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SUMMARY

Plant defense against melon necrotic spot virus (MNSV) is triggered by the viral auxiliary replicase p29 that

is targeted to mitochondrial membranes causing morphological alterations, oxidative burst and necrosis.

Here we show that MNSV coat protein (CP) was also targeted to mitochondria and mitochondrial-derived

replication complexes [viral replication factories or complex (VRC)], in close association with p29, in addi-

tion to chloroplasts. CP import resulted in the cleavage of the R/arm domain previously implicated in gen-

ome binding during encapsidation and RNA silencing suppression (RSS). We also show that CP organelle

import inhibition enhanced RSS activity, CP accumulation and VRC biogenesis but resulted in inhibition of

systemic spreading, indicating that MNSV whole-plant infection requires CP organelle import. We hypothe-

size that to alleviate the p29 impact on host physiology, MNSV could moderate its replication and p29

accumulation by regulating CP RSS activity through organelle targeting and, consequently, eluding early-

triggered antiviral response. Cellular and molecular events also suggested that S/P domains, which

correspond to processed CP in chloroplast stroma or mitochondrion matrix, could mitigate host response

inhibiting p29-induced necrosis. S/P deletion mainly resulted in a precarious balance between defense and

counter-defense responses, generating either cytopathic alterations and MNSV cell-to-cell movement

restriction or some degree of local movement. In addition, local necrosis and defense responses were damp-

ened when RSS activity but not S/P organelle targeting was affected. Based on a robust biochemical and

cellular analysis, we established that the mitochondrial and chloroplast dual targeting of MNSV CP pro-

foundly impacts the viral infection cycle.

Keywords: melon necrotic spot virus, chloroplasts, mitochondria, dual targeting, coat protein, silencing,

hypersensitive response.

INTRODUCTION

Positive strand RNA plant viruses replicate in the

cytoplasm of susceptible cells over or within specialized

membranous compartments named viral replication facto-

ries or complexes (VRCs). VRCs are supposed to concen-

trate viral and host factors, generate a favorable

environment for efficient replication and assembly, and

protect RNA intermediates against host antiviral mecha-

nisms such as RNA silencing (Lalibert�e and Sanfac�on,
2010). Besides, a growing body of evidence supports the

VRC role in intra- and intercellular movement and long-

distance transport through vascular tissues (Lalibert�e and

Zheng, 2014; Wan et al., 2015). It is still unclear how plant

viruses orchestrate VRC scaffolding. Nevertheless, it is

known that the alteration of membrane morphology is usu-

ally triggered by specific organelle targeting of viral pro-

teins, most often those related to replication (Jin et al.,

2018). Once there, these proteins establish a network of

interactions among other viral and host components,

which are then incorporated into VRCs (Nagy, 2016).

Upon building these factories, viruses cause a profound

remodeling and proliferation of host cell endomembranes

and cytoskeleton, undermining the integrity and function

of different organelles. Among them are chloroplasts,

mitochondria and peroxisomes, which contribute to main-

taining the cellular homeostasis of signaling molecules

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

1

The Plant Journal (2021) doi: 10.1111/tpj.15435

https://orcid.org/0000-0003-2844-9742
https://orcid.org/0000-0003-2844-9742
https://orcid.org/0000-0003-2844-9742
mailto:janavarr@ibmcp.upv.es
mailto:vpallas@ibmcp.upv.es
http://creativecommons.org/licenses/by-nc-nd/4.0/


such as reactive oxygen species (ROS) and phytohor-

mones, and the endoplasmic reticulum (ER), which is a

major protein folding compartment that bears the burden

of new viral client proteins (Hern�andez et al., 2016; Li et al.,

2016; Loebenstein, 2009; Su et al., 2019; Verchot, 2016;

Zhao et al., 2016). Therefore, the impact of virus replication

on organelle function together with viral protein accumula-

tion could result in ROS or misfolded proteins exceeding

normal levels. This late event eventually leads to ER stress,

altered gene expression and even hypersensitive response

(HR)-related cell death (van Aken and van Breusegem,

2015; Pallas and Garc�ıa, 2011). Plant viruses as biotrophic

parasites must reverse this adverse situation to preserve

cell viability and generate compatible or tolerant interac-

tions. Thus, they have co-evolved a diversity of mecha-

nisms to moderate their harmful effects on the host, not

only including counter defense measures, such as suppres-

sion of RNA silencing, or inhibition of both oxidative burst

and expression of plant innate immunity-associated genes,

but also self-attenuating their replication (Paudel and San-

fac�on, 2018).
Viral replication factories or complex architecture and

biogenesis have been mainly studied in members of the

families Tombusviridae and Potyviridae (Jin et al., 2018).

