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A B S T R A C T   

New evidences are emerging to support the importance of viral replication complexes (VRCs) in not only viral 
replication, but also viral cell-to-cell movement. Currently, how VRCs grow in size and colocalize with viral 
movement proteins (MPs) remains unclear. Herein, we performed live-cell imaging of red clover necrotic mosaic 
virus (RCNMV) dsRNA by using reporter B2-GFP plants. Tiny granules of dsRNA were formed along the endo-
plasmic reticulum (ER) at an early stage of infection. Importantly, the colocalization of the dsRNA granules with 
the virus-encoded p27 replication protein showed that these structures are components of VRCs. These granules 
moved throughout the cytoplasm, driven by the acto–myosin system, and coalesced with each other to form 
larger aggregates; the MPs were not associated with these processes. Notably, the MPs colocalized preferentially 
with large dsRNA aggregates, rather than with tiny dsRNA granules, suggesting that the increase in the size of 
VRCs promotes their colocalization with MPs.   

1. Introduction 

Most positive-strand RNA viruses modify the membrane structure of 
cellular organelles, such as the endoplasmic reticulum (ER), peroxi-
somes, and Golgi apparatus, to form viral replication complexes (VRCs) 
and synthesize viral RNA (den Boon et al., 2010; Heinlein et al., 1998; 
Laliberté and Sanfaçon, 2010; Laliberté and Zheng, 2014; Mine and 
Okuno, 2012). As viruses encode only a few proteins, they must utilize 
several host proteins to form a suitable microenvironment for replica-
tion (Hyodo and Okuno, 2014, 2016, 2020; Nagy and Feng, 2021). VRCs 
contain viral replicase, genomic RNA, double-stranded RNA (dsRNA), an 
intermediate product of viral replication, and host proteins. Replicase 
alters the membrane structure of the host cell organelle, resulting in the 
reorganization of the endomembrane upon VRC formation (den Boon 
and Ahlquist, 2010). Electron microscopy analysis of yeast cells 
expressing the 1a protein, a replicase component of brome mosaic virus, 
showed the formation of spherules about 50 nm in diameter that contain 
the viral replicase proteins (Schwartz et al., 2002). The formation of 
spherules involves endosomal sorting complexes required for transport 
(ESCRT) and the reticulon, which functions during ER 
remodeling-associated processes, such as membrane detachment and 

bending (Diaz et al., 2010, 2015). These structures are thought to be the 
sites of viral replication; they protect the viral dsRNA from host RNase 
(Schwartz et al., 2002, 2004). 

VRCs formed by several types of viruses are not static and change 
their sizes and subcellular localization as the infection progresses. 
During cowpea mosaic virus (CPMV) infection, CPMV VRCs are 
distributed as spot-like structures throughout the cytoplasm at an early 
stage of infection, while larger bodies are formed in the center of cells, 
often near the nucleus at a late stage of infection (Carette et al., 2002). 
Tobacco mosaic virus (TMV) viral RNA is recruited to the ER membrane 
via the 5′ cap structure, and then, the initial VRCs are formed as small 
granules (Christensen et al., 2009). TMV VRCs move along the micro-
filaments and accumulate at the junction between the cortical ER–actin 
network with microtubules; these junctions are called cortical 
microtubule-associated ER sites (cMERs). The initial VRCs collected in 
the cMERs are targeted to the plasmodesmata (PD) for viral cell-to-cell 
movement or form larger aggregates (Sambade et al., 2008). Potato 
virus X (PVX) induces the formation of ER-derived granular VRCs at an 
early stage of infection (Bamunusinghe et al., 2009) and forms large 
aggregates called X-bodies or inclusion bodies at a late stage of infection 
(Linnik et al., 2013; Tilsner et al., 2012). Aggregates formed during the 
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late stage are believed to be the sites for enhancing the efficiency of viral 
replication and virion formation via the sequestration of various host 
proteins and the cytoskeleton. Thus, the transition of VRCs from smaller 
granular structures to the larger aggregates represents a widely 
conserved feature of plant virus infection. However, the process of VRC 
formation and the transition from the smaller VRCs to the larger ag-
gregates remain poorly understood. 

Plant viruses move via the PD to adjacent cells (Lucas, 2006; Reagan 
and Burch-Smith, 2020; Tilsner et al., 2014; Waigmann et al., 2004). 
Movement proteins (MPs) function to increase the size exclusion limit of 
the PD and transfer RNA–MP complexes by binding to viral RNAs 
(Benitez-Alfonso et al., 2010; Kumar and Dasgupta, 2021; Sambade 
et al., 2008; Waigmann et al., 2004). Several types of viral MPs coloc-
alize with VRCs. Turnip mosaic virus (TuMV) encodes P3N-PIPO protein 
as a dedicated MP (Cui et al., 2017; Yang et al., 2021). P3N-PIPO lo-
calizes at PD to support the recruitment of cylindrical inclusion (CI) 
protein to PD and subsequent intercellular trafficking of virion or 
CP/vRNP. In addition, P3N-PIPO colocalizes with 6K2-containing vesi-
cles, which are thought to be components of VRCs. Multipartite inter-
action between TuMV-encoded proteins, such as 6K2, P3, P3N-PIPO, and 
CI may be involved in transporting 6K2-containing vesicles to the 
entrance of PD, possibly facilitating the cell-to-cell movement of TuMV 
(Chai et al., 2020; Wang, 2021). Barley stripe mosaic virus (BSMV) en-
codes three types of MPs (triple gene block (TGB) 1, 2, and 3). TGB2 and 
TGB3 are recruited by the viral γb protein into chloroplasts, where VRCs 
are formed, and enhance viral cell-to-cell movement (Jiang et al., 2020). 
These results suggest that viral replication and cell-to-cell movement are 
tightly linked and that the colocalization of MPs with VRCs may be 
necessary for the efficient viral cell-to-cell movement. 

Thus far, VRC localization in living cells has been investigated by 
using fluorescent protein (FP)-tagged viral proteins. As FP-tagged vi-
ruses usually have a lower replication capacity than wild type (wt) vi-
ruses, it is quite difficult to monitor the dynamics of the VRCs. Recently, 
Monsion et al. (2018) have developed a transgenic Nicotiana ben-
thamiana (B2-GFP plant) expressing the GFP-tagged dsRNA-binding 
domain of the B2 protein encoded by Flock House virus (B2-GFP). 
B2-GFP binds to, and detects the localization of, dsRNAs that are more 
than 80 nucleotides long in living infected cells. Punctate-like dsRNA 
structures (dsRNA granules) and larger aggregated structures were 
formed only upon viral infection. The aggregated dsRNA structures 
colocalized with the viral coat protein (CP), MPs, viral genomic RNA, 
and viral replicase, suggesting that these structures are components of 
VRCs. Therefore, B2-GFP plants have the potential to be used for 
monitoring the dynamics of VRCs in living cells. 

Red clover necrotic mosaic virus (RCNMV) is a positive-stranded 
RNA virus with a bipartite genome; it belongs to the genus Dia-
nthovirus in the family Tombusviridae. Genomic RNA1 encodes the p27 
auxiliary replication protein, p88 RNA-dependent RNA polymerase, and 
CP (Xiong and Lommel, 1989; Xiong et al., 1993b; Zavriev et al., 1996). 
RNA2 encodes an MP that is required for viral cell-to-cell movement and 
belongs to the 30K superfamily (Fujiwara et al., 1993; Xiong et al., 
1993a). p27 and p88 localize at the ER (Turner et al., 2004) and form 
480-kDa complexes, which are components of VRCs, by binding with 
several host proteins (Hyodo and Okuno, 2014, 2020). GFP-tagged p27 
coexpressed with p88 and RNA2 via agroinfiltration localizes at small 
punctates along ER filaments. Later, larger aggregates containing the 
modified ER are formed at the perinuclear region (Kusumanegara et al., 
2012), suggesting that the localization and morphology of VRCs change 
along with RCNMV infection. 

Expression of GFP-tagged MPs from the CP-encoding region of 
RCNMV RNA1 makes it possible to monitor the localization of the MPs in 
living cells (Tremblay et al., 2005; Kaido et al., 2009). This recombinant 
system revealed that the MP-GFP localizes at the PD at an early infection 
stage, and later, forms cortical punctate structures. Eventually, larger 
aggregates are formed adjacent to the nucleus. Immunostaining analysis 
showed that the MP-GFP colocalized with p27 and dsRNA, which are 

components of VRCs (Kaido et al., 2009, 2014). Furthermore, we found 
that 70 C-terminal amino acids of RCNMV MPs are required for both the 
localization to cortical punctate structures (that are VRCs) and viral 
cell-to-cell movement (Kaido et al., 2011). In addition, the search for 
host factors that facilitate the movement of RCNMV revealed that the 
glyceraldehyde 3-phosphate dehydrogenase A of N. benthamiana 
(NbGAPDH-A) is involved in viral cell-to-cell movement by influencing 
the localization of MPs to VRCs (Kaido et al., 2014). These results sug-
gest that RCNMV MPs localize at VRCs via 70 C-terminal amino acids 
with NbGAPDH-A and that the colocalization of MPs with VRCs is 
essential for efficient viral cell-to-cell movement. However, fundamental 
questions regarding how VRCs grow and increase in size, and how and 
when MPs colocalize with VRCs, remain unanswered. 

In this study, we investigated the dynamics of dsRNA structures 
formed during RCNMV infection in B2-GFP plants to gain insights into 
the formation and transition processes of VRCs. Upon RCNMV infection, 
cortical punctate dsRNA granules were formed during an early infection 
stage; these granules then coalesced with each other to form larger ag-
gregates. The colocalization of dsRNA granules with viral replicase was 
confirmed, indicating that these dsRNA structures are components of 
VRCs. Remarkably, large aggregates containing the ER colocalized 
strongly with MPs, while tiny dsRNA granules were weakly associated 
with both the membrane and MPs. Herein, we present novel findings 
stating that VRCs containing dsRNA and granular structures containing 
MPs are formed separately and that the size of VRCs is relevant to their 
colocalization with MPs. 

2. Materials and methods 

2.1. Plasmid construction 

Plasmids given the prefix “pBIC” were used for agroinfiltration, and 
“pUC” were used for in vitro transcription. The plasmids pBICp88, 
pBICRC2 and pUCR1 were described previously (Fig. S1, Takeda et al., 
2005). 

All plasmids were amplified using Escherichia coli DH5α strain. All 
PCR reactions were performed using KOD One PCR master mix (Toyobo, 
Osaka, Japan), and all the PCR-amplified regions were verified by 
sequencing. The primers used in this study are listed in Table S1. 

The binary vector pBICP35 (Mori et al., 1991) was digested with 
ClaI, blunt-ended with T4 DNA polymerase (Takara Bio, Kusatsu, Japan) 
treatment to eliminate ClaI site, and self-ligated, producing pBICP35 
(-ClaI). 

A DNA fragment containing ER targeting peptide coding region was 
amplified from pBICER-mCherry (Kaido et al., 2009) using primers 1 
and 2. A DNA fragment containing mScarlet-i coding region was 
amplified from pmScarlet-i_C1 (Addgene, Watertown, MA, USA) using 
primers 3 and 4. These fragments were mixed and used as the template 
for recombinant PCR using primers 1 and 4. The amplified PCR product 
was digested with BamHI/KpnI and inserted into the corresponding site 
of pBICP35 (-ClaI), producing pBICER-mSi. 

A DNA fragment containing mSi coding region was amplified from 
pBICER-mSi using primers 5 and 6. A DNA fragment containing p27 
coding region was amplified from pUCR1 using primers 7 and 8. These 
fragments were mixed and used as the template for recombinant PCR 
using primers 5 and 8. The amplified PCR product was digested with 
BamHI/KpnI and inserted into the corresponding site of pBICP35 (-ClaI), 
producing pBICp27-mSi (Fig. S1). 

A DNA fragment containing mSi peptide coding region was amplified 
from pBICER-mSi using primers 9 and 10. The amplified PCR product 
was digested with MluI/ClaI and inserted into the corresponding site of 
pUCR1-MsG (Kaido et al., 2009), producing pUCR1-MmSi (Fig. S1). 

pUCR1-MmSi was digested with MluI/ClaI and inserted into the 
corresponding site of pR1-sGFP (Kaido et al., 2009), producing pR1-mSi. 
pR1-mSi was digested with SmaI/XhoI and inserted into the corre-
sponding site of pUCR1, producing pUCR1-mSi (Fig. S1). 
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A DNA fragment containing T7 promoter and the cDNA of RCNMV 
(Aus) RNA2 was amplified from pRC2|G (Xiong and Lommel, 1991) 
using primers 11 and 12. The amplified PCR product was digested with 
EcoRI/SmaI and inserted into the corresponding site of pUC119 (Takara 
Bio), producing pUCR2 (Fig. S1). 

A DNA fragment containing T7 promoter and the cDNA of R2fsMP 
was amplified from pRNA2fsMP (Tatsuta et al., 2005) using primers 12 
and 13. The amplified PCR product was digested with EcoRI/SmaI and 
inserted into the corresponding site of pUC119, producing pUCR2fsMP 
(Fig. S1). 

2.2. Plant growth conditions 

N. benthamiana expressing B2-GFP (B2-GFP plants) were grown on 
commercial soil (Sumirin-Ryokka, Tokyo, Japan) at 25 ± 2 ◦C and under 
long-day conditions with 16 h illumination per day. 4- or 5-week-old 
plants were used for viral RNA inoculation and 5- or 6-week-old 
plants were used for agroinfiltration or inhibitor treatment. 

2.3. Inoculation of plants with viral RNA 

RCNMV RNA was transcribed in vitro from plasmids given the prefix 
‘pUC’ by using T7 RNA polymerase (Takara Bio) and the concentration 
of RCNMV was adjusted to 1.0 μg/μl. 4- or 5-week-old wt N. benthamiana 
or B2-GFP plants were rub-inoculated with a mixture of in vitro tran-
scripts of RCNMV RNA by using carborundum (Nacalai Tesque, Kyoto, 
Japan) and incubated at 17 ◦C under long-day conditions with 16 h 
illumination per day. 

2.4. Microscopy 

Subcellular localization of proteins tagged with FPs was observed 
using an Olympus FluoView FV1200 confocal laser scanning microscope 
(CLSM). A 40 × Plan Apo objective lens (numerical aperture 0.95) or 60 
× Plan Apo (numerical aperture 1.35) oil immersion objective lens 
(Olympus, Tokyo, Japan) was used. Excitation dichroic mirrors DM405/ 
473/559, beam splitter SDM560 for GFP and mirror for RFP, and vari-
able barrier filters (VBF) of 485 nm–545 nm for GFP and 570 nm–670 
nm for RFP were used for the detection of fluorescent signals. In ex-
periments for visualizing dual fluorescence, images were taken in a 
sequential mode to minimize fluorescent signal leakage. Images were 
stacks composed of optical sections taken at 1–2 μm intervals or single 
section taken at a cortical region of a plant cell. In time lapse imaging 
analyses, images were taken at every 1–10 s. All images were processed 
using Image J/Fiji (ver. 1.52p) (https://imagej.net/software/fiji/) 
(Schindelin et al., 2012). 

The spread of mScarlet-i fluorescence was observed using Zeiss Axio 
Observer 7 fluorescence microscope using the imaging program ZEN 3.1 
pro (Carl Zeiss, Oberkochen, Germany). 

2.5. Northern blot analysis 

Total RNA extraction from wt N. benthamiana or B2-GFP plant leaves 
and northern blot analysis were performed as described previously 
(Mizumoto et al., 2003). Probes used for detection of positive-strand 
RCNMV RNA1 and RNA2 were as described by Mizumoto et al. 
(2002). The luminescence signal was detected by using a WES-6100 
Lumino Graph (ATTO, Osaka, Japan) and the signal intensity was 
calculated by using Image J/Fiji (ver. 1.52p). 

2.6. Inhibitor treatment of plants 

Half leaf of 5- or 6-week-old plants was infiltrated with 5 μM 
Latrunculin B (Lat B; Sigma-Aldrich, St. Louis, U. S. A.) in 0.2% dimethyl 
sulfoxide (DMSO; FUJIFILM Wako Pure Chemical, Osaka, Japan) 6 h in 
advance of RCNMV inoculation. Plants were inoculated with in vitro 

transcripts of RCNMV and incubated at 17 ◦C. The other half leaf was 
infiltrated with 0.2% DMSO as a control treatment. 

2.7. Staining of nucleus 

5-week-old B2-GFP plants were infiltrated with 4′–6′-Diamidino-2- 
phenylindole (DAPI; Tocris bioscience, Bristol, U.K.) in phosphate- 
buffered saline buffer (PBS; Takara Bio) 20 min before observation 
and incubated at room temperature. 

2.8. Agroinfiltration of plants 

5- or 6-week-old B2-GFP plants were infiltrated with Agrobacterium 
tumefaciens GV3101 strain (pMP90) containing plasmids given the prefix 
‘pBIC’. In the localization analysis experiment of p27-mSi, plants were 
incubated in a moist chamber at 22 ◦C for 2 days. In the localization 
analysis experiment of ER-mSi, plants were incubated in a moist 
chamber at 22 ◦C for 1 day and rub-inoculated with a mixture of in vitro 
RCNMV transcripts. After inoculation, plants were incubated in a moist 
chamber at 17 ◦C for 20–28 h. 

2.9. Image analysis 

2.9.1. Number and size 
After the images were taken and acquired in TIFF format using 

CLSM, only the infected cells were trimmed using GNU Image Manip-
ulation Program (GIMP; ver. 2.10.20) (https://www.gimpo.org/) and 
used for image analysis. Three images were used to create a classifier 
using Trainable Weka Segmentation (TWS) plug-in (https://imagej.net 
/plugins/tws/) (Arganda-Carreras et al., 2017) for Image J/Fiji. To 
confirm its effectiveness, the three test images were segmented by each 
classifier. The same classifier was applied to all images taken at the same 
experiment. After identifying dsRNA structures, inverting images into 
8-bit type and binarizing them to generate binary images, fill hole and 
analyze particle plug-in for Image J/Fiji were performed to measure the 
number and size of dsRNA structures. 

2.9.2. Velocity 
Sequential images were taken at three infected sites and subjected to 

image analysis. After randomly selecting 10 structures per site, we 
calculated the mean velocity of each structure using MTrack J plug-in 
(https://imagej.net/plugins/mtrackj) (Meijering et al., 2012) for 
Image J/Fiji. 

2.9.3. RGB intensity 
Relative intensities of red and green fluorescent signal were calcu-

lated using the RGB profiler plug-in (https://imagej.nih.gov/ij/plugin 
s/rgb-profiler.html). 

3. Results 

We define subcellular structures containing fluorescent proteins as 
follows. Granules and punctates are fluorescent structures smaller than 
1.0 μm2. Spot-like structures are between 1.0 μm2 and 20 μm2 in size. 
The aggregates represent fluorescent structures larger than 20 μm2 in 
size. 

3.1. B2-GFP based-live imaging revealed the subcellular dynamics of 
RCNMV dsRNA granules 

A previous report showed that B2-GFP localized to larger cyto-
plasmic aggregates or smaller granules formed only during viral infec-
tion (Monsion et al., 2018). First, we ascertained whether similar 
structures could be observed during RCNMV infection using CLSM. In 
mock-inoculated leaves, B2-GFP localized to the nucleus and spread 
uniformly throughout the cytoplasm in the epidermal cells (Fig. S2, left 
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panel and Fig. S3A). On the other hand, cytoplasmic small granular 
structures and large aggregates were observed in the leaves inoculated 
with wild type RCNMV RNA transcripts (RNA1 + RNA2) at 24 h post 
inoculation (hpi) (Fig. S2, right panel). Interestingly, nuclear GFP signal 
in the cells with those aggregates tended to be much weaker than that in 
mock-inoculated leaves (Fig. S2 and S3). In the virus-infected cells, 
B2-GFP might re-localize from nucleus to the cytoplasmic aggregates. 
Cytoplasmic aggregates and nucleus are easily distinguishable on the 
basis of their shapes and brightness (Fig. S3B). These structures, which 
are formed specifically during viral infection, are thought to be the sites 
where dsRNA, a component of VRCs, is synthesized. Since B2-GFP binds 
to the dsRNA, which is a viral replication intermediate, it is possible that 
B2-GFP affects viral multiplication. To assess this possibility, we 
compared the accumulation of RCNMV RNA in wt N. benthamiana plants 
with that in B2-GFP plants at 2 days post inoculation (dpi; inoculated 
leaves) and 7 dpi (systemic leaves). Similar amounts of positive-stranded 
viral RNA accumulated in both plants (Figs. S4A–S4C). These results 
suggest that B2-GFP neither inhibited nor promoted viral replication and 
that B2-GFP plants are favorable for monitoring the dynamics of RCNMV 

dsRNA structures. 
The dynamics of viral dsRNA were monitored in the RCNMV- 

inoculated leaves of B2-GFP plants over time using CLSM. Numerous 
dsRNA granules started to appear in the cortical region on the upper wall 
of epidermal cells at 5 hpi. Later, at 9 hpi and 15 hpi, larger spot-like 
structures of dsRNA were observed (Fig. 1, left panels). These observa-
tions suggest that dsRNA structures grow in size during viral infection. 
Some of the dsRNA structures were located along the outer edge of the 
epidermal cells (Fig. 1). 

3.2. The dynamics of RCNMV dsRNA granules are uncoupled from the 
functions of MPs 

Previous reports have shown that several viral MPs, including 
RCNMV MPs, colocalize with viral replicase or replication complexes 
(Heinlein, 2015; Tilsner and Oparka, 2012). To test whether RCNMV 
MPs are involved in the formation of dsRNA structures and the increase 
in their size, we inoculated B2-GFP plants with in vitro-synthesized 
transcripts of mutant RCNMV, which does not express MP (RNA1 +

Fig. 1. Time course imaging of dsRNA structures. 5-week-old B2-GFP plants were inoculated with a mixture of RCNMV RNA1 and RNA2 (left panels) or RNA1 and 
RNA2fsMP (right panels), and incubated at 17 ◦C. Observation at 5 hpi (upper panels), 9 hpi (middle panels) and 15 hpi (lower pannels). DIC and GFP channel images 
were merged. Arrowheads, nucleus. Scale bars = 50 μm. 
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RNA2 fsMP). At 5 hpi, small dsRNA granules appeared on the inner 
surface of epidermal cells, and later, larger structures were detected 
(Fig. 1, right panels). There was little difference in the localization of the 
dsRNA compared with that in wt RCNMV-inoculated leaves. 

The number and size of dsRNA structures were assessed by using the 
trainable weka segmentation (TWS) program. The number of dsRNA 
structures gradually increased over time (Fig. 2A). Larger dsRNA 
structures appeared over time. The Steel–Dwass multiple-comparison 
test detected significant differences in the size of dsRNA structures be-
tween at 5 and 9 hpi for wt or fsMP mutant RCNMV (Fig. 2B, left panel). 
The median value remained almost the same, but the mean value 
gradually increased. This suggests that over the course of infection, 
small new dsRNA granules are continuously formed and existing dsRNA 
granules are gradually enlarged (Fig. 2B, right panel). Since a few con-
spicuous larger structures than 5 μm2 in size were found to be formed in 
infected cells, we focused on the largest structures in each cell and 
compared them between each time point. The mean size of the largest 
structures in infected cells increased significantly every 4–5 h (Fig. 2C). 
We confirmed that there was no significant difference between the size 
of dsRNA structures in the wt RCNMV- and fsMP mutant-infected cells. 
These results indicate that the formation of VRCs and the increase in 
their size are independent of RCNMV MPs. 

3.3. An actin antagonist inhibited the intracellular transport and 
aggregation of dsRNA granules 

To examine how dsRNA granules grow in size, we performed the 
time-lapse tracking of dsRNA granules under high magnification. B2- 
GFP plants were inoculated with wt RCNMV and subjected to time- 
lapse imaging analysis at 5 hpi. We observed the active movement of 
dsRNA granules smaller than 1.0 μm2 in size (Video S1) and sometimes 
larger dsRNA spot-like structures as well. Notably, small punctate 
granules were observed to move and coalesce with the larger ones 
(Fig. 3). This suggests that some dsRNA granules are highly mobile and 
that the larger aggregates may be formed as small granules coalesce each 
other and grow in size over time. These small granules looked to move 
with the ER streaming (Fig. S5, Video S2). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.virol.2022.01.015 

Latrunculin B (Lat B), an inhibitor of actin polymerization, prevented 
the intracellular transport of TMV VRCs (Liu et al., 2005). To ascertain 
the involvement of the acto–myosin system in the intracellular transport 
of RCNMV dsRNA granules, we treated the leaves with Lat B and 
observed the subcellular localization of dsRNA structures. In the nega-
tive control, i.e., dimethyl sulfoxide (DMSO)-treated leaves, dsRNA 

Fig. 2. Number and area of dsRNA structures. 4- 
week-old B2-GFP plants were inoculated with a 
mixture of RCNMV RNA1 and RNA2 (gray) or RNA1 
and RNA2fsMP (white), and incubated at 17 ◦C. 
Confocal microscopy images were taken at 5 hpi, 9 
hpi and 14 hpi. Ten images were subjected to image 
analysis at each time point. The number and size of 
dsRNA structures were calculated by Trainable Weka 
Segmentation (TWS), image J plug-in tool. Results 
were obtained from three independent experiments. 
(A) The mean number of dsRNA structures per cell. 
(B) The area of all dsRNA structures (left graph) and 
dsRNA structures less than 2 μm2 (right graph) (Steel- 
Dwass test: ***, P < 0.001). × in the right box plot 
shows the mean of the size. (C) The mean area of the 
largest structures in infected cells. Significantly 
different statistical groups indicated by two-way 
ANOVA with post-hoc Tukey’s honest significance 
test were shown with different capital letters (P <
0.05).   
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structures of various sizes, such as small punctates and larger aggre-
gates, were observed at 12 hpi (Fig. 4A, left panel). Meanwhile, in Lat 
B-treated leaves, the size of the aggregates appeared to be much smaller 
than those in DMSO-treated leaves (Fig. 4A, right panel). Image analysis 
detected no significant difference between the number of dsRNA gran-
ules in the DMSO-treated and Lat B-treated leaves (Fig. 4B). However, a 
significant difference in the size of dsRNA granules was detected be-
tween the two treatments. Few aggregates larger than 10 μm2 in size 
were detected after the Lat B treatment (Fig. 4C). In addition, the mean 
size of the largest dsRNA structures was reduced to 30% in the Lat 
B-treated leaves compared with that in the DMSO-treated leaves 
(Fig. 4D). 

Next, to investigate whether Lat B affects the intracellular transport 
of dsRNA granules, we performed time-lapse imaging analysis. The 
dsRNA granules moved actively in DMSO-treated leaves (Fig. 5A (left 
panel), Video S3); little intracellular movement was observed in the Lat 
B-treated leaves (Fig. 5A (right panel), Video S4). The velocity of dsRNA 
granules was calculated using Mtrack J. The average velocity after Lat B 
treatment was reduced to 17.0% of that after DMSO treatment (Fig. 5B). 
These results suggest that the acto–myosin system is involved in the 
intracellular transport of dsRNA granules and their subsequent aggre-
gation. Lat B treatment in this experimental condition did not affect the 
accumulation level of RCNMV RNAs in the inoculated leaves (Fig. S6). 
The result suggests that the formation of large dsRNA aggregates is not a 
prerequisite for the higher accumulation of viral RNA accumulation of 
RCNMV. Spot-like structures shown in the right panel of Fig. 4A are 
probably large enough to recruit the MPs and can support cell-to-cell 
movement of the virus. Higher concentration of Lat B to inhibit the 
formation of spot-like structures or even granular structures of dsRNA 
might inhibit the multiplication of RCNMV. 

Supplementary video related to this article can be found at doi: 
mmcdoino 

3.4. dsRNA structures localize at the sites of viral replication 

Thus far, we successfully monitored the subcellular dynamics of 
RCNMV dsRNA granules; however, whether viral replication occurs 
within dsRNA granules, especially small cortical punctates (~1 μm2 in 
size), formed during RCNMV infection remains unclear, i.e., whether 
RCNMV dsRNA granules are components of VRCs remains unclear. 
Thus, we tested whether dsRNA granules colocalize with p27, the 

localization of which has widely been used as a marker of the RCNMV 
replication site (Kusumanegara et al., 2012; Hyodo et al., 2013, 2015, 
2017, 2019). First, B2-GFP plants were infiltrated with a mixture of two 
Agrobacterium strains that express a fusion of p27 with an RFP, 
mScarlet-i (p27-mSi), and another viral replication protein, p88. No 
cortical dsRNA granules were observed and p27-mSi was observed as a 
large inclusion (Fig. 6, panels A–C). This observation is similar to the 
localization of p27-GFP when it is expressed alone (Kusumanegara et al., 
2012). Next, B2-GFP plants were infiltrated with a mixture of three 
Agrobacterium strains that expressed p27-mSi and p88 and RNA2 as the 
template for viral RNA replication. Infiltration of this combination of 
Agrobacterium resulted in the accumulation of lower but substantial 
amount of RNA2 compared with those expressed wild type p27 and p88 
and RNA2 (Fig. S7A), showing that p27-mSi is functional. The fluores-
cence of p27-mSi was observed as small punctates or slightly large 
spot-like structures (Fig. 6, panel E), or large nuclear-sized aggregates 
(Fig. 6, panel H). Importantly, these red signals coincided with the green 
dsRNA signals (Fig. 6, panels D–I). At a high magnification, larger ag-
gregates, as well as most tiny granules smaller than 1 μm2 in size also 
showed signals of both p27-mSi and B2-GFP (Fig. 6, panels J–L). We 
calculated the relative intensities of GFP and RFP signals by using an 
RGB profiler. The green signals of B2-GFP and red signals of p27-mSi 
were found to overlap in both the tiny dsRNA granules and aggregates 
(Fig. S8). These results indicate that the cortical punctates detected by 
B2-GFP are components of the VRC and localize at the sites where viral 
replication occurs. 

RCNMV replication is associated with the ER membrane (Hyodo and 
Okuno, 2016, 2020). It is reasonable to assume that dsRNA granules 
colocalize with the cortical ER. Thus, we expressed the mSi tagged with 
an ER-targeting peptide (ER-mSi) via Agrobacterium infiltration and 
inoculated the leaves of B2-GFP plants with in vitro transcripts of wt 
RCNMV. In mock-inoculated leaves, the ER-mSi localized at reticulated 
structures around the cortical region on the upper wall of epidermal cells 
(Fig. 7A, panels a–c), while in RCNMV-inoculated leaves, ER-mSi also 
localized at the aggregates and overlapped with B2-GFP (Fig. 7A, panels 
d–f). At high magnification, a large aggregate (approximately 20 μm2 in 
size) that merged well with the proliferated ER was observed (Fig. 7A, 
panels g–i). On the other hand, interestingly, tiny punctates (approxi-
mately 0.5 μm2 in size) did not colocalize with, but rather, localized 
adjacent to, intact ER tubules (Fig. 7A, panels j–l). We then calculated 
the relative intensities of GFP and RFP using an RGB profiler. The GFP 

Fig. 3. Time lapse imaging showing dsRNA struc-
tures and fusion event. 4-week-old B2-GFP plants 
were inoculated with a mixture of RCNMV RNA1 and 
RNA2 and incubated at 17 ◦C. Sequential images of 
the same focus were taken every 6 s at 5 hpi. A small 
dsRNA granule (arrowheads) moved and fused with 
bigger one (arrows). 
Scale bar = 10 µm.   
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signals of the dsRNA aggregates almost overlapped with the RFP signals, 
while the GFP signals of the tiny dsRNA granules hardly overlapped with 
the RFP signals (Fig. 7B). These results suggest that punctate dsRNA 
granules formed at an early infection stage localize adjacent to the ER 
membrane, and later, they grow larger, involving the ER membrane, to 
form relatively larger aggregates. 

3.5. MPs preferentially colocalized with larger VRCs 

Using an immunofluorescent labeling method, we previously re-
ported that RCNMV MPs colocalized with cortical VRCs containing viral 
dsRNA; this colocalization is essential for efficient viral cell-to-cell 
movement (Kaido et al., 2014). To assess the colocalization of the MPs 
with dsRNA in living cells within B2-GFP plants, we used in vitro tran-
scripts of the recombinant RCNMV (RNA1-MmSi + RNA2fsMP), which 
expressed the fusion protein of MP and mScarlet-i (MP-mSi). We also 
used in vitro transcripts of the recombinant RCNMV (RNA1-mSi +
RNA2fsMP) that expressed free mSi as the negative control (Fig. S1B). In 
contrast to the negative control-inoculated leaves, the RFP signal spread 
to multiple cells by 42 h after inoculation in the leaves inoculated with 

RNA1-MmSi + RNA2fsMP, confirming that MP-mSi retains the ability to 
transport viral RNA to adjacent cells (Fig. S7B). 

In the negative control-inoculated leaves, B2-GFP localized at both 
the small punctates and larger aggregates. Free mSi localized at the 
nucleus and widely distributed in the cytoplasm, but did not colocalize 
with dsRNA structures (Fig. 8, panels A–C). Per the observation of the 
leaves inoculated with RNA1-MmSi + RNA2fsMP at 600 × magnifica-
tion, cortical dsRNA structures were observed as both the small punc-
tates and large aggregates. The RFP signals of MP-mSi overlapped 
almost perfectly with those of the spot-like structures and the large ag-
gregates (>5 μm2 in size) of B2-GFP (Fig. 8, panels D–F). Interestingly, 
however, when the image was enlarged for observation, many tiny 
dsRNA granules that did not colocalize with MP-mSi were detected 
(Fig. 8, panels G–I). Observation at 3000 × magnification more clearly 
confirmed the presence of many tiny dsRNA granules (approximately 
0.5 μm2 in size) that did not colocalize with MP-mSi. We also observed 
tiny granular structures containing only the red signals of MP-mSi; these 
signals did not overlap with the green signals of the dsRNA structures 
(Fig. 8, panels J–L). Analysis using the RGB profiler confirmed the 
presence of three types of granular structures: those containing only GFP 

Fig. 4. Effect of Latrunculin B on subcellular locali-
zation of dsRNA structures. 5-week-old B2-GFP plants 
were infiltrated with DMSO solution (0.2% DMSO/ 
DW) or Latrunculin B (Lat B) solution (5 μM Lat B in 
0.2% DMSO/DW), followed by mechanical inocula-
tion 6 h later with a mixture of RCNMV RNA1 and 
RNA2. Ten images were subjected to image analysis 
using TWS. Results were obtained from three inde-
pendent experiments. (A) Representative confocal 
microscopy images of inoculated leaves at 12 h post 
inoculation. Scale bars = 50 μm. Arrowheads, nu-
cleus. (B) The mean number of dsRNA structures per 
cell. (C) The area of all dsRNA structures (Wilcoxon 
rank sum test: ***, P < 0.001). (D) The mean size of 
the largest dsRNA structures (Welch’s t-test: ***, P <
0.001).   
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signals (Fig. S9B), those containing both GFP and RFP signals (Fig. S9C), 
and those containing only RFP signals (Fig. S9D). We counted granules 
smaller than 0.5 μm2 in size and found that yellow granules that are 
supposed to contain both dsRNA and MP-mSi accounted for less than 
50% of the total granules (data not shown). 

These observations suggest that MP-mSi can form tiny granule 
structures by itself and that MP-mSi has a weak association with tiny 
dsRNA granules, while MP-mSi colocalizes more frequently with larger 
spot-like structures and dsRNA aggregates. 

4. Discussion 

In this study, we tried to reveal the subcellular dynamics of VRCs. We 
judged that RCNMV VRCs can be monitored via dsRNA granules based 
on the following two points: First, RCNMV infected both B2-GFP and wt 
N. benthamiana plants similarly. Second, the replication protein p27 
colocalized with the dsRNA granules (Fig. 6); this showed that dsRNA 
granules are components of VRCs. dsRNA granules were formed in the 
close vicinity of cortical ER tubules at an early stage of infection and 
were transported through the cytoplasm; this led to the coalescence of 
small dsRNA granules, and thus, the dsRNA granules grew in size over 
time to form aggregates (Figs. 1–3, 7). The formation of such aggregates 
may have depended on the acto–myosin system (Figs. 4 and 5). Thus, we 
presented an example of the detailed process of VRC formation and 
maturation. 

We detected the fusion of dsRNA structures (Fig. 3, Video S1). It 
should be noted that these results do not exclude other possibilities. For 
example, it is possible that tiny granular VRCs recruit VRC component 
proteins to grow larger. However, considering that only one or a few 
nuclear-sized aggregate VRCs were finally formed in an infected cell 
(Fig. 6G–L, Kaido et al., 2014, data not shown), it seems likely that the 

fusion of granular VRCs substantially contributes to the growth of VRCs. 
Thus, larger aggregated VRCs formed in the late stage of infection 
contained ER (Fig. 7). p27 interacts with the host phospholipase D, 
which has an ability to modify the lipid composition of the ER mem-
brane and enhances the affinity of p27 for the ER membrane (Hyodo 
et al., 2015). This would help the VRCs to be incorporated into the ER in 
the later infection stage. 

The results obtained in this study suggest that the acto–myosin sys-
tem drives the intracellular movement of VRCs containing dsRNA, and 
the VRCs grow in size by fusing with one other. TMV VRCs, which 
contain replication enzymes and viral RNA, have been also reported to 
increase during viral infection. Actin and class Ⅺ myosin are involved in 
the intracellular transport of VRCs in TMV (Amari et al., 2014; Liu et al., 
2005). In addition, the intracellular movement of granular structures 
derived from the nucleocapsid protein of fig mosaic virus (FMV) and the 
P6 of cauliflower mosaic virus (CaMV), both of which are probably 
components of VRCs, is also inhibited by Lat B infiltration. These results 
suggest that the VRCs of these viruses also move by using the 
acto–myosin system (Alers-Velazquez et al., 2021; Ishikawa et al., 2015; 
Luo et al., 2020; Schoelz and Leisner, 2017). Given that FMV and CaMV 
are negative-sense RNA and dsDNA viruses, respectively, while TMV and 
RCNMV are positive-sense RNA viruses, the mechanism underlying the 
intracellular trafficking of VRCs may be widely conserved among plant 
viruses. 

TGBp1, a PVX MP, is indispensable for the formation of large 
aggregate structures called X-bodies, and infection with the recombinant 
PVX that does not express TGBp1 induced the formation of smaller-sized 
VRCs (Tilsner et al., 2012). On the contrary, our results showed that 
RCNMV MPs are neither involved in the formation of VRCs, nor in their 
enlargement (Figs. 1 and 2). Given that the levels of viral RNAs accu-
mulated in the presence or absence of RCNMV MPs in N. benthamiana 

Fig. 5. Effect of Latrunculin B on intracellular 
movement of dsRNA structures. 5-week-old B2-GFP 
plants were infiltrated with DMSO solution (0.2% 
DMSO/DW) or Latrunculin B (Lat B) solution (5 μM 
Lat B in 0.2% DMSO/DW), followed by mechanical 
inoculation 6 h later with a mixture of RNA1 and 
RNA2. (A) Sequential images were taken every 1.6 s 
for 8.0 s at 13 h post inoculation. Tracks, represented 
by different colors, of randomly selected 10 dsRNA 
structures were imaged by using Mtrack J, image J 
plug-in tool. Scale bars = 10 μm. (B) Sequential im-
ages were taken every 3.2 s for 16.0 s at 13 h post 
inoculation. 3 images of infected cells were taken at 
each treatment and subjected to image analysis. The 
average velocity of randomly selected 10 dsRNA 
structures per each image was calculated by using 
Mtrack J. Each bar represents the mean velocity of 
dsRNA structures from three independent experi-
ments (Welch’s t-test: ***, P < 0.001). (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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protoplasts were comparable (Kaido et al., 2009), these results seem to 
be reasonable. In addition, RCNMV MP-GFP expressed alone from 
A. tumefaciens did not remain in the cytoplasm and was transported to 
the PD (Kaido et al., 2009). This result shows that RCNMV MPs have a 

low affinity for the ER membrane. Such intrinsic characteristics of 
RCNMV MP may have led to their independence from VRC formation. 

In this study, we observed that MPs preferentially colocalized with 
relatively large structures, rather than with tiny dsRNA granules (Fig. 8). 

Fig. 6. Subcellular localization of p27-mSi and dsRNA structures. Representative confocal images of p27-mSi and B2-GFP localization in epidermal cells at 2 days 
post infiltration. Agrobacterium that contains pBICp27-mSi (OD600=0.1) and pBICp88 (OD600=0.27) together with or without pBICRC2 (OD600=0.27), which ex-
presses RNA2, were infiltrated into 5-week-old B2-GFP plants. (A–L) Images of leaves infiltrated with p27-mSi and p88 (A–C) or p27-mSi, p88 and RC2 (D–L). (D–I) 
Images at low magnification. (J–L) Images of the area surrounded by white line in image (I) at high magnification. In each raw, the left and middle images were taken 
under GFP and RFP channels for B2-GFP and p27-mSi signals, respectively. The right panels represent merged images of the left and middle images in the same raw. 
DIC, differential interference contrast. Arrowheads, nucleus. 
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Fig. 7. Subcellular localization of ER-mSi and dsRNA structures. (A) Agrobacterium that contains pBICER-mSi (OD600=0.4) was infiltrated into 5-week-old B2-GFP 
plants and incubated at 22 ◦C. 1 day later, plants ware mechanically inoculated with mock (a–c) or a mixture of RCNMV RNA1 and RNA2 (d–l), and incubated at 
17 ◦C for approximately 1 day. Observation of dsRNA structures at low magnification (d–f). Observation of a larger aggregation (g–i) and tiny dsRNA granules (j–l) 
under high magnification. Arrowheads, nucleus. For others, refer to the legend for Fig. 6.(B) RGB profiles of lines in image (i) and image (l). 
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Fig. 8. Subcellular localization of mSi, MP-mSi and dsRNA structures. 4-week-old B2-GFP plants were mechanically inoculated with a mixture of RNA1-mSi and 
RNA2fsMP or RNA1-MmSi and RNA2fsMP, and incubated at 17 ◦C for 16 h. All images are confocal projections composed of about 10 optical sections taken at 1.5 μm 
intervals, which range from the surface to the middle of epidermal cells. Each panel represents images of leaves inoculated with RNA1-mSi and RNA2fsMP (A–C) and 
RNA1-MmSi and RNA2fsMP (D–L). (D–F) Observation at low (600×) magnification. (G–I) Enlarged imanes of the area surrounded by white line in image (F) (0.3% 
contrast-enhanced images). (J–L) Observation at high (3,000×) magnification. Arrowheads, nucleus. For others, refer to the legend for Fig. 6. 
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In other words, larger VRCs have greater affinity for MPs. So how do 
MPs colocalize with large VRCs? We observed tiny granular structures of 
MPs that did not colocalize with dsRNA structures (Fig. 8). This result 
suggests that newly translated MPs interact with each other to form MP 
granules and are later recruited to large VRCs. We assume two hy-
potheses regarding the colocalization of MPs with large VRCs: 1) MP- 
granular structures may move along the actin–ER network into large 
VRCs, which contain aggregated ER (Fig. 7). Experiments involving the 
inhibition of myosin function by using motor domain-deficient myosins 
suggest that class XI and Ⅷ myosins are involved in the subcellular 
movement of TMV MP punctates (Amari et al., 2014). Like TMV MPs, 
RCNMV MPs may be also transported through the cytoplasm via the host 
myosin motor protein. Aggregation of the actin–ER network may in-
crease the frequency of encounters between VRCs and MPs. 2) MP 
granules may interact and colocalize with host proteins preferentially 
present in larger VRCs. As the VRCs mature, the accumulation of host 
proteins required for viral cell-to-cell movement may increase in the 
VRCs. This may give rise to a strong affinity between the MPs and host 
proteins, which may lead to the recruitment of MPs to relatively larger 
VRCs. MPs and VRCs may be colocalized either via the mechanisms 
described in points 1) or 2) or via both these mechanisms. 

Results from our previous studies showed that ectopically expressed 
RCNMV MP-GFP colocalized with the VRCs that replicate RNA1 (Kaido 
et al., 2009) and that their co-localization is essential for the cell-to-cell 
movement of the virus (Kaido et al., 2011, 2014). Considering these 
results and the results of the present study, this colocalization is assumed 
to be important in that the MPs capture viral genomic RNAs, especially, 
RNA1 that does not encode MPs, for their transportation to the neigh-
boring cells. However, how MPs transport the viral genomic RNA to the 
PD remains unknown. As RCNMV moves to the neighboring cell without 
the CP, MP-RNA complexes or components of the VRC are supposed to 
be transported to the PD. The VRCs of several viruses, including toba-
moviruses, PVX, and TuMV, are formed at the entrance of the PD (Chai 
et al., 2020; Levy et al., 2015; Szecsi et al., 1999; Tilsner et al., 2013). 
These may function towards the co-replicational movement of the viral 
genome (Levy and Tilsner, 2020; Wu and Chen, 2020). We also detected 
some RCNMV VRCs that were formed along the outer edge of epidermal 
cells (they might be in close proximity to PD), while most VRCs were 
distributed around the cortical region on the upper wall of epidermal 
cells (Fig. 1). Our data do not support or deny the co-replicational 
movement of viruses. To prove the substantial contribution of VRCs at 
the entrance of the PD towards the cell-to-cell movement of the virus, we 
need to identify the conditions in which both the formation of VRCs at 
the entrance of the PD and the viral cell-to-cell movement are inhibited. 

Finally, the varying subcellular localizations of viral proteins and 
dsRNA raise new questions about how dsRNA and MP granules are 
formed. Liquid–liquid phase separation (LLPS) is a phenomenon in 
which a homogeneous mixture of molecules changes from a one-phase 
liquid state to a two-phase distinguishable liquid state (Alberti and 
Dormann, 2019; Hyman et al., 2014). In addition to some studies 
showing that LLPS is involved in the multiplication of animal viruses 
(Guseva et al., 2020; Heinrich et al., 2018; Nikolic et al., 2017), a recent 
study revealed that the p26 MP of the pea enation mosaic virus 2 
(PEMV2) shows phase separation into droplets in vivo, and may lead to 
viral movement (Brown et al., 2021). These findings suggest that LLPS 
may be a crucial phenomenon associated with the infection of plant 
viruses. Amino acid sequence analysis using PrDOS (Protein DisOrder 
prediction system), a natively disordered site-prediction web server, 
suggests that RCNMV MP, p27, and p88 have putative disordered do-
mains (Takata and Kaido, unpublished data). Therefore, it is possible 
that the formation of RCNMV MP granules and dsRNA granules is driven 
by LLPS. Further efforts are needed to clarify these possibilities and the 
importance of LLPS in the RCNMV infection process. 
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