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Abstract

Viral proteins can aggregate into granules within host cells, known as viral factories, or viroplasms, which play

a pivotal role in facilitating viral replication and shielding the viral genome from cellular defense mechanisms. Rice
stripe mosaic virus (RSMV), a plant cytorhabdovirus, is notorious for causing significant damage to rice production.
Despite its impact, the mechanisms underlying the replication and assembly of RSMV remain largely unexplored.

In this investigation, we established a minireplicon (MR) system of RSMV in Nicotiana benthamiana plants to assess
the influence of RSMV phosphoprotein (P) on viral replication. Our findings indicate that RSMV P forms viral factory-
like granules and is an important component of viral factories. Further investigation showed that the formation of P
granules is indispensable for MR replication. Through deletion analysis, we identified the IDR2 region of P as crucial
for granule formation and MR replication. These findings underscore the necessity of P protein granule formation

in viral replication.
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Background

The viral reverse genetics system is a crucial tool
for studying viral protein functions and pathogenic
mechanisms. Given that the positive-sense RNA viral
genome can serve as mRNA and is infectious, most
infectious clones of positive-sense RNA viruses have
been successfully constructed (Ahlquist et al. 1984;
Damayanti et al. 1999; Nayaka et al. 2023). However,
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compared with positive-sense RNA viruses, progress in
research on the reverse genetics of negative-sense RNA
viruses is relatively slow. The minimal infectious and
replicating unit of negative-sense RNA (NSR) viruses
is the viral ribonucleoprotein (RNP), rather than the
naked viral genomic RNA. It plays a crucial role in the
replication and transcription of the viral genome (Luytjes
et al. 1989; Pattnaik et al. 1991; Ganesan et al. 2013).
Since the majority of negative-sense viral genomes are
quite long, studying them can be challenging. Therefore,
it is necessary to use a reverse genetic system, such as a
minireplicon (MR), to explore and optimize experimental
conditions before constructing a full-length infectious
clone for viral rescue (Rose 1996; Luytjes et al. 1989).

In 1994, rabies virus (RABV) was rescued from a full-
length ¢cDNA clone, marking the true establishment
of the reverse genetics system for negative-sense RNA
viruses (Conzelmann et al. 1994; Schnell et al. 1994).
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As technology continues to mature, reverse genetics
systems have been established for several plant NSR
viruses. The first such virus was sonchus yellow net virus
(SYNV), a member of the Alphanucleorhabdovirus genus
(Wang et al. 2015). Subsequently, a reverse genetics
system for the cytorhabdovirus, barley yellow striate
mosaic virus (BYSMV) was successfully established in
Nicotiana benthamiana and barley (Gao et al. 2019).
The research on segmented negative-sense RNA viruses
had also achieved a breakthrough, as such a system was
established for the orthotospovirus tomato spotted
wilt virus (TSWYV), with three genomic RNA segments
(Feng et al. 2019). In addition, lettuce necrotic yellows
virus (LNYV), a member of the genus Cytorhabdovirus,
and rice stripe virus (RSV), a member of the genus
Tenuivirus, have MR systems successfully constructed
(Ibrahim et al. 2020; Feng et al. 2021). These systems have
greatly advanced the study of NSR viruses.

Multiple studies have shown that viral proteins can
form granules (also known as inclusion bodies) within
host cells, which have been demonstrated to be viral
replication-related structures (Netherton et al. 2011;
Novoa et al. 2005). The genome structure of viruses in the
family Rhabdoviridae is relatively conserved (Dietzgen
et al. 2016). Studies on RABV have shown that the P
protein has a specific sequence that binds to the N and L
proteins, playing a crucial role in the viral transcription
and replication processes (Nikolic et al. 2019; Mavrakis
et al. 2003; Castel et al. 2009; Chenik et al. 1998). The
N-terminal domain (PN'P) of the RABV P protein (1-22
aa) can bind to the RNA polymerase L and N° (the
soluble form of the N protein devoid of RNA) (Mavrakis
et al. 2003). Additionally, the C-terminal domain of the
P protein (P¢'P) interacts with RNA-bound N protein.
The P protein also contains two central disordered
regions (IDD1 and IDD2) flanking a dimerization domain
(91-132 aa) (Nikolic et al. 2019; Gérard et al. 2009).
The P proteins of barley yellow striate mosaic virus
(BYSMV) and northern cereal mosaic virus (NCMYV)
form granules in vivo when their N-terminus is fused
with GFP fluorescence, but fusion at the C-terminus
disrupts the punctate localization of the P protein (Fang
et al. 2019). Research on the function of the BYSMV P
protein has revealed that the formation of granules is
crucial for virus replication. Furthermore, the P protein
acts as a bridge, pulling the genomic RNA, N protein,
and L protein into the aggregates to form replication
centers (Fang et al. 2019). These studies emphasized the
multifunctional nature of the P protein, which is crucial
for viral transcription and replication.