Cytopathology studies by transmission electron micro-

scopy showed that melon necrotic spot virus (MNSV)

infection deeply modified the structure of mitochondria in

melon, enlarging them and inducing big inner dilations as

well as multi-vesiculation of the external and surrounding-

dilation membranes (Gomez-Aix et al., 2015). These altered

mitochondria were frequently localized near plasmodes-

mata, indicating that they could play a role in the viral

spread, always associated with the ER, lipid bodies or dro-

plets. Positive-sense viral RNAs, coat protein (CP) and

replicative RNA intermediates (dsRNAs) were mainly

detected in big inner dilations, supporting the view that

altered mitochondria constitute VRCs. In Nicotiana ben-

thamiana, MNSV p29 auxiliary replicase was shown to

associate with mitochondrial membranes upon an ectopic

(Gomez-Aix et al., 2015) or heterologous viral expression

(Mochizuki et al., 2009). Once there, p29 caused VRC-like

modification of mitochondrial ultrastructure, loss of mito-

chondrial membrane potential and necrosis, indicating a

role for p29 in VRC formation and, probably, ROS activa-

tion of plant defense responses as described for cucumber

necrosis virus (CNV) p33 (Rochon et al., 2014).

Previous works by us and others showed that an oxida-

tive burst accompanied melon response to MNSV infec-

tion. Briefly, hydrogen peroxide accumulation, which

indicates mitochondrial damage, and cell wall fortification

by callose deposition was found in local and systemic

MNSV necrotic lesions (Fern�andez-Crespo et al., 2017).

Transcriptomic profiling of MNSV local infection unveiled

deregulation of genes involved in defense response and

oxidative stress (G�omez-Aix et al., 2016). Comparative pro-

teomic analysis of melon phloem exudates in response to

MNSV infection revealed that differentially accumulated

proteins were mainly involved in controlling redox balance

and cell death, for example, an hsr203J HR marker-like car-

boxylesterase was up-accumulated, suggesting that HR

could be activated (Serra-Soriano et al., 2015). Jasmonic

acid (JA) and salicylic acid (SA) are antagonistic phytohor-

mones activated simultaneously in the same plants only in

the case of effector-triggered immunity (ETI; Betsuyaku

et al., 2018). Interestingly, SA, JA precursor 12-oxo-

phytodienoic acid, antioxidant ferulic acid and detoxifying

glutathione S-transferase mRNA levels increased during

the basal response of melon to MNSV, a plant response

that was accentuated during hexanoic-primed systemic

resistance (Fern�andez-Crespo et al., 2017).

Systemic lethal necrosis, frequently observed in infec-

tion of MNSV family-related tombusviruses, was shown to

be induced by auxiliary replicase with the indirect assis-

tance of p19 suppressing plant defense mechanisms

(Burgy�an et al., 2000). Similarly, the appearance of necrotic

symptoms on melon cotyledons was enhanced by MNSV

CP, which takes the role of p19 in RNA silencing suppres-

sion (RSS) by increasing viral movement (Genoves et al.,

2006; Serra-Soriano et al., 2017). MNSV CP consists of

three major domains: a disordered N-terminal RNA-

binding domain (R-domain), connected to the shell domain

(S-domain) by a short and flexible arm, and the protruding

domain (P-domain). Each domain plays different roles dur-

ing infection, making MNSV CP an exceptional multifunc-

tional protein. The R domain and the arm region are

required for genome interaction and encapsidation, siRNA

binding and suppression of RNA silencing, the S domain

has a structural function, whereas the P domain is involved

in compatibility with fungus vector zoospores (Genoves

et al., 2006; Ohki et al., 2010; Serra-Soriano et al., 2017).

MNSV CP also works as a host determinant as CP from

melon isolates allows watermelon isolates to infect melon

locally (Ohki et al., 2008). Despite all this information, stud-

ies about CP subcellular localization, which are limited to

the immunolocalizations mentioned above, and underlying

molecular determinants are still lacking. Here we show that

the R/arm region can act as an ambiguous transit peptide

driving dual targeting of MNSV CP to mitochondria and

chloroplasts in ectopic expression and during MNSV infec-

tion. CP was additionally found in altered mitochondria,

resembling VRCs that moved along the cellular periphery

of infected cells, supporting a link between intracellular

movement and replication. We also evaluated the role of

p29 in VRC biogenesis showing cellular events not previ-

ously described. Before necrosis appearance, ectopically

expressed p29 was located around mitochondria display-

ing a swollen morphology and forming small ER-

associated groups together with large juxtanuclear
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clusters. Based on cellular features, the effect of different

CP mutations on MNSV infectivity, and expression levels

of HR, defense and oxidative stress-related host genes, we

propose new functions for MNSV CP, associated with its

organelle targeting, in managing the balance between

plant defense and virus counter-defense responses.

RESULTS

Transiently expressed MNSV CP has a dual localization to

chloroplasts and mitochondria

To study MNSV CP subcellular localization in plant cells,

the green fluorescent protein (GFP) was fused to its C- or

N-terminus (CP-GFP and GFP-CP, respectively) and

transiently expressed in N. benthamiana leaves. The fluo-

rescence, visualized under confocal laser-scanning micro-

scopy (CLSM) at 48 h post-infiltration (hpi), was mainly

found in chloroplasts, as shown by the superposition of

GFP and chlorophyll fluorescence, and in small and motile

punctate bodies (Figure 1a; Movie S1) that overlapped with

coxP-ChFP, a mitochondrial matrix marker (Figure 1b).

Chloroplast-associated CP-GFP fluorescence was mainly

observed in the stroma as revealed by its colocalization

with NRIP1-ChFP, a stromal component (Caplan et al.,

2008; Figure 1c), but not with CHUP1-ChFP, a chloroplast

outer envelope protein (Oikawa et al., 2008; Figure 1d).

Consistent with stromal localization, CP-GFP fluorescence

was also detected in stromules (Figure 1e, up). Further-

more, CP-GFP fluorescence was frequently observed, form-

ing discrete spots around chlorophyll fluorescence as

described for CNV CP (Figure 1e, down). We found that

these structures colocalized with the magnesium-

protoporphyrin IX chelatase H subunit (CHLH/ABAR), a

spanning chloroplast envelope receptor of ABA (Shang

et al., 2010) and tetrapyrrole sensor, which mediates

plastid-to-nucleus retrograde signaling (Figure 1f; Nott

et al., 2006). It has been reported that this pattern might

result from the over-accumulation of chloroplast-targeted

proteins that are prone to aggregate, such as viral CPs do

(Chaudhary and Yadav, 2019; Perello et al., 2016). In con-

trast, cells expressing GFP-CP showed nucleo-cytoplasmic

fluorescence distribution (Figure 1g). It is known that the

fusion of tags to the N-terminus of the protein of interest

interferes with plastid and mitochondrial localization

(a) (b)

(c) (d) (e)

(f) (g) (h)

Figure 1. Subcellular localization of green fluorescent protein (GFP)-tagged coat protein (CP) upon transient expression in Nicotiana benthamiana leaves.

(a) Z-stack projection showing CP-GFP distribution in epidermal and mesophyll cells.

(b) Co-expression of CP-GFP and the mitochondrial matrix marker, coxP-ChFP.

(c,d) Image of a CP-GFP-labeled chloroplast expressing the stromal, NRIP1-ChFP (c), or outer-envelope, CHUP1-ChFP (d), proteins.

(e) CP-GFP-labeled chloroplast showing a stromule (up) or envelope-associated spots (down).

(f) Co-expression of CP-GFP and CHLH/ABAR-ChFP.

(g) GFP-CP nucleo-cytoplasmic distribution in epidermal cells.

(h) Co-expression of R/arm-GFP-SP and coxP-ChFP. Images correspond to single scans unless indicated. Chl, chlorophyll autofluorescence in magenta.
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signals, which are mainly located at this protein end. To

solve this issue, an internally GFP-tagged CP was con-

structed by inserting the fluorescent protein between the

arm region and the S domain (R/arm-GFP-SP). This fusion

protein has the advantage that the putative targeting sig-

nals present at the N- and C-terminus of the CP are not

masked by the tag (Tanz et al., 2013). After co-expression

with coxP-ChFP, R/arm-GFP-SP showed a fluorescent pat-

tern similar to that described above for CP-GFP, labelling

mitochondria, chloroplasts and chloroplast envelope-

associated spots (Figure 1h). Therefore, CP-GFP and R/

arm-GFP-SP reflect more accurately the actual subcellular

localization of the CP than GFP-CP, revealing the presence

of a dual-targeting signal at the N-terminus of the CP.

The N-terminal R/arm domain drives CP mitochondrial

and chloroplast dual targeting, and induces chloroplast-to-

nucleus communication through stromule extension

Although MNSV has been classified into the genus Gam-

macarmovirus, its CP shows a high degree of similarity to

CPs in the genus Tombusvirus (Riviere et al., 1989; Wada

et al., 2008). CPs from 16 out of 17 tombusviruses and

MNSV CP were predicted to target chloroplasts and/or mito-

chondria by WoLF PSORT, LOCALIZER and YLOC (Briese-

meister et al., 2010; Horton et al., 2007; Sperschneider et al.,

2017; Table S2). Accordingly, the N-terminal 39 amino acids

of the CNV CP R domain were sufficient for mitochondrial

import, whereas the arm region plus the first four aa (SVRI

motif) of the S domain were required for chloroplast target-

ing (Hui et al., 2010; Xiang et al., 2006). To reinforce this

notion, we analyzed five tombusvirus CPs for their subcellu-

lar localization by using C-terminal GFP fusions. Except for

tomato bushy stunt virus CP, the carnation Italian ringspot

virus, cymbidium ringspot virus, Neckar river virus and

pelargonium necrotic spot virus CPs were localized in

chloroplasts and mitochondria (Figure S1). In contrast to

MNSV CP, some of these tombusvirus CPs also showed a

high degree of cytoplasmic localization. This result is con-

sistent with previous work about CNV CP reporting that

only 1–5% of this protein is targeted to chloroplast during

infection (Xiang et al., 2006). Alignment of the tombusvirus

and MNSV N-terminal CP sequences showed that an

asparagine/arginine-rich stretch at the protein start includ-

ing an alanine residue at position 2, frequently found in

dual (dTP) and chloroplast (cTP) transit peptides (Pujol

et al., 2007), was the most conserved region in the R domain

(Figure S2). Despite sequence variability, two adjacent

alpha-helix (H1 and H2) were always predicted by JPred 4

(Drozdetskiy et al., 2015). Though cTPs usually are unstruc-

tured regions, they can form helices in membrane-mimetic

environments. Some of these helices showed amphipathic

properties, a mitochondrial transit peptide (mTP) typical

feature, as calculated by HeliQuest (Gautier et al., 2008; Ge

et al., 2014). The arm region was more conserved than the R

domain, but the SVRI motif embedded at the beginning of

the S domain was only found in the Havel river virus and

MNSV (SVKI). Instead, a GSVTV motif was mainly observed

among the aligned sequences.

Considering the above-shared features, we examined the

role of the MNSV CP N-terminal region in organelle import.

We transiently expressed R/arm-GFP, which includes R and

arm domains of the MNSV CP, and R/arm/S19-GFP, which

also covers the first 19 aa of the S domain, including the

SVKI motif and a 14-3-3 chaperone binding like-domain

(RXnpSXP; Xiang et al., 2006; Figures S2 and S3). Fluores-

cence distribution revealed that S domain sequences were

not required for transport as both proteins were efficiently

targeted to both organelles and additionally to nucleoli (Fig-

ure 2a–c). Chloroplast peripherally located spots were not

observed, but a high number of chloroplasts extended stro-

mules and, frequently, they were found in perinuclear clus-

ters tightly embracing nuclei through stromules that extend

and coil around (Figure 2d–f). To determine the extent of

stromule induction, we co-expressed NRIP-ChFP with CP-

GFP, R/arm-GFP and glyrsP-GFP, a dual mitochondrial and

chloroplast marker used for steady-state control (Duchêne

et al., 2001), and quantified the percentage of chloroplasts

with NRIP-ChFP-labeled stromules. As expected, the per-

centage increased with the presence of R/arm-GFP (28.8%,

t = 6.0 and P = 0.0002) compared with control (10.3%). Stro-

mule induction also occurs, but to a lesser extent, with CP-

GFP (19.0%, t = 4.4 and P = 0.00006; Figure 2g).

Chloroplast perinuclear clustering and stromule induc-

tion appear to be a general response upon plant pathogen

perception in N. benthamiana, and could be elicited by ROS

(Ding et al., 2019; Krenz et al., 2012). Besides, stromules

have been shown to facilitate chloroplastic NRIP1 and ROS

transport to the nucleus during ETI induced by the helicase

domain (p50) of the tobacco mosaic virus replicase, activat-

ing defense responses (Hanson and Hines, 2018). To exam-

ine whether stromule induction by R/arm-GFP is also

accompanied by retrograde chloroplast-to-nucleus commu-

nication, we used a well-established approach based on the

fusion of a nuclear export signal (NES) to NRIP1-ChFP N-

terminus (NESNRIP-ChFP). Therefore, NESNRIP-ChFP nuclear

localization is only possible when it travels through stro-

mules from the chloroplast where both N-terminal transit

peptide and NES are cleaved (Caplan et al., 2015). CLSM

analysis at 48 hpi revealed that, in addition to chloroplasts,

NESNRIP1-ChFP fluorescence was observed in the nucleus

and cytoplasm when expressing with R/arm-GFP (Fig-

ure 2h) but not CP-GFP (Figure 2i), nor other controls such

as GFP, CPD(R/arm)-GFP and glyrsP-GFP (Figure S4).

Dissecting R/arm domains reveals that the R1 subdomain

is required but not sufficient for dual targeting

To further define the sequences involved in CP targeting,

we performed fine mapping of the R/arm domains by

© 2021 The Authors.
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deletion analysis (Figure S3). Either removal of both the R

and arm domains in CPD(R/arm)-GFP or only the R domain

in CPDR-GFP completely abolished organelle targeting of

both proteins that, instead, showed a nucleo-cytoplasmic

localization (Figure 3a,b). Though some cytoplasmic back-

ground was observed, arm deletion in CPDarm-GFP did

not affect dual import (Figure 3c). Within the R domain, the

amino acid composition of the first 30 positions is enriched

in basic, hydrophobic and proline residues. In contrast,

acidic or helix breaker glycine residues are lacking (Fig-

ure S5), which matches with that described for dTPs (Ge

et al., 2014). Interestingly, asparagine instead of serine is

also overrepresented. The next 30 positions in the R

domain or those in the arm region show a more diverse

composition. Therefore, we defined two R subdomains (R1

and R2) of 30 aa, including H1 and H2, respectively (Fig-

ure S2). Other mutants were generated by deleting each R

subdomain either alone, CPDR1-GFP and CPDR2-GFP, or in

combination with the arm region, CPD(R1/arm)-GFP and

CPD(R2/arm)-GFP (Figure S3). CLSM analysis revealed that

CPDR1-GFP, CPD(R1/arm)-GFP and CPD(R2/arm)-GFP

showed a nucleo-cytoplasmic localization (Figure 3d,f,g,

respectively). Small bodies, which did not colocalize with

coxP-ChFP, were occasionally observed in some cells

expressing CPDR1-GFP (Figure 3d, arrows). Proper import

to mitochondria and chloroplasts was neither affected in

CPDR2-GFP, except for some cytoplasmic background (Fig-

ure 3e). The same result was observed in CP(R81A)-GFP

harboring R81A mutation, which reduces CP RSS capacity

(Serra-Soriano et al., 2017; Figure 3h). As expected,

(a) (b)

(c) (d) (e) (f) (g)

(h) (i)

Figure 2. R/arm domain induces chloroplast stromule extension towards nucleus leading to chloroplast-to-nucleus communication.

(a,b) Single scan images showing R/arm-GFP (a) and R/arm/S19-GFP (b) in chloroplasts (Chl, magenta) and mitochondria (coxP-ChFP).

(c) Single scan image showing R/arm-GFP in the nucleolus (up) and the corresponding transmitted channel, TC (down).

(d–f) Confocal laser-scanning microscopy (CLSM) images showing R/arm-GFP in chloroplast and stromules over the cytoplasm (d), near (e) and around (f) the

nucleus, N.

(g) Boxplot showing the percentage of NRIP-labeled chloroplasts with stromules in the presence of glyrsP-GFP, R/arm-GFP and CP-GFP from three biological

replicates. The lower and upper limits of the boxes are plotting the min and max values, respectively, whereas the lines dividing them represent the median val-

ues. Points inside boxes represent the mean from the three replicates, P < 0.05 indicates statistical significance.

(h–i) Co-expression of NESNRIP1-ChFP with R/arm-GFP (h) or CP-GFP (i). Accumulation of NESNRIP1-ChFP in the nucleus was higher upon R/arm-GFP than CP-

GFP expression. Chl, chlorophyll autofluorescence in magenta. No, nucleolus. N, nucleus. Images correspond to Z-stack projections unless indicated. CP, coat

protein; GFP, green fluorescent protein.
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fluorescence nucleo-cytoplasmic distribution was observed

in N-terminal GFP fusions (Figure S6). These results indi-

cated that the R1 subdomain was essential but not suffi-

cient for an efficient dual organelle import as either the R2

subdomain or arm region was also required.

Immunoblot analyses showed that the size of nucleocy-

toplasmic GFP-tagged CPs was as theoretically estimated

(Figure S7a). In contrast, the size of CP-GFP, CPDarm-GFP

and CPDR2-GFP, which were dually targeted, was smaller

than predicted but similar to CPD(R/arm)-GFP. Full-length

CPDarm-GFP and CPDR2-GFP were slightly detected, most

likely associated with the cytoplasmic fluorescence

observed in these proteins (Figure S7b). Besides, R/arm-

GFP or R/arm/S19-GFP size was similar to GFP (Figure S7c).

Together, these results indicate that fusion proteins prop-

erly imported to both organelles undergo proteolytic R/

arm region cleavage as estimated by size comparison.

MNSV CP has an R1 subdomain-dependent localization to

mitochondria, chloroplasts and mitochondrial-derived

VRCs during infection

To rule out the possibility that MNSV CP dual localization

could be due to high protein abundance during transient

expression from 35Sx2 promoter or different posttransla-

tional mechanisms occurring in healthy versus infected

cells, we evaluated CP-GFP localization when expressed

under the control of its promoter during infection. To do

that, GFP was inserted into the MNSV construct behind CP,

generating pMNSV(CP-GFP). In vitro transcripts were inoc-

ulated in N. benthamiana leaves, and CLSM analysis at

5 days post-inoculation (dpi) revealed small fluorescent

infection foci (Figure 4a; Movie S2). Some differences were

found between mesophyll and epidermal cells most likely

representing early or late stages of infection, respectively.

In the former, CP-GFP fluorescence was mainly localized to

chloroplast stroma and occasionally in stromules (Fig-

ure 4a, inset). The spotted distribution around chloroplast,

described above, was rarely observed except in mesophyll

cells at the leading edge of the focus, which corresponds

to a very early stage of the infection (Figure 4b).

In epidermal cells, CP-GFP fluorescence was also found

in chloroplasts, but mainly in small bodies resembling

mitochondria and bigger round structures (13.00 � 3.43

per cell), which were about 3.34 � 1.20 µm in diameter

(Figure 4c). These structures, which were less frequently

observed in mesophyll cells (only 2.6 � 1.3 per cell in 30%

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. Subcellular localization of C-terminal green fluorescent protein (GFP) fusions of melon necrotic spot virus (MNSV) coat protein (CP) mutants in leaves

of Nicotiana benthamiana (a-h).

Each panel to the left corresponds to the indicated CP mutant. Panels in the middle are merged images showing coxP-ChFP and chlorophyll (Chl, magenta).

Each panel to the right shows the overlay of the above two panels. Arrows in (c) and (e) pointed at cytoplasmic fluorescence, whereas the arrow in (d) pointed

to CPDR1-GFP spots not colocalizing with mitochondria. Scale bars: 10 lm. Images correspond to single scans.

© 2021 The Authors.
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of analyzed cells), showed an uneven internal distribution

of fluorescence, which confers them the appearance of

swollen mitochondria with inner vesicles (Figure 4d). The

majority were peripherally located in mesophyll and epi-

dermal cells, with some having a certain degree of mobility

(Figure 4e,g; Movie S3). Colocalization of small bodies and

round structures with coxP-ChFP and glyrsP-ChFP

confirmed our assumption about their mitochondrial origin

(Figure 4h,i). These swollen mitochondria were similar in

form, size, internal organization, intracellular distribution,

mitochondrial origin and CP presence to MNSV VRCs pre-

viously described in melon (Gomez-Aix et al., 2015), sug-

gesting that they could also constitute viral replication

sites. In contrast, inoculation of MNSV(DCP-GFP), in which

(a) (b) (c) (d)

(e) (f) (g)

(h) (i)

(j) (k)(k) (l)

Figure 4. Coat protein (CP)-green fluorescent protein (GFP) subcellular localization during melon necrotic spot virus (MNSV) infection in leaves of Nicotiana

benthamiana at 5 days post-inoculation (dpi).

(a) Confocal laser-scanning microscopy (CLSM) image showing an MNSV(CP-GFP) infection focus. Inset, single scan showing a chloroplast with CP-GFP in the

stroma and extended stromule.

(b) CLSM showing mesophyll cells at the MNSV(CP-GFP) infection focus edge. Inset, chloroplasts with CP-GFP envelope-associated spots.

(c) CLSