Pairwise sequence analysis was conducted
using the Basic Local Alignment Search Tool (BLAST) program (http
://www.ncbi.nlm.nih.gov/BLAST) available through the National
Centre for Biotechnology Information (NCBI).

2.4. Cell culture and treatment

$f9 cells (ATCC® CRL-1711™) were initially seeded into a 75 cm?-
cell culture flask containing 10 % fetal bovine serum (FBS) (Thermo
Fisher Scientific, Massachusetts, USA) in Sf900 III SFM medium (GIBCO,
Grand Island, NY, USA), and maintained at 27 °C. media exchange was
carried out every three days with fresh media to sustain cell viability.
Upon reaching approximately 90 % confluence, the cells were sub-
cultured into new flasks. This process was repeated for three passages
to ensure the stability of the cell culture before any experimental studies
were conducted.

2.5. Production of viral inocula

Macrobrachium rosenbergii PL with confirmed MrNV infection were
homogenised using a sterile pestle homogeniser to obtain a crude pro-
tein extract. The MrNV inoculum was prepared using the method out-
lined by Somrit et al. (2016). In brief, a suspension of PL in buffer was
made using 1 ml of phosphate-buffered saline (PBS: 137 mM NaCl, 2.7
mM KCl, 10 mM NayHPO4, 2 mM KHyPO4) for every 100 mg of PL. The
homogenized suspension was centrifuged (400 xg, 4 °C, 10 min) and the
supernatant was recovered. This was followed with another round of
centrifugation (12,000 xg, 4 °C, 30 min). The supernatant was filtered
through a 0.22 pm pore cellulose acetate membrane, and the concen-
tration of the crude protein extract was determined using a NanoDrop
spectrophotometer.

59 cells were seeded onto 6-well plates at a cell density of 2 x 10°
cells/well, and cultured for 24 h at 27 °C. Subsequently, the cells were
pre-chilled at 4 °C, and the MrNV inoculum was added to the medium at
a final concentration of 40 pg/ml, with continuous gentle shaking.
Following incubation (4 °C, 1 h), the excess MrNV inoculum solution
was removed, replaced with fresh medium, and incubated for three
days.

Media were harvested and filtered through a 0.22 pm pore mem-
brane. The freshly harvested MrNV filtrate was designated as passage
0 (P0). Newly sub-cultured Sf9 cells in a 75 cm? flask were pre-chilled at
4 °C before the addition of MrNV filtrate from PO. After incubation (4 °C,
1 h), the excess MrNV inoculum solution was removed, replaced with
fresh medium, and incubated for three days. To establish stable MrNV
production, reinfection of healthy Sf9 cells was conducted using previ-
ously harvested MrNV filtrate until passage two was achieved, before
finally filtering the filtrate again through a 0.22 pm pore membrane. The
resulting filtrate was then stored at —20 °C for experimental infection.

2.6. Infection assay

The infectivity assay encompassed three conditions (untreated con-
trols, MrNV VLP invasion, and MrNV infection) conducted at three
distinct time points (30 min, 2 h, and 24 h). MrNV VLP (from Section
2.1) and MrNV viral inocula (from Section 2.5) served as the sources of
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infection. Sf9 cells (1.5 x 10° cells/well) were seeded into each well of a
6-well culture plate and cultured for 24 h. Subsequently, the cells were
pre-chilled at 4 °C before the addition of the inoculum containing MrNV
VLP (25 pg) or MrNV extract [10 % (v/v)]. After incubation (4 °C, 1 h),
excess MrNV VLP or MrNV was removed, and fresh media were added,
followed by incubation at 27 °C. The morphology of the Sf9 cells was
observed under an inverted microscope at 20 x magnification (Olympus
CKX53, Tokyo, Japan).

Throughout the harvesting process, both the cells and solutions were
maintained on ice. The Sf9 cells were transferred into microcentrifuge
tubes and centrifuged (500 xg, 4 °C) for 10 min. The media were aspi-
rated, and the pellet was washed with 500 pl ice-cold PBS. After
centrifugation (500 xg, 4 °C) for 10 min, the supernatant was removed.
The pellet was resuspended in 200 pl of Radio-Immunoprecipitation
Assay (RIPA) buffer [150 mM NacCl, 50 mM Tris-HCI pH 8.0, 1 % (v/
v) Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % SDS] supplemented
with 1x protease and phosphatase inhibitors. The mixture was further
homogenised using a pestle homogeniser until the solution became
cloudy. After centrifugation (500 xg, 4 °C) for 5 min, the supernatant
was collected and stored at —20 °C for subsequent processing.

2.7. Liquid chromatography with tandem mass spectrometry (LC-MS/
MS) sample processing and data analysis

2.7.1. In-solution tryptic digestion

The protein concentration in each sample was determined using the
Bradford assay (Bradford, 1976). Specifically, 0.2 mg of protein
extracted from previously lysed cells was carefully transferred into new
low-protein binding microcentrifuge tubes. Subsequently, 25 pul of 100
mM ammonium bicarbonate and 25 pl of trifluoroethanol, serving as a
denaturation agent, were added to each sample. To facilitate protein
reduction, 1 pl of 200 mM dithiothreitol (DTT) was introduced before
heating the samples at 60 °C for 1 h. After allowing the samples to cool,
alkylation was performed by adding 4 pl of 200 mM iodoacetamide
(IAM) to each sample, followed by incubation at room temperature in
the dark for 1 h. To quench any excess IAM, 1 pl of DTT was added, and
incubated for an additional hour in the dark at room temperature. The
sample was diluted with 300 pl of ultrapure water, followed by the
addition of 100 pl of 100 mM ammonium bicarbonate. Trypsin solution
(1 pg/pl) was added into the sample at a ratio of 1:20 (mass of enzyme to
substrate) to initiate protein digestion. The tubes were then incubated at
37 °Cfor 18 h. After cooling, trypsin activity was halted by adding 1 pl of
formic acid (FA) to the samples. Finally, the samples were dried over-
night in a centrifugal evaporator.

2.7.2. Sample clean-up

The dried samples were resuspended in 30 pl of 0.5 % (v/v) tri-
fluoroacetic acid (TFA) and 5 % (v/v) acetonitrile (ACN) in water.
Subsequently, 10 pl of sample buffer [2 % (v/v) TFA and 20 % (v/v) ACN
in water] was added to each sample. Pierce C18 Spin Columns (Thermo
Fisher Scientific, Massachusetts, USA) were prepared by tapping to settle
the resin, followed by the removal of caps from both ends of the tube.
The columns were then positioned in a receiver tube, and 200 pl of
activation solution (50 % (v/v) methanol) was employed to activate the
resin, followed by centrifugation at 1500 xg for 1 min. This activation
step was repeated once more, with the flow-through being discarded
each time. Equilibration of the columns was accomplished by adding
200 pl of equilibrium solution [0.5 % (v/v) TFA in 5 % (v/v) ACN] to
each tube before centrifugation, the flow-through was discarded, and
the equilibrium step was repeated. The sample was loaded onto the top
of the resin bed, and the spin columns were transferred to a low protein
binding microcentrifuge tube for centrifugation. The flow-through was
collected, reloaded onto the resin bed to ensure complete sample bind-
ing, and centrifuged once more before retention and storage at —20 °C.
The spin columns were then transferred back to the original receiver
tube. Subsequent washing steps involved the addition of 200 pl of wash
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solution [0.5 % (v/v) TFA in 5 % (v/v) ACN to the columns before
centrifugation, and the flow-through was discarded. This washing pro-
cess was repeated three times to ensure thorough removal of contami-
nants. The spin columns were then transferred to a new low-protein
binding microcentrifuge tube. For elution, 20 pl of elution buffer [70 %
(v/v) ACN] was loaded onto the top of the resin bed and centrifuged.
This elution step was repeated into the same low-protein binding
microcentrifuge tube. The purified samples were subsequently dried
overnight in a vacuum evaporator before storage at —20 °C prior to LC/
MS analysis.

2.7.3. Nanoflow liquid chromatography electrospray-ionisation coupled
with tandem mass spectrometry (Nanoflow-ESI-LC-MS/MS)
Nanoflow-ESI-LC-MS/MS protocol employed was as described by
Zainal Abidin et al. (2016). In brief, the digested peptides were injected
into an Agilent C18 300 A Large Capacity Chip (Agilent, Santa Clara, CA,
USA) column that had been pre-equilibrated with 0.1 % (v/v) formic
acid in water (solution A). Peptide elution was performed using a
gradient of 90 % (v/v) acetonitrile (ACN) in 0.1 % (v/v) formic acid in
water (solution B), with the following gradient profile: 3 %-50 % so-
lution B over 0-30 min, 50 %-95 % solution B over 2 min, maintaining
95 % solution B for 7 min, and finally transitioning to 3 % solution B
over 39-47 min. For Quadrupole-time of flight (Q-TOF) analysis, the
polarity was set to positive mode, with capillary and fragmenter voltages
at 2050 V and 300 V, respectively, and a gas flow rate of 5 1/min at 300
°C. Peptide spectra were acquired in auto MS mode, covering a mass
range of 110-3000 m/z for MS scans and 50-3000 m/z for MS/MS.

2.7.4. Bioinformatics

The peptide spectrum acquired was analysed using Agilent Mass-
Hunter data acquisition software and PEAKS 7.0 software (Bioinfor-
matics Solutions Inc. Waterloo, ON, Canada). This involved matching
the peptide sequences with the NCBI nr database to identify the proteins
present. During the matching of protein sequences, the Sf9 database was
used as reference whenever possible. However, closely related species
such as Spodoptera exigua and Spodoptera litura was referenced when the
peptides were not detectable within the Sf9 database. Further processing
of identified proteins was conducted to procure functional annotations
for each differentially expressed protein. Gene ontology (GO) was used
to annotate gene functions, locations, and biological roles of proteins
(Ashburner et al., 2000; The Gene Ontology Consortium, 2023). To
extract the GO information from each of our proteins, we utilised
Blast2GO, a bioinformatics tool within OmicsBox (BioBam Bioinfor-
matics, Valencia, Spain), which employs NCBI BLAST to match protein
sequences against the NCBI nr database. The annotations were then
categorised into their own ontology group: biological processes, mo-
lecular function, and cellular component. Pathway analysis was per-
formed in OmicsBox using two pathway databases i.e. the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database and the Reactome
database (Kanehisa and Goto, 2000; Fabregat et al., 2017) Pathways
detected by Reactome were subjected to an overrepresentation analysis
to determine the significance of the pathways detected.

3. Results
3.1. Expression of MrNV-VLP from E. coli cell culture

SDS-PAGE analysis of the purified MrNV capsid protein gave rise to a
distinct band of ~46 kDa (see supplementary material Fig. S1). The
molecular mass of the recombinant protein corresponded well with that
reported by Goh et al. (2011) and Hanapi et al. (2017). The yield of the
purified recombinant protein was ~980 mg from a 1000 ml culture.

3.2. Confirmation of naturally MrNV-infected M. rosenbergii post-larvae

RNA extracted from homogenized MrNV-infected M. rosenbergii post-
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larvae, and Sf9 cells were reversed transcribed to ¢cDNA. In order to
detect the presence of MrNV, amplification of RNA1 using the primers
RNA1-F/Rj_3p5 was performed, which produced an expected band size
of 205 bp on an agarose gel (see supplementary material Fig. S2).
Amplification of MrNV cDNA derived from Sf9 cells also produced a
band of 205 bp. DNA sequencing of the amplicons from the post-larvae
and Sf9 cells showed an identity score of 98.25 % and 98.65 %,
respectively, as compared with the specified segment from GenBank
Acc. No. AY222839.1. This confirmed the presence of MrNV in post-
larvae, and the ability of the virus to propagate in Sf9 across multiple
passages.

3.3. Morphology of MrNV-infected Sf9 cells at different time points

The morphologies of MrNV VLP-invaded and MrNV-infected Sf9 cells
were compared with a control group at four different time points (30-
min, 60-min, 120-min, and 24-h). The MrNV VLP-invaded Sf9 cells
(Fig. 1a) displayed a regular cell size, shape, and smooth outer mem-
brane similar to the healthy Sf9 cells (Fig. 1b) for all time points. For the
MrNV-infected group, no changes were detected within the first 30 min
(Fig. 1c). At 60-min MrNV-infected Sf9 cells exhibited mild cytopathic
effect, with cells showing irregularity along their cell membrane
(Fig. 1f). At 120 min, the cytopathic effect in MrNV-infected Sf9 cells

Control MrNV-VLP MrNV
W 5 "/"‘)”«:
30 minutes :
60 minutes
120 minutes
24 hours o]
. ”&'

Fig. 1. Timepoint infectivity assay of MrNV VLP invasion and MrNV infection
on Sf9 cells. The cells were viewed under an Olympus CKX53 inverted micro-
scope at 20x magnification. After 30 min of incubation, Sf9 cells incubated
with MrNV VLP (b) and MrNV (c) had no changes in morphology when
compared to the control group (a). At this time point, no significant changes
were observed in the morphology and cell size of these three samples. At the 60-
min time point (d, e, f), MrNV-infected Sf9 cells exhibited irregularity along
their cell membrane. At 120-min, Sf9 cells invaded with MrNV VLP (h) showed
no difference in morphology compared to the control group (g). However, a
proportion of MrNV-infected Sf9 cells (i) exhibited an increase in cell size, with
most cells displaying mild disruption (red arrow). After 24 h, the control group
(j) and MrNV VLP-invaded Sf9 cells (k) showed no sign of cytopathic effect.
However, for MrNV-infected Sf9 cells (1), the cells displayed mild to severe
cytopathic effect, including slight disruption of the cell membrane, increased
granularity, and vacuolation (red asterisk). A proportion of the cells grew to
approximately twice the size of normal Sf9 cells, while a proportion of Sf9 cells
displayed disproportionate and shrunken sizes. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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had increased in severity, with some cells showing an irregular shape
and a decrease in size, whilst the other cells showed an increase in size
(Fig. 1i). At 24 h, most Sf9 cells showed severe cytopathic effects
(Fig. 11), with the average cell size doubling compared to the control
group. Many of the enlarged cells exhibited increased granularity and
vacuolation, while a proportion of cells shrank below the standard cell
size, exhibiting a highly disproportionate cell membrane structure.

3.4. Identification of differentially expressed proteins among control and
infected Sf9 cells at 30 min, 120 min, and 24 h post-infection

The peptides detected from the samples were searched against the
Sf9 protein database as well as S. exigua and S. litura (if the protein was
not found within the Sf9 database). LC-MS/MS proteomics was used to
study differential protein expression during various stages of MrNV
infection in Sf9 cells. The heatmap (Fig. 2) shows the relative expression
difference for proteins detected commonly across all 3 treatment groups,
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Fig. 2. Heatmap of the differentially expressed proteins when compared be-
tween control, MrNV VLP-invaded, and MrNV-infected Sf9 cells. Each heatmap
represents a different timepoint with (a) 30 min and (b) 120 min showing early
to early-mid stage infection, and (c) 24 h showing the effects of late-stage MrNV
infection in Sf9 cells. The protein expression levels are compared in terms of
their relative expression. MrNV VLP-invaded and MrNV-infected groups are
compared against the control Sf9 group, with the relative expression of the
control group set to 1.00 by default.
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i.e, untreated controls, MrNV VLP-invaded and MrNV-infected Sf9 cells.
Expression levels were normalized to that of controls. Relative expres-
sion differences are also provided in numerical format in Table 1.

3.5. Gene ontology annotations

The BLAST analysis and functional annotation extraction yielded
179 annotation terms associated with the GO biological process, cellular
component, and molecular function categories (Fig. 3). Predominantly,
the proteins were implicated in translation, folding, and glycolytic
processes within the biological process category. Notably, subcategories
such as translational elongation, cytoplasmic translation, maturation of
SSU-rRNA, ncRNA processing, and ribosome biogenesis were frequently
observed. Regarding the cellular component category, the proteins were
predominantly associated with the cytoplasm, ribonucleoprotein com-
plex, and components related to ribosomes. Most identified proteins
played integral roles in translation processes within the endoplasmic
reticulum. In the molecular function category, a majority of the proteins
were linked to the structural constituent of ribosomes, translation ac-
tivity, binding of unfolded proteins, and various catalytic activities
including ATP-binding and hydrolysis, GTP binding and GTPase activ-
ity, and NAD/NADP binding.

3.6. Pathway enrichment analysis

We employed OmicsBox to conduct a combined pathway enrichment
analysis, leveraging the KEGG and Reactome databases using previously
identified GO terms. We utilized both KEGG and Reactome due to their
complementary analyses of protein pathways (Mubeen et al., 2019).
KEGG pathways offer comprehensive mappings of biochemical re-
lationships across a diverse array of organisms. Conversely, Reactome is
distinguished by its meticulous manual curation by experts, providing
an overview of pathways and detailed subsections within each biological
process and molecular events, sourced from primary literature. As a
result, KEGG pathways afford a broad and systematic overview, while
Reactome furnishes intricate molecular insights, with some pathways
overlapping between the two databases. Furthermore, we conducted an
overrepresentation analysis using the Reactome bioinformatics tool,
enabling us to identify significant pathways associated with the proteins
we identified.

3.7. KEGG pathway analysis

Every cellular function and biochemical reaction involve different
protein pathways which are archived in the KEGG pathway database.
We utilised OmicsBox, to align identified pathways in the KEGG data-
base with insect proteins and their associated pathways. One notable
protein detected from our analysis was heat shock protein 83 (Hsp83,
also known as heat shock protein 90). Among its many roles during a
stress response is its involvement in the PI3K-AKT signalling pathway
(Fig. 4). An elevation in Hsp83 levels was observed during the early
stages of infection, enhancing its interaction with protein Akt. This
interaction leads to the phosphorylation of tuberous sclerosis complex 2
(TSC2), thereby disrupting the complex formation between TSC2 and
tuberous sclerosis complex 1 (TSC1). Consequently, Ras homologue
enriched in the brain (Rheb) is relieved from inhibition, activating
mTOR. This activation further promotes the phosphorylation of S6K and
4EBP1 proteins, facilitating the translation of viral mRNAs. Addition-
ally, an ancillary pathway involves the regulation of the cell cycle and
apoptosis mediated by 14-3-3 protein epsilon. Furthermore, several
other proteins displayed significant up- and down-regulation, including
the 40S and 60S ribosomal subunits, impacting protein translation
(Fig. 5).
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Table 1
A list of differentially expressed proteins categorised by the type of proteins and
the relative expression levels from each Sf9 group at each time point.

Protein Sample Expression at Expression at Expression at
group 30 min 120 min 24 h (Ratio)
(Ratio) (Ratio)
60S ribosomal Sf9 1.00 1.00 1.00
subunit L12 Control
MrNV- 1.00 1.00 0.49
VLP-59
MrNV- 1.00 1.00 0.40
Sf9
60S ribosomal Sf9 1.00 1.00 1.00
subunit L17 Control
MrNV- 1.00 0.13 0.92
VLP-5f9
MrNV- 1.00 0.57 0.37
sf9
40S ribosomal Sf9 1.00 1.00 1.00
subunit S12 Control
MrNV- 1.00 2.78 1.00
VLP-5f9
MrNV- 1.00 1.32 1.00
Sf9
40S ribosomal Sf9 1.00 1.00 1.00
subunit S18 Control
MrNV- 1.00 0.91 4.28
VLP-5f9
MrNV- 1.00 0.67 4.83
Sf9
40S ribosomal Sf9 1.00 1.00 1.00
subunit S28 Control
MrNV- 1.00 1.00 13.23
VLP-Sf9
MrNV- 1.00 1.00 6.58
Sf9
Heat shock protein Sf9 1.00 1.00 1.00
83 Control
MrNV- 1.00 5.54 0.30
VLP-Sf9
MrNV- 1.00 3.54 0.62
Sf9
14-3-3 protein Sf9 1.00 1.00 1.00
epsilon Control
MrNV- 1.00 1.55 2.47
VLP-5f9
MrNV- 1.00 0.45 2.04
sf9
GADPH Sf9 1.00 1.00 1.00
Control
MrNV- 1.00 1.00 0.67
VLP-5f9
MrNV- 1.00 1.00 0.48
Sf9
Peroxiredoxin 1- Sf9 1.00 1.00 1.00
like isoform X1 Control
MrNV- 1.00 1.00 0.52
VLP-5f9
MrNV- 1.00 1.00 0.42
Sf9
Tubulin beta chain Sf9 1.00 1.00 1.00
Control
MrNV- 1.00 4.52 1.17
VLP-Sf9
MrNV- 1.00 2.77 2.05
Sf9
Tr-Type G domain- Sf9 1.00 1.00 1.00
containing Control
protein MrNV- 1.00 1.00 2.64
VLP-S9
MrNV- 1.00 1.00 2.93
Sf9
Translationally- Sf9 1.00 1.00 1.00
controlled Control
tumour protein MrNV- 1.00 1.00 2.21
(TCTP) VLP-5f9
MrNV- 1.00 1.00 2.56

sf9
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3.8. Reactome pathway analysis

Reactome serves as a robust bioinformatics tool, facilitating the
visualization, interpretation, and analysis of pathways (Fabregat et al.,
2017). We enriched our set of differentially expressed proteins (DEPs)
using Reactome’s meticulously curated database of pathways and re-
actions, initially matching towards the Drosophila melanogaster database
before validating the pathway on a human database. Employing an
overrepresentation analysis, we determined the probability score of
each relevant pathway enriched by our dataset, subsequently correcting
for false discovery rate (FDR) using the Benjamini-Hochberg method.

Upon application of our dataset to the database, we obtained a
comprehensive list of all possible pathway interactions, each with
calculated FDR values indicating the significance of a given pathway
(Table 2). Notable proteins within the metabolism of proteins and RNA
pathways, including 40S ribosomal protein S18 and S28, and 60S ribo-
somal protein L12 and L17, were identified. These proteins play pivotal
roles in eukaryotic translation elongation and termination, formation of
free 40S subunits, L13a-mediated translational silencing of Cerulo-
plasmin expression, GTP hydrolysis and joining of the 60S ribosomal
subunit, and ribosomal scanning and start codon recognition, all integral
parts of the eukaryotic translation initiation pathway. Additionally, viral
infection-related pathways, such as viral mRNA translation, influenza
infection, and viral infection pathways, were flagged, underscoring the
dependence of viral replication on the host cell’s energy reserves.
Pathways such as cellular response to starvation and RHOBTB2 GTPase
cycle were also highlighted in this context.

Furthermore, 14-3-3 protein epsilon, a conserved regulatory protein,
was implicated in pathways affecting cell proliferation, cell cycle regu-
lation, actin cytoskeleton regulation, and the mTOR pathway (Fig. 6).
This suggests significant perturbations in the host mitotic cell cycle due
to MrNV infection. All pathways discussed herein underwent stringent
screening to ensure their FDR values were equal to or less than 5 %, thus
confirming their significant involvement in MrNV infection. Moreover, a
protein exhibiting the molecular function of peroxiredoxin activity
displayed decreased expression levels during the late stages of infection.
Referred to as peroxiredoxin 1-like isoform X1, this protein plays a vital
role in cellular responses to oxidative stress by detoxifying reactive
oxygen species. Additionally, 14-3-3 protein epsilon was implicated in
various cellular pathways, including cell proliferation, cell cycle regu-
lation, actin cytoskeleton regulation, and the mTOR pathway (Fig. 6).

4. Discussion

In order to understand the protein change pathways implicated in
the mechanism of infection of MrNV, we performed expression prote-
omics to identify proteins that had significantly changed between
healthy, MrNV VLP-invaded, and MrNV-infected Sf9 cells. To our
knowledge, this is the first study examining time resolved morphological
and protein expression changes between normal, MrNV VLP-invaded,
and MrNV-infected Sf9 cells. We utilised the Sf9 model for our study
as (1) it is a known host for MrNV infection, (2) ease of maintenance and
lower proteome variability from being an immortalized cell line, and (3)
it has a proteome database that is reasonably well characterized. To
augment the proteomic analysis, we also compared the detected proteins
horizontally and vertically within the taxonomy tree, drawing evidence
from previous publications. Our findings indicate that the main path-
ways affected are the mitotic prometaphase (R-DME-68877.1), G2/M
transition phases (R-DME-453274.1), eukaryotic translation initiation
pathway (R-DME-72613.1) (comprising most of its ancillary pathways),
PI3K-Akt signalling pathway, RAB GEFs exchange GTP for GDP on RABs
(R-DME-8876198.1), and hydrogen peroxide regulation (H203)
pathway.
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Score Distribution [Biological Process]

cytoplasmic translation : 2 (9.71%)

translational elongation : 2 (9.71%)

cytoskeleton organization : 2 (9.71%)

microtubule-based process : 2 (9.71%)

glucose metabolic process : 3 (14.56%)

protein folding : 6.6 (32.04%)

glycolytic process : 3 (14.56%)

Score Distribution [Cellular Component]

mitochondrial outer membrane : 1 (8.33%)

pore complex : 1 (8.33%)

polysomal ribosome : 2 (16.66%)

ic side of rough ic reticulum :2(16.67%)

microtubule : 2 (16.67%)

cytosolic small ribosomal subunit : 2 (16.67%)

large ribosomal subunit : 2 (16.67%)

Score Distribution [Molecular Function]

translation elongation factor activity : 2 (3.77%)

rRNA binding : 2 (3.77%)
structural constituent of cytoskeleton : 2 (3.77%)
NADP binding : 3 (5.66%)
gly -3-phosphate dehyd (NAD+)
(phosphorylating) activity : 3 (5.66%)

NAD binding : 3 (5.66%)

GTP binding : 4 (7.55%)

GTPase activity : 4 (7.55%)

unfolded protein binding : 5 (9.43%) —/

structural constituent of ribosome : 8 (15.1%)

‘ ATP-dependent protein folding chaperone : 6 (11.32%)

ATP binding : 6 (11.32%)

ATP hydrolysis activity : 5 (9.44%)

Fig. 3. The distribution of GO terms among differentially expressed proteins in MrNV VLP-invaded or MrNV-infected Sf9 cells. In terms of biological processes (a),
the detected proteins were predominantly associated with cellular and metabolic processes. Subsequently, in terms of cellular components (b), the GO terms were
mainly linked to microtubules and ribosomal proteins. Finally, within the molecular function category (c), the majority of proteins were categorised under structural
constituents of the ribosome and exhibited functions related to ATP binding and hydrolysis.

4.1. Cellular growth and cell cycle arrest

The cell cycle coordinates the duplication of organelles and genetic
information to generate new cells (Israels and Israels, 2000). Progression
through this cycle is regulated by cyclin phosphorylation, guiding
sequential phases (Rohrmann, 2019). Molecular checkpoints ensure
accurate progression, which prevents the replication of damaged
cellular components, a process linked to cancer developments. Upon
encountering damages, cells halt replication, opting for repair or
apoptosis. Viral infections adeptly manipulate the host cell cycle, redi-
recting replication machinery and thwarting premature apoptosis,
facilitating viral proliferation and transmission (Davy and Doorbar,
2007). Our investigation unveiled an upregulation of 14-3-3 protein,
notably 14-3-3 epsilon, commencing at 120 min-post-infection. Utilis-
ing the KEGG pathways database, we identified the involvement of
14-3-3 epsilon in the AKT/BAD/Bcl-2 signalling pathway, crucial for

regulating cell apoptosis (Fig. 4). All 14-3-3 isoforms hinder BAD-
induced apoptosis by sequestering BAD in the cytosol, impeding its
translocation to mitochondria and subsequent caspase pathway activa-
tion (Liou et al., 2006; Subramanian et al., 2001).

As previously noted, the protein 14-3-3 epsilon plays a role in
numerous cell cycle pathways identified through Reactome analysis.
Within insects, the Hippo signalling pathway and the Hippo/Warts
pathway are present, both involving the transcriptional coactivator WW
domain-containing transcription regulator protein 1 (WWTR1) and
Yorkie (YKI). Activation and increased expression of WWTR1 and YKI
stimulate cell proliferation, as their inherent function governs organ
sizes and cellular growth (Stralburger et al., 2012; Wang et al., 2014).
Reactome analysis has demonstrated that the 14-3-3 epsilon dimers can
interact with both transcriptional coactivators in these pathways by
binding to phosphorylated WWTR1 and YKI. Consequently, this inter-
action sequesters both WWTR1 and YKI within the cytosol, thereby
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Fig. 4. KEGG pathway representing the PI3K-AKT signalling pathway. In response to MrNV infection, heat shock protein 83 and 14-3-3 protein epsilon were
significantly upregulated in Sf9 cells, which alters the PI3K-AKT signalling pathway. (Red) PI3K-AKT-mTOR pathway is affected by many different proteins, including
hsp83 (hsp90A is a human homologue). The association of hsp83 with AKT promotes phosphorylation of the tuberous sclerosis complex, which releases the inhibition
of Rheb protein, activating mTOR downstream of the pathway and promoting protein synthesis. Higher levels of protein synthesis favours viral progression as it
promotes viral protein synthesis. (Blue) Additionally, 14-3-3 protein epsilon (YWHAE) is involved in the AKT/BAD/Bcl-2 signalling pathway, which regulates the cell
apoptosis pathway. The upregulation of YWHAE sequesters BAD protein within the cytosol, which prevents Bcl-2 protein inhibition and subsequently inhibits
apoptosis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

delaying cell proliferation activities and enabling the host cell to pri-
oritise the replication of viral components. Similarly, the association of
14-3-3 protein with phosphorylated cell division cycle 25 (CDC25) also
confines the complex to the cytosol. CDC25, a family of phosphatases,
governs the cell cycle transition from the G2 to M phase (Graves et al.,
2001). Activation of CDC25 occurs through the phosphorylation of
serine 216, located adjacent to the nuclear localization site (NLS), by
CDC2 (Peng et al., 1997; Graves et al., 2001). This leads to the nuclear
import of CDC25, initiating an autoactivation loop between CDC25
proteins (A, B, and C) and Cdk1, propelling the cell into mitosis.
Interestingly, the phosphorylation of serine 216 also reveals the
adjacent 14-3-3 docking site, which is conserved in the NLS of the
CDC25 family across various organisms. Binding of 14-3-3 to this
docking site affects the lysine residues within the NLS, leading to a
negative impact on the nuclear import of CDC25 (Dalal et al., 1999;
Graves et al., 2001). While the 14-3-3 family comprises multiple forms,
it is noteworthy that 14-3-3 epsilon and 14-3-3 gamma exhibit the
strongest binding affinity to CDC25C (Dalal et al., 2004). Additionally,
14-3-3 protein has been found to positively regulate the activity of
protein Weel, which delays entry into mitosis by inactivating Cdk1 (Lee
etal., 2001). Taken together, the synergistic mechanism involving Weel

protein, Cdkl inactivation, and CDC25C sequestration in the cytosol
significantly contributes to cell cycle arrest at the G2 phase. The more
than 2-fold increase in 14-3-3 protein epsilon expression, coupled with
the cytopathic effect observed at 24 h-post-infection, underscores the
role of 14-3-3 in inhibiting mitotic progression while allowing MrNV to
amplify its viral load. However, the unexpected slight decrease in 14-3-
3 expression during the early-mid stages of infection in the MrNV-
infected group suggests a nuanced interaction possibly influenced by the
host’s interaction with MrNV capsid protein, as indicated by the
increased expression levels observed in the MrNV VLP-invaded group.

4.2. Upregulation of MrNV RNA translation initiation

Viruses lack their own means of protein productions, necessitating
the hijacking of host protein synthesis machinery, leading to competi-
tion between the hosts and the viruses. RNA viruses are generally known
for their diverse effects on host translation mechanisms, which modulate
ribosomes in various ways (Wang et al., 2022). Notably, one of the
prominent GO annotations assigned to differentially expressed proteins
was related to translation and ribosome biogenesis, commonly affected
during viral infections. The alteration of both 40S and 60S ribosomal
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protein levels in Sf9 cells due to MrNV infection (Fig. 5) suggests that
MrNV also impacts host ribosomes, such as the regulation of ribosomal
subunits during ribosome assembly, similarly to other ssRNA viruses.
MrNV employs different strategies to manipulate host ribosomes,
diverting from host mRNA to viral mRNA translation. These strategies
include cap-dependent translation, utilising m’G-capped viral mRNAs or
viral cap-snatching, or cap-independent mechanisms such as viral pro-
tein linked to the genomes or internal ribosome entry sites (IRES) (Miller
et al., 2021). Although nodaviruses possess a cap structure at their RNA
5'-ends, they lack a poly (A) tail at their 3’ termini (Bandin and Souto,
2020; Chen et al., 2012). Cap-dependent translation follows a canonical
mechanism of infection within eukaryotic cells, initiating with the for-
mation of a pool of 40S ribosomal subunits, followed by the association
of the 5’ cap structure with eIF4F, and subsequent binding to the 40S
ribosome (Sorokin et al., 2021). A set of translation initiation factors
then binds onto the complex, forming the 43S pre-initiation complex.
The observed increase in 40S ribosomal subunit levels throughout the
late-stage MrNV infection theoretically allows for a high translation
initiation rate. Additionally, the increase in translational (tr)-type G
domain-containing protein also points towards an increase in rates of
translation initiation and elongation as tr-type G domain-containing
proteins are a family of proteins that contain elongation factors, initia-
tion factors and are stimulated by ribosomal activity (Leipe et al., 2002).
Coincidentally, translationally-controlled tumour protein (TCTP) was
also observed to increase in expression in response to MrNV infection.
TCTP is a highly conserved protein across all eukaryotic taxanomy and
has been known to interact with translation elongation factors and
guanine exchange factors (Bommer, 2017). A study done by Fleischer
et al. (2006) revealed that the deletion of the TCTP gene in yeast caused
a reduced rate of protein synthesis. As a result, tt can be postulated that
MrNV utilises the increase in TCTP to facilitate an increase in viral

protein synthesis.We notably observed a substantial increase in 408 ri-
bosomal subunits S18 and S28, detected at 24 h-post-infection.
Intriguingly, 40S ribosomal protein S12 also exhibited elevated
expression, albeit only detected 120 min post-infection during the early-
mid stages, returning to baseline levels thereafter. Viral mRNAs
frequently contain multiple ORFs on a single mRNA, coding for more
than one protein per mRNA. As viruses rely on the host cell’s translation
machinery, there are mechanisms in place for viruses to translate mul-
tiple proteins from a single viral mRNA (Jaafar and Kieft, 2019). MrNV
RNA1 is a polycistronic viral mRNA encoding RNA-dependent RNA
polymerase and B2-like protein (NaveenKumar et al., 2013). MrNV
likely employs ribosomal frameshifting, involving leaky scanning and
43S sliding mechanisms. Leaky scanning occurs when the start codon is
flanked at positions —3 and + 4 by pyrimidines, reducing recognition,
while purines, known as Kozak’s context, facilitate strong recognition of
the start codon (Kozak, 2002). 43S sliding occurs when the 43S complex
recognizes a start codon, but the GTP bound to eIF2 does not hydrolyze,
prompting the complex to continue scanning (Terenin et al., 2016).

4.3. Shift in 40S and 60S ribosomal subunit balance suggests two modes
of translation

Previous studies have highlighted the tight regulation of 40S and 60S
ribosomal proteins, crucial for specific translational control during
various cellular developmental phases (Kondrashov et al., 2011). The
observed shift in the balance between these ribosomal subunits post-
MrNV infection suggests that MrNV disrupts host ribosome biogenesis, a
phenomenon common in many viral infections. Notably, studies on
hepatitis C virus, a positive-sense ssRNA virus, have correlated high viral
copy numbers with an abundance of 40S ribosomal subunits, while the
reduction in 60S subunits did not impede viral replication. Similarly, our
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A list of relevant pathways detected based on the differentially expressed proteins detected between healthy, MrNV VLP-invaded, and MrNV-infected Sf9 cells.

Pathway
identifier

Pathway name

Entities
pValue

“log10(p)”

Entities FDR

Submitted entities found

R-HSA-156902

R-HSA-156842

R-HSA-72764

R-HSA-72689

R-HSA-975956

R-HSA-156827

R-HSA-192823

R-HSA-72706

R-HSA-927802

R-HSA-975957

R-HSA-72613

R-HSA-3371497

R-HSA-68877

R-HSA-168255

R-HSA-9711097

R-HSA-72766

R-HSA-9013418
R-HSA-69275

R-HSA-453274

R-HSA-2262752

R-HSA-8953897

R-HSA-72702
R-HSA-9824446

R-HSA-68886

R-HSA-72649
R-HSA-5663205

Peptide chain elongation

Eukaryotic Translation Elongation

Eukaryotic Translation Termination

Formation of a pool of free 40S subunits

Nonsense Mediated Decay (NMD) independent of the Exon Junction
Complex (EJC)

L13a-mediated translational silencing of Ceruloplasmin expression

Viral mRNA Translation

GTP hydrolysis and joining of the 60S ribosomal subunit
Nonsense-Mediated Decay (NMD)

Nonsense Mediated Decay (NMD) enhanced by the Exon Junction Complex
(EJC)

Eukaryotic Translation Initiation

HSP90 chaperone cycle for steroid hormone receptors (SHR) in the presence
of ligand

Mitotic Prometaphase

Influenza Infection

Cellular response to starvation

Translation

RHOBTB2 GTPase cycle
G2/M Transition

Mitotic G2-G2/M phases

Cellular responses to stress

Cellular responses to stimuli

Ribosomal scanning and start codon recognition
Viral Infection Pathways

M Phase

Translation initiation complex formation
Infectious disease

6.16E-09

7.20E-08

3.90E-07

4.27E-07

6.50E-07

7.62E-07

1.15E-06

3.30E-06

8.98E-06

8.98E-06

1.31E-05

3.36E-05

5.38E-05

7.74E-05

1.44E-04

4.12E-04

5.09E-04
6.54E-04

6.63E-04

0.00265

0.00292

0.00428
0.00451

0.00471

0.00877
0.01602

8.210380109

7.142823002

6.408639208

6.369986515

6.18682335

6.117859764

5.939279588

5.48123632

5.046544316

5.046544316

4.88300783

4.473737421

4.269110643

4.111219792

3.841478708

3.384794652

3.293310711
3.184395677

3.178711975

2.576495733

2.534757195

2.368534388
2.345728774

2.326923002

2.057132226
1.795352109

5.01E-06

2.92E-05

6.57E-05

6.57E-05

6.57E-05

6.86E-05

9.32E-05

2.21E-04

4.85E-04

4.85E-04

6.15E-04

0.001410951

0.002076884

0.002786652

0.005041843

0.012368773

0.013742098
0.016566396

0.016566396

0.03712208

0.040155008

0.051362583
0.0541318

0.054464661

0.078906046
0.128155685

ef2;RPS28;eEF2;rpl22;
Rpl12;

RpS18;Rpl17
ef2;RPS28;eEF2;rpl22;
Rpl12;

RpS18;Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpll7
RPS28;rpl22;Rpl12;RpS18;
Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpl17
RPS28;rpl22;Rpl12;RpS18;
Rpll7
RPS28;rpl22;Rpl12;RpS18;
Rpll7
RPS28;rpl22;Rpl12;RpS18;
Rpl17
TUBB3;TUBB2;Hsp90ab1;
Hsp90aal
YWHAE;TUBB3;TUBB2;
TUBB;

Hsp90aal
RPS28;rpl22;Rpl12;RpS18;
Rpl17;Hsp90aal
RPS28;rpl22;Rpl12;RpS18;
Rpl17
ef2;RPS28;eEF2;rpl22;
Rpl12;

RpS18;Rpl17
Hsp90ab1;Hsp90aal
YWHAE;TUBB3;TUBB2;
TUBB;
Hsp90ab1;Hsp90aal
YWHAE;TUBB3;TUBB2;
TUBB;
Hsp90abl;Hsp90aal
YWHAE;RPS28;rpl22;
TUBBS3;
TUBB2;Prdx1;Rpl12;
RpS18;

Rpl17;Hsp90abl;
Hsp90aal
YWHAE;RPS28;rpl22;
TUBBS3;
TUBB2;Prdx1;Rpl12;
RpS18;

Rpl17;Hsp90abl;
Hsp90aal

RPS28;RpS18
YWHAE;RPS28;rpl22;
TUBBS3;
TUBB2;TUBB;Rpl12;
RpS18;

Rpl17;Hsp90abl;
Hsp90aal
YWHAE;TUBB3;TUBB2;
TUBB;Hsp90aal
RPS28;RpS18
YWHAE;eEF2; TUBB;
RpS18;

Rpl17;Hsp90abl;
Hsp90aal;
ef2;RPS28;rpl22;TUBB3;
TUBB2;Rpl12

The pathways were sorted by p-value and corrected for false discovery rate using the Benjamani-Hochberg method. The “submitted entities found” shows the list of
differentially expressed proteins and closely proteins closely related that interact in those pathways and are labelled as follows, YWHAE: 14-3-3 protein epsilon,
RPS28: small ribosomal protein 28, rpl22: large ribosomal protein 22, Rpl12: large ribosomal protein 12, RpS18 small ribosomal protein 18, Rpl17: large ribosomal
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protein 17, TUBB3 and TUBB2: tubulin beta chain, Prdx1: peroxiredoxin 1-like isoform X1, Hsp90abl and Hsp90aal: analogue of heat shock protein 83, ef2: tr-type G

domain-containing protein.
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Fig. 6. Reactome pathway analysis of 14-3-3 protein epsilon following Macrobrachium rosenbergii nodavirus infection in Sf9. 14-3-3 protein epsilon regulates cell
proliferation and cell cycle progression by binding and sequestering proteins such as TAZ, yorkie, and CDC25 within the cytosol. As a result, this inhibits cell
proliferation and maintains the cell cycle progression along its G2/M phase. This suggests that MrNV alters host protein production to prioritize viral proteins instead.
The binding of tuberous sclerosis complex 2 (TSC2) prevents the formation of the TSC1-TSC2 complex, preventing its inhibitory effect on the mTOR pathway, which
promotes viral protein production. The binding of 14-3-3 protein onto DENN domain-containing 1 stabilizes the open confirmation of the guanine exchange factor
for Ras-associated binding protein (RAB), promoting GDP-GTP exchange on RAB35. Subsequently, GTP-bound RAB35 promotes the formation of actin cytoskeleton,
which facilitates increased levels of viral protein transport. (The image was created using BioRender.com) (Image adapted from D’Eustachio, 2012; Orlic-Milacic

et al., 2004; Orlic-Milacic et al., 2015; Rothfels, 2016; Williams, 2010).

findings indicate that the decrease in 60S ribosomal subunit L12 during
the late stage and L17 during the early-mid to late stages of infection did
not hinder viral replication. Although MrNV mRNA typically features
m’G-capping, indicative of cap-dependent translation, a notable in-
crease in 40S ribosomal subunits suggests a potential shift towards IRES-
mediated, which is a cap-independent translation. This mode of trans-
lation is often upregulated in conditions where cap-dependent trans-
lation is hindered or during specific viral life cycle stages (Dobrikova
et al., 2003). While it is plausible for MrNV to employ both cap-
dependent and cap-independent translation modes, as observed in
other positive-sense ssRNA viruses, the presence of such mechanisms
may hinge upon the structural characteristics of the mRNA’s 5 un-
translated region (Edgil et al., 2006; Hanson et al., 2012; Fernandez-
Garcia et al., 2021). IRES elements, typically located within the 5 un-
translated region (UTR) of viral genomes, may or may not be present in
MrNV. Previous hypotheses have suggested that even in the absence of a
5’ IRES site, viral genomes can still undergo translation independently of
IRES (Edgil et al., 2006). Drawing from insights into closely related vi-
ruses, it is plausible that MrNV utilises both cap-independent translation
methods, facilitated by interactions with the 40S ribosomal subunit and
potential IRES structures, particularly evident during late-stage MrNV
infection.

4.4. Increased protein translocation and synthesis via promotion of the
mTOR pathway

Actin’s role in every phase of the viral life cycle is pivotal, as viruses
heavily rely on its capacity to regulate and reorganize actin filaments for
their benefit. In the initial stages of MrNV infection, viral entry occurs
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through the binding of the viral capsid to a membrane receptor, initi-
ating caveolin-mediated endocytosis to encapsulate and transport MrNV
into endosomes across the cytoplasm (Chen et al., 2021). As the MINV
life cycle progresses, successful hijacking of host protein production
facilities and increased viral replication rates necessitate the involve-
ment of actin-related proteins for cytoplasmic trafficking
(Khorramnejad et al., 2021). Hsp90 has been identified as one of the
immediate-early genes regulating white spot syndrome virus (WSSV)
infection in Litopenaeus vannamei, where hsp90 silencing significantly
reduces WSSV copy numbers, while elevated hsp90 levels enhance WSSV
infection (Yingsunthonwattana et al., 2022). Other RNA viruses exploit
host hsp90 to bolster their replication while impeding host protein
translation (Wan et al., 2020). The elevated levels of heat shock protein
in Sf9 cells during the early to mid-stages, along with consistent actin
expression throughout all infection stages, align precisely with expec-
tations for MrNV infection. KEGG pathway analysis of hsp83 suggests
potential modulation of the PI3K/AKT/mTOR pathway during MrNV
infection.

The phosphorylation of TSC2 subsequent to MrNV VLP invasion re-
leases its inhibitory effect on mTOR, thereby facilitating downstream
protein translation. Our observations of an increase in hsp83 (an insect
homologue of hsp90) during the early to mid-stages of infection in MrNV
VLP-invaded and MrNV-infected Sf9 cells likely stem from the interac-
tion between MrNV capsid protein and the host signalling pathway
(Straten et al., 1997). We propose this theory based on the limited extent
of MrNV VLP invasion, which is primarily mediated by the MrNV capsid
protein. This protein lacks the capability to produce other viral proteins
or replicate within Sf9 cells due to genetic constraints. As infection
progresses, we observed a decrease in hsp83 levels in MrNV VLP-
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invaded Sf9 cells compared to those infected with MrNV, possibly
indicating MrNV proficiency at sustaining the infection. Reactome
analysis of the differentially expressed 14-3-3 protein epsilon suggests
its involvement in regulating the Ras-associated binding (RAB) protein
signalling pathway in D. melanogaster, a pathway crucial for actin
regulation and cytoskeletal rearrangement. Binding of 14-3-3 dimer
onto CG30347 (a homologue of human DENN domain-containing pro-
tein 1 A) stabilizes the open confirmation of RAB GTP-exchange factors
(GEFs), promoting the release of GDP from RAB35 and facilitating GTP
binding (Kulasekaran et al., 2015; Marat et al., 2011). Downstream ef-
fects of GTP-bound RAB35 include actin regulation through fascin
recruitment, a known actin-bundling factor studied in closely related
species such as Spodoptera exigua (Ahmed and Kim, 2019; Kouranti et al.,
2006; Zhang et al., 2009). Furthermore, the Reactome pathway browser
predicted that 14-3-3 protein epsilon detected in D. melanogaster binds
phosphorylated TSC2, sequestering it to the cytosol and preventing its
association with TSC1 (Liu et al., 2002; Cai et al., 2006), consequently
inhibiting the mTOR signalling pathway. Collectively, 14-3-3 protein
epsilon has been recognized as a proviral factor in various viruses
affecting different species (Aoki et al., 2000; Cao et al., 2019; Kino et al.,
2005).

4.5. Promotion of apoptosis through peroxiredoxin downregulation

Hydrogen peroxide (H203) serves as a pivotal signalling molecule,
orchestrating various cellular processes including the cell cycle, differ-
entiation, and apoptosis (Heo et al., 2020). HyO, is a byproduct of
normal cellular metabolism in mitochondria, and excessive levels can be
cytotoxic. In response, cells produce peroxiredoxins, thiol peroxidases
that rapidly reduce Hy0,, thus thwarting apoptosis induction (Nagy
et al., 2011; Xiang et al., 2016). Peroxiredoxins also play a positive role
in antiviral pathways; for instance, peroxiredoxin-1 has been implicated
in reducing hepatitis B virus (HBV) RNA levels post-transcriptionally,
thereby impeding HBV propagation (Deng et al., 2019). Additionally,
peroxiredoxin-6 exhibits antiviral properties by suppressing the repli-
cation of porcine picornavirus Senecavirus A (SVA) and foot-and-mouth
disease virus (FMDV) (Wang et al., 2021). However, recent studies have
revealed that SVA and FMDV possess mechanisms to degrade peroxir-
edoxins via viral protease 3CP™ expression. While certain viruses can
counteract the antiviral effects of peroxiredoxins, the specific antiviral
functions of these proteins, especially in the context of insect and
aquaculture viruses, remain largely unexplored, leaving us to speculate
based solely on changes in their expression levels.

In our study, we observed differential expression of peroxiredoxin 1-
like isoform X1 in MrNV-infected Sf9 cells, showing decreased expres-
sion during late-stage infection. The notable population of cells exhib-
iting extreme vacuolation and blebbing characteristics 24 h post-
infection (Fig. 11) correlates with the decrease in peroxiredoxin levels
detected in our proteomics data. This decline in peroxiredoxin expres-
sion during late-stage MrNV infection suggests that the virus may
elevate Hy05 levels to induce apoptosis for viral propagation. However,
further investigations are warranted to confirm this correlation, and
fully elucidate the impact of decreased peroxiredoxin 1-like isoform X1
expression on MrNV infection.

5. Strengths, limitations, and future perspectives

Mass-spectrometry-based proteomics is a powerful tool for under-
standing protein expression changes in response to infection. Given the
scarcity of protein databases covering changes in its primary host or-
ganism, M. rosenbergii, one strength of our approach was the utilisation
of $f9, a well-known insect cell model. By leveraging existing databases,
we enabled protein identification based on shared derived traits along
the host’s phylogenetic tree. Additionally, our work represents the first
proteomic profiling of protein changes during MrNV infection. Previous
studies on MrNV infection relied on transcriptomic approaches, which,
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while informative, may not correlate with protein expression changes.

However, our study has some limitations. Firstly, the use of Sf9 cell
model, although susceptible to MrNV, may not fully replicate the com-
plexities of infection within shrimp cells or whole organisms. Nonethe-
less, shrimp cell models are notoriously difficult to culture and
expensive (Chen et al., 2021). Furthermore, in vivo proteomics experi-
ments in M. rosenbergii are challenging due to protein variability and the
lack of a comprehensive protein database for the organism. Currently,
there are only 1139 proteins in the M. rosenbergii database compared to
57,037 proteins in the Sf9 database, and 1,936,877 proteins in the Homo
sapiens database (Schoch et al., 2020).

6. Conclusion

Our current understanding of the mechanism of MrNV infection re-
mains inadequate, posing challenges in devising treatments and pre-
ventive strategies against WTD. In this study, we adopted a bottom-up
proteomics approach to elucidate the dynamics of protein expression
changes as MrNV progresses from early to late stages of infection in Sf9
cells. Our findings indicate that MrNV manipulated the host’s protein
production machinery as early as 120 min post-infection, positioning it
between the early to mid-stages of infection. The upregulation of hsp83
during the early infection phase may facilitate MrNV establishment by
enhancing the mTOR pathway. Concurrently, the sustained upregula-
tion of the tubulin beta chain suggests heightened protein translocation
and actin rearrangement throughout infection progression. Notably,
alterations in protein expression during the early to mid-stages of
infection appear to be influenced by interactions involving the MrNV
capsid, underscoring its significance in the infection process.

Furthermore, our results suggest that MrNV impedes cellular growth
and disrupts cell cycle progression through the upregulation of 14-3-3
protein epsilon. Coupled with our morphological observations 24-h
post-MrNV infection, the decline in peroxiredoxin levels during the
later infection stages indicates substantial cell lysis. The identified
pathway alterations during MrNV infection represent potential thera-
peutic targets. For instance, the development of competitive inhibitors
targeting specific 14-3-3 protein subunits could restore normal cell
cycle progression during the viral infection. Looking ahead, conducting
proteomic investigations using an in vivo model, particularly
M. rosenbergii post-larvae, would offer valuable insights as it closely
mirrors natural infection scenarios. Overall, our study provides signifi-
cant insights into the mechanisms of MrNV infectivity, laying the
groundwork for future therapeutic advancements against this viral
disease.
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