Rice stripe mosaic virus (RSMV) is a newly discovered
cytorhabdovirus and is transmitted persistently by the
leathopper Recilia dorsalis (Yang et al. 2017a, b). The
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RSMV genome is a single negative-sense RNA with a
length of 12,774 nt. Its complementary strand contains
seven non-overlapping open reading frames (ORFs),
which encode seven proteins in the following order:
nucleocapsid protein (N), phosphoprotein (P), non-
structural protein P3, matrix protein (M), glycoprotein
(G), non-structural protein P6 and polymerase protein
(L) (Yang et al. 2017a; Wang et al. 2021). In this study,
two minireplicon (MR) systems were constructed based
on the RSMV genome and the anti-genome sequence
(RSMV-gMR/agMR). After injecting these systems into
Nicotiana benthamiana, the expression of reporter
genes was successfully detected, indicating that both
MR systems were functioning properly. Additionally,
this study utilized the agMR system to investigate the
role of RSMV P protein granules in virus replication. The
results initially suggested that RSMV P is an important
component for viral factories. Furthermore, these
findings demonstrate that the formation of P protein
granules is crucial for virus replication.

Results

Engineering the RSMV anti-genomic and genomic RNA
minireplicon system in N. benthamiana leaves

Based on the RSMV anti-genomic RNA, we generated
RSMV anti-genomic minireplicons (agMRs), which
contained an EGFP and mRFP reporter gene substituted
for the viral N and P genes, respectively. RSMV genomic
minireplicons (gMRs) contained identical sequences but
in an inverted orientation with the previously engineered
anti-genomic RNA (agRNA) transcriptionplasmid agMR
(Fig. 1a). The genes of core proteins N, P, and L were
engineered into pGD vectors for expression, respectively
(Fig. 1a). The genes of three viral suppressors of RNA
silencing (VSRs), including tomato bushy stunt virus
p19, tobacco etch virus HC-Pro, and barley stripe mosaic
virus yb, were combined into one plasmid (Fig. 1a).

To assess the agMR and gMR systems, Agrobacterium
tumefaciens harboring agMR/gMR and plasmids for
expression of the RSMV N, P, and L proteins and the
VSRs were mixed and coinfiltrated into N. benthamiana
leaves. At 12 days post-infiltration (dpi), both the agMR
and gMR systems showed GFP expression throughout
the infiltrated leaves under ultraviolet light (UV)
(Fig. 1b). Confocal fluorescence microscopy was used
to test GFP and RFP expression, and the results showed
that approximately 40% of cells showed GFP and RFP
foci in both the agMR- and gMR-expressing leaves,
respectively(Fig. 1c, d). Quantitative RT-PCR (qRT-
PCR) analysis was performed to determine the agMR/
gMR replication in the levels. The full-length MR RNA
abundance, representative of MR replication, was tenfold
higher in the agMR system than in the gMR system at
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12 dpi (Fig. 1e). Taken together, we have established an
RSMYV agMR and gMR system in N. benthamiana leaves.

The N, P, L, and VSRs are required for agMR/gMR reporter
gene expression
To initiate the expression of agMR reporter genes, the
coexpressed N, P, and L core proteins assemble in vivo
at the 5" termini of the nascent viral agRNAs to produce
active anti-genomic nucleocapsids (agNCs). The agNCs
then initiate replication of gRNAs, which assemble
with the core proteins to generate gNCs capable of
transcribing reporter gene mRNAs (Ganesan et al. 2013).
To determine the individual N, P, L, and VSR protein
requirement for reporter gene expression, Agrobacterium
mixtures were tested in N. benthamiana leaves in the
absence of N, P, L, agMR/gMR, or VSRs, respectively.
GFP expression was first detected under UV light, and
every Agrobacterium combination showed GFP foci
throughout the infiltrated leaves. This indicates that the
reporter gene GFP can still be expressed, without the
presence of N, P, L, and VSR proteins (Fig. 2a). Confocal
fluorescence microscope observations showed that the
GEFP fluorescence intensity was significantly higher in the
complete combination of the agMR/gMR system than
in any other combinations (Fig. 2b, c). Meanwhile, the
second reporter gene, mRFP, was only observed in the
complete combination of the agMR/gMR system (Fig. 2b,
c). In agreement with the results shown in confocal
fluorescence observations, Western blotting analyses
further indicated that residual GFP accumulated in leaves
without the expression of N, P, or L proteins, resulting
from direct translation from the GFP ORF at the 5end
of the agRNA transcripts. However, RFP at the second
ORF was absolutely reliant on the co-expression of the
complete combination (Fig. 2d, e). These results showed
that all components are essential for agMR/gMR reporter
gene expression in vivo.

The RSMV GFP-P forms VF-like granules and is functional
for agMR replication

We next investigated the subcellular localization of
the core proteins N and P, respectively. The N and P

(See figure on next page.)
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protein genes were fused to the coding sequences of N
or C termini of GFP under the control of the cauliflower
mosaic virus (CaMV) 35S promoter (Additional file 1:
Fig Sla and Fig. 3a). Agrobacterium harboring plasmids
for expression of GFP-tagged proteins were infiltrated
into H2B-RFP transgenic N. benthamiana plants.
Confocal fluorescence microscopy showed that both
N-GFP and GFP-N were localized in the cytoplasm,
but not in the nuclei (Additional file 1: Figure S1b). On
the contrary, GFP-P formed granule in the cytoplasm,
which are usually thought of as viral factory (VF)-like
granules (Fig. 3b). Meanwhile, P-GFP mostly localized
in the cytoplasm and formed very small VF-like granules
(Fig. 3b). To determine whether RSMV P is involved in
RSMYV viral factory formation, the localization of the P
protein during viral infection was investigated in rice. We
probed these sections with a gold-conjugated P-specific
antibody to survey P subcellular distribution during the
infection. Transmission electron microscopy images
revealed that the gold particles were abundantly located
in the VFs but sparsely in mature virus particles (Fig. 3c).
Since the agMR system had a higher replication efficiency
than the gMR system, and VFs are the sites for viral RNA
genome replication and transcription, we tested whether
the GFP-P granules were involved in agMR replication. N.
benthamiana leaves were agroinfiltrated to deliver wild-
type P, GFP-P, or P-GFP proteins, together with N, L,
VSRs, and agMR. At 6 dpi, agMR RNA accumulation was
first examined by RT-qPCR. The results showed that the
infiltration combination with GFP-P or wild-type P had
similar genomic RNA accumulation, but the combination
with P-GFP had lower accumulation (Fig. 3d). Western
blotting further confirmed that the RFP protein level in
wild-type P and GFP-P samples was higher compared
with P-GFP samples (Fig. 3e). Next, we evaluated the
fluorescence intensity of the agMR second reporter
gene RFP. The results showed that the RFP fluorescence
intensity was similar under the support of GFP-P or wild-
type P, but much less intensity was observed under the
support of P-GFP (Fig. 3f).

Since VFs usually contain more than one viral protein,
we next investigated the subcellular localization of the

Fig. 1 Engineering of RSMV anti-genomic and genomic RNA minireplicon (gMR/agMR) system. a Schematic representation of the plasmids
designed to generate antigenomic-sense and genomic-sense RSMV derivatives and to express the RSMV N, P, L, and VSR proteins in vivo. In

the agMR or gMR plasmid, a reporter cassette of antigenomic-sense or genomic-sense RSMV derivative was inserted between the CaMV double
35S promoter (2X35S) and the ribozyme sequence (R2). Le, leader; tr, trailer; UTR, untranslated region; NPJ/P 5'UTR, intergenic sequences

including N 3'UTR, intergenic sequence, and P 5"UTR; Nos, nopaline synthase terminator. b GFP foci observation under ultraviolet light (UV). GFP
foci in agroinfiltrated leaf tissues were photographed at 12 dpi. Scale bar=5 cm. ¢ Fluorescent microscope images showing the GFP and RFP foci

in infiltrated agMR or gMR system leaves at 12 dpi. Scale bar=20 um. d Statistics of the numbers of GFP/RFP foci cells for agMR and gMR system. e
gRT-PCR analysis of minigenome RNA replication in the agMR and gMR system at 3, 6, and 12 dpi, respectively. NbPP2A served as an internal control

gene
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Fig. 1 (See legend on previous page.)

other RSMV proteins. The P3, M, G, and P6 proteins P6-CFP, and CFP-P6 were localized in the cytoplasm
were fused to the N or C termini of GFP and expressed or in both the cytoplasm and nucleus (Additional file 1:
in N. benthamiana leaves, respectively. The results Figure S2). Interestingly, both GFP-P3 and P3-GFP,
showed that both M-GFP, GFP-M, G-CFP, CFP-G, especially GFP-P3, formed granules in the cytoplasm.
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Fig. 2 Requirements of N, P, L, and VSR proteins for agMR/gMR reporter gene expression. a GFP foci observation under ultraviolet light (UV). GFP
foci in agroinfiltrated leaf tissues were photographed at 12 dpi. Scale bar=5 cm. b, ¢ Fluorescent microscope images showing the GFP and RFP foci
in infiltrated leaves at 12 dpi. Scale bar=20 um. d, e Western blot analysis showing accumulation of the GFP and RFP proteins in the leaves shown
in panels b and ¢ with mouse antibodies against GFP and RFP. The mock sample was infiltrated with Agrobacterium harboring the empty pGD
vector. The mouse antibody against actin was used for protein loading controls
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Immunogold labeling P

Fig. 3 RSMV GFP-P informs VF-like granules and is functional for agMR replication. a Schematic diagram of pGD vectors for the expression of P-GFP
and GFP-P. b Subcellular distribution of P-GFP and GFP-P in agroinfiltrated leaves of H2B-RFP transgenic N. benthamiana at 55 hpi. Scale bar=20 pm.
cImmunosorbent electron microscopy analysis of P subcellular localization patterns in non-infected and RSMV-infected rice leaves cells at 30

dpi. Bar=500 nm. V, virion; VVF, viral factory. d gRT-PCR analysis of minigenome RNA replication in the agMR with the combination of pGD-P, GFP-P,
or P-GFP, respectively. One-way t-test was used for analyses, "**" indicates the highly significant difference between the datas, P<0.01. e Western
blot analysis showing the accumulation of the RFP proteins in the leaves shown in panel (d) with mouse antibodies against RFP. The accumulation
of actin protein was used to standardize the concentration of the RFP protein level, and protein concentration further analyzed by ImageJ. f
Fluorescent microscope images showing the RFP foci in infiltrated leaves at 6 dpi. Scale bar=100 pm

Moreover, P3-GFP could also localize in the nucleus.
(Additional file 1: Figure S2). We then tested whether P3
affects the infection of RSMV agMR in N. benthamiana
leaves. All RT-qPCR, Western blotting and confocal
fluorescence results showed that the P3 protein did
not increase the agMR expression compared with the
control (Additional file 1: Figure S3).

The IDR2 of P is responsible for P granules formation

and is important for agMR replication

We further analyzed which domain is required for the
formation of P granules. PONDR (http://pondr.com) was
used for P protein IDR domain prediction. The results
suggested that RSMV P contained three potential IDRs,
including IDR1 (1-101 aa), IDR2 (239-285 aa), and
IDR3 (345-376 aa) (Fig. 4a). We next constructed three
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Fig. 4 I|dentification of RSMV P domains responsible for inclusion body formation. a IDR prediction of the RSMV P protein and schematic
presentation of deletion mutant designs. Deleted regions of RSMV P are indicated by lines. b Subcellular distribution of GFP-fused P and deletion
mutants. Images were taken at 55 h after infiltration. Scale bar=20 um. ¢ gRT-PCR analysis of minigenome RNA replication in the agMR

with the combination of pGD-P, pGD-P™PR?, or pGD-GUS, respectively. d Western blot analysis showing accumulation of the GFP and RFP
proteins in the leaves shown in panel ¢ with mouse antibodies against GFP and RFP. The accumulation of actin protein was used to standardize
the concentration of the RFP and GFP protein level, and protein concentration further analyzed by ImageJ. e Fluorescent microscope images
showing the GFP and RFP foci in infiltrated leaves at 6 dpi. Scale bar=100 um

RSMV P mutants named P™IPRI pmIDR2 4 pmiIDR3
respectively. These mutants were individually fused with
the C-terminus of GFP and expressed in N. benthamiana
leaves. Subcellular location observation showed that,
similar to GFP-P, both GFP-P™PR! and GFP-P™PR
formed granules in vivo (Fig. 4b). However, GFP-P™PR2
failed to form granules and was located in the cytoplasm
(Fig. 4b).

We next examined whether can support agMR
replication. The pGD-P™P®? construct was infiltrated
together with the agMR system. RT-qPCR analysis

PmIDRZ

revealed that the combination with pGD-P™PR? had a
lower agMR RNA accumulation compared with the full-
length pGD-P (Fig. 4c). Western blot showed that pGD-
P™IPR2 had lower levels of GFP and REP proteins than
pGD-P (Fig. 4d). Confocal fluorescence observation
showed that, compared with the combination with
pGD-P, pGD-P™PR? could not support the expression
of the two reporter genes (Fig. 4e). Collectively,
these results demonstrate that IDR2 is essential for
RSMV P granules formation and is required for agMR
replication.
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Discussion

The successful construction of an infectious clone of NSR
viruses relies on the exploration and optimization of the
mini-replicon reverse genetics system (Ganesan et al.
2013; Fang et al. 2019; Ibrahim et al. 2020; Feng et al.
2021). In this study, we have successfully developed an
RSMV mini-replicon system in N. benthamiana leaves,
laying a solid foundation for the further construction
of full-length infectious clones. Previous research has
demonstrated that the construction of a Bunyamwera
virus (BUNV) infectious clone can be achieved through
the transfection of three full-length cDNA clones
corresponding to the S, M, and L RNA segments of the
virus, respectively. This process does not require the
additional transfection of the core protein to assist with
transcription (Lowen et al. 2004), indicating that the
agRNAs possess the capability to function as mRNA,
allowing for translation into BUNV viral proteins prior
to encapsidation by the nucleoprotein (N protein).
Furthermore, the use of infectious clone of SYNV
confirmed that the agRNA derived from the infectious
clone can transiently express the N protein. Moreover,
the transiently expressed N protein shows a preference
for binding to the viral anti-genomic RNA, thereby
promoting the replication of the viral gRNA (Ganesan
et al. 2013). A residual GFP accumulated in those leaves
without the expression of core proteins, which results
from direct translation from the GFP ORF at the 5" end
of the agRNA transcripts. A similar result was obtained
in this study, we found that the GFP reporter gene in
the RSMV MR system can be transiently expressed
by its 5 cap structure of agRNA, suggesting that the
RSMV antisense RNA can transiently express the N
protein. Furthermore, research on BYSMV-based MR
systems has confirmed that its core component, the
P protein, can form mobile inclusions and specifically
bind to the N protein, promoting viral replication (Fang
et al. 2019). Based on BYSMV MR systems, research
has also demonstrated that the phosphorylation and
dephosphorylation of the P protein can regulate
viral replication and transcription processes (Zhang
et al. 2020), showcasing the potential of MR systems
in studying viral protein functions. The successful
establishment of the MR system for RSMV in this study
provides a new approach for studying the functions of
RSMV-encoded proteins.

Research has shown that the SYNV infectious clone
system based on gRNA had significantly higher infection
efficiency than that based on agRNA (Ganesan et al
2013). The improved infection efficiencies are manifested
by a much greater number of primary foci in infiltrated
leaves, elevated systemic infection rates, and accelerated
disease onset. This indicates that gRNA-based infectious
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clones have a faster proliferation and replication rate in
plants (Ma et al. 2020). On the contrary, in this study,
we found that the replication and transcription levels
of the gRNA-based RSMV gMR system were lower
than those of the agRNA-based RSMV agMR system
(Fig. 2). We speculate that this may be due to the fact
that gRNA-based infectious clones require a longer time
for the formation of the anti-genome during the initial
replication steps, causing the injected leaves to wither
before all RSMV proteins are translated.

The rhabdovirus P protein serves as the central
component of the virus replication complex and recruits
the N and L proteins (Nikolic et al. 2019; Ivanov et al.
2011). For SYNV and LNYYV, their N and P proteins are
individually localized in the nucleus and cytoplasm,
respectively. However, when co-expressed in cells, the N
and P proteins’ localization changes and form punctate
aggregates around the nucleus (Jackson et al. 2005;
Redinbaugh et al. 2005; Martin et al. 2011). In contrast,
the P protein of BYSMV forms inclusion bodies in the
cytoplasm, while the N protein is a nuclear-cytoplasmic
protein. When the N protein co-expressed with the P
protein, the P protein can recruit the N protein into its
punctate aggregates (Fang et al. 2019). In this study, the
RSMV P protein is also found to form granules similar
to the BYSMV P protein, suggesting that it may possess
similar properties. RABV can form membraneless
spherical regions in the cytoplasm, and these regions
contain viral replication complexes (RNPs), indicating
that these membraneless spherical regions are the VFs
of RABV. Further observation shows that the P protein
largely locates in the VFs, indicating that the P protein is a
key component of RABV VFs (Nikolic et al. 2017). In this
study, we found that the RSMV P protein is abundant in
VFs, confirming the conserved function of the P protein
in rhabdoviruses. In addition to the conserved structural
proteins involved in the composition of viral particles,
numerous viruses also encode a variety of smaller non-
structural proteins. These non-structural proteins have
been found to perform several critical functions, such
as evading host immune responses, enhancing viral
replication, and aiding in viral movement. Research on
positive-stranded RNA viruses shows that various non-
structural proteins contribute to the formation of viral
inclusion bodies. For example, the human enterovirus
PV non-structural protein 2BC induces the formation of
membrane vesicles and remodels host membranes (Barco
et al. 1995). The dengue virus NS4A protein co-localizes
with structural proteins and genomic RNA in inclusion
bodies, indicating its involvement (Miller et al. 2007).
In plant viruses, the BYSMV P9 protein acts as a ‘porin’
on mature viral particles, aiding in viral release and
replication (Gao et al. 2024). Our study shows that P3
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forms granules in vivo, suggesting that P3 may also play
an important role in viral infection. A previous report
showed that the RSMV P3 protein complements PVX
motility, indicating that P3 is a movement protein (Zhou
et al. 2019). Moreover, our results showed that a portion
of P3-GFP colocalized within the nucleus, underscoring
the need for further validation of the P3’s function.

Phase separation, especially liquid-liquid phase
separation (LLPS), plays a critical role in the assembly
of cellular membraneless organelles such as P bodies,
stress granules, and the nucleolus. This process
concentrates specific molecules, such as proteins and
nucleic acids, into liquid-like compartments to fulfill
their biological functions. The underlying molecular
mechanisms have garnered increased interest due to
the important roles of LLPS in various physiological
and pathological processes (Darling et al. 2019). VF is a
typical membraneless organelle that undergoes phase
separation in vivo and plays an important role in viral
replication, transcription, and particle assembly. Phase
separation is usually triggered by intrinsically disordered
regions (IDRs) of proteins (Alberti et al. 2018). The P
protein structure of rhabdoviruses is relatively conserved,
which contains IDRs, and is crucial for regulating
virus replication (Gérard et al. 2009). The P protein of
BYSMV contains IDRs and can form phase separation
in vivo and in vitro. P protein-mediated LLPS triggers
the formation of localized viral protein condensates for
optimal virus replication (Fang et al. 2021). Therefore,
this study predicted the IDR of RSMV P protein, and
the results showed that RSMV P protein has three
potential IDRs. Whether or not RSMV P protein can
undergo phase separation needs further investigation.
Furthermore, P protein of RABV is involved in regulating
the formation of Negri bodies (i.e. viral inclusions). The
key site for regulating the formation of viral inclusions
is located in its second IDR (Nikolic et al. 2017). This
study further investigated the effects of the three IDRs
on the formation of RSMV P protein granules. The
results showed that the IDR2 region is the key location
for RSMV P protein to form granules, and it is crucial for
virus replication. Whether the unique granules of RSMV
P protein are the center of viral inclusions needs further
experimental verification.

Conclusions

In conclusion, this study successfully constructed the
RSMV mini-replicon systems, laying a solid foundation
for further research on the viral protein function,
pathogenic mechanism, and full-length infectious clone
construction. Additionally, this study explored the
function of the RSMV P protein. Subcellular localization
experiments revealed that the P protein forms granules
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in vivo, and the key region for the formation of these
granules is the IDR2 region of P. This has been further
confirmed to be crucial for MR replication.

Methods

Plant materials

The N. benthamiana (laboratory isolate strain) or
H2B-RFP transgenic N. benthamiana plants used for
expression assays were grown at 23°C with a 12-h day/
night regimen.

Plasmid constructs

For the construction of the RSMV agMR system, total
RNA was extracted from RSMV-infected plants using
Trizol reagent (Vazyme Biotech, Nanjing, China)
and used as a template for reverse transcription (RT)
to synthesize the full-length cDNA of RSMV with
SuperScript III Reverse Transcriptase (Invitrogen,
USA). Briefly, the buffer, primer (Reverse-d/R), RNA,
and reverse enzyme were mixed and incubated at 50°C
for 30 min to synthesize the cDNA. The full-length
¢cDNA of RSMV antigenomic RNA (12.7-kilobase)
was amplified using Phanta Max Super-Fidelity DNA
polymerase (Vazyme Biotech, Nanjing China) using
primers (Reverse-a/F and Reverse-d/R), and amplified
full-length cDNA fragments of expected sizes generated
by PCR were purified using a DNA purification kit
(Axygen, AP-GX-50, Beijing, China), and sequenced
by Sangon Biotechnology. The correction of the RSMV
full length cDNA fragments was confirmed with the
original RSMV antigenomic sequence, and then the
full-length ¢DNA fragment was engineered into a
binary plasmid, pCB301-2%x35S-Nos (Wang et al
2015), to form pCB301-agRSMV. For the construction
of the RSMV agMR plasmid, three viral fragments were
amplified using pCB301-agRSMYV as a template. These
fragments included the RSMV leader sequence (le) to
the 5" -untranslated region (UTR) of the RSMV N gene
sequence (N 5 -UTR), gene junction (GJ) sequences
separating the RSMV N and P genes (NPJ/P 5 -UTR),
and the 3’- UTR of the RSMV L gene (L 3’- UTR) to the
RSMYV trailer sequence (tr). The reporter gene, enhanced
green fluorescent protein (EGFP), was amplified using
pCambial300-GFP (Hajdukiewicz et al. 1994) as a
template and substituted for the N protein open reading
frame (ORF). The reporter gene, red fluorescent protein
(mRFP), was amplified using pGWB454 (Nakagawa et al.
2007) as a template and substituted for the P protein
ORE. These fragments were then assembled using
overlap PCR in the following order: 3’ le-N 5 UTR-
EGFP-NPJ/P 5 UTR-mRFP-L 3’ UTR-5’ le to form the
agMR sequence. For the construction of the RSMV gMR
plasmid, the plasmid has an identical sequence but in an
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inverted orientation compared with the agMR plasmid.
The pGD-N, pGD-P, and pGD-L plasmids were generated
by inserting the RSMV N, P, and L ORF ¢cDNA sequences
into the pGD vector (Goodin et al. 2002). The pGD-VSRs
was obtained from a previous study (Fang et al. 2019).

For subcellular localization assays, the N, P, P3, M,
G, P6, and P relative mutants were inserted into the
pCambial300-GFP/N or pCambial300-GFP/C vector,
respectively. To evaluate P and P3 function in MR
replication, P mutants and P3 sequences were inserted
into the pGD vector, respectively. All the primers were
listed in Additional file 2: Table S1.

Agroinfiltration infiltration

Recombinant binary plasmids were introduced into
Agrobacterium (EHA105) by electroporation. Overnight
cultures of Agrobacterium cells were resuspended in
infiltration buffer (10 mM MES, 10 mM MgCl,, and
100 uM Acetosyringone, pH 5.6). For agMR/gMR
expression assays, cell suspensions were adjusted to an
A600 of 0.8 and incubated for 2—4 h at room temperature.
Before infiltration, pGD-N, pGD-P, pGD-L, pGD-VSRs,
and agMR/gMR cultures were mixed at a 1:1:1:1:1 ratio.
The mixed cultures were infiltrated into the leaves of
four-week-old N. benthamiana plants. For subcellular
localization assays, Agrobacterium containing different
gene constructs encoding the N, P, P3, M, G, P6, and P
mutant proteins were diluted to an ODgy, of 1.2 and
infiltrated into H2B-RFP transgenic plant leaves.

Fluorescence observation

For agMR/gMR expression assays, fluorescence
in infiltrated leaves was visualized 6-12 days after
agroinfiltration using a Leica TCS-SP8 confocal laser
scanning microscope. For subcellular localization,
visualization was done 55-60 h after agroinfiltration.
GFP was excited at 488 nm and emission was captured
between 498 nm and 540 nm. RFP were excited at 568 nm
and emission was captured between 578 nm and 620 nm.

Real-time quantitative RT-PCR (qRT-PCR)

For the detection of agMR/gMR accumulation, total RNA
was extracted from the infiltrated leaves using Total RNA
Extraction Reagent (Vazyme Biotech, Nanjing, China)
according to the manufacturer’s instructions. One-
step qRT-PCR reactions were performed by amplifying
fragments (spanning GFP and RFP genes, primer pair:
qMR-F/R) to detect replication levels using the HiScript
IT One-Step qRT-PCR SYBR Green kit (Vazyme Biotech,
Nanjing, China). Briefly, 250 ng of template RNA,
5% One-Step qRT-PCR SYBR Green kit, 1 uL transcript
enzyme, and 10 mM of each primer were mixed together
in a total volume of 10 pL, and PCR reactions were run
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as follows: 15 min at 50°C, 3 min at 96°C, followed by 40
cycles of 10 s at 95°C, and 30 s at 60°C, and 10 min, 72°C.
The used primers are listed in Additional file 2: Table S1.
All qRT-PCR data were normalized with the NbPP2A
gene. Three independent biological replicates were
performed for statistical analysis.

Western blotting analysis

Proteins were extracted from agroinfiltrated N.
benthamiana leaves harvested at 2-10 days post-
infiltration (dpi) and evaluated by Western blotting. The
proteins separated by SDS-PAGE were either stained
with Coomassie blue or transferred to nitrocellulose
membranes and detected with monoclonal antibodies
elicited against GFP (1:5000) (Clontech Laboratories,
Mountain View, CA), red fluorescent protein (RFP)
(1:2000) (ABclonal, China), and actin (1:5000) (Abmart,
USA), followed by goat anti-mouse (1:8000) IgG
horseradish peroxidase conjugate, Pierce ECL Plus
chemiluminescent substrate, and exposure to X-ray films
(Bio-Rad, Japan).

Immunosorbent electron microscopy

For immunoelectron microscopy, rice leaves were pre-
fixed with 4% PFA (in 100 mM phosphate buffer, pH 7.0)
and 0.1% glutaraldehyde (GA) for 2 h, and then post-fixed
with 2% PFA overnight at 4°C. After being treated with
0.1 M glycine for 1 h, the fixed leaves were dehydrated
in graded ethanol at 4C and embedded in LR-white
(GE Healthcare, 14,381-UC). The embedding was
polymerized at —20°C using UV light. 100 nm sections
were cut and mounted on single slot nickel grids using
a Leica UC7 Ultramicrotome. The sections were then
mounted on formal supported nickel single slot grids.
Next, the sections were incubated in 100 mM phosphate
buffer for 15 min, followed by a 15-min incubation in
a blocking buffer (1% BSA [Sigma Aldrich, V900933]
in 100 mM phosphate buffer, pH 7.0). For observation
of RSMV P using single immunosorbent electron
microscopy observation, the sections were incubated
with a rabbit antibody specific to RSMV P (1:100, v:v)
for 1 h at room temperature. This was followed by a 1-h
incubation with a 12-nm gold-conjugated goat-anti-
rabbit IgG secondary antibody (Sigma Aldrich, G7402)
solution (1:100, v:v).

Statistical analysis

Differences were analyzed using a one-way analysis
of variance (ANOVA) with Tukey’s honest significant
difference (HSD) test for multiple comparisons or a
one-way t-test for comparisons between two means. A
P-value £0.05 was considered statistically significant.



Wang et al. Phytopathology Research (2025) 7:23

All analyses were performed using SPSS version 2.0
(SPSS, Inc. Chicago, Illinois, USA).

Abbreviations

agMR Anti-genome minireplicons
agNC Anti-genomic nucleocapsids
agRNA Anti-genomic RNA

BUNV Bunyamwera virus

BYSMV Barley yellow striate mosaic virus
CaMVv Cauliflower mosaic virus

gMR Genomic minireplicons

gRNA Genomic RNA

IDR Intrinsically disordered regions

L RNA polymerase

LLPS Liquid-liquid phase separation
LNYV Lettuce necrotic yellows virus
MR Minireplicon

N Nucleoprotein

NCMV Northern cereal mosaic virus
NSR Negative-sense RNA

P Phosphoprotein

PVX Potato virus X

RABV Rabies virus

RNP Ribonucleoprotein

RSMV Rice stripe mosaic virus

RSV Rice stripe virus

RT-gPCR  Reverse transcription- quantitative real-time PCR
SYNV Sonchus yellow net virus

TSWV Tomato spotted wilt virus

VSRs Viral suppressors of RNA silencing protein
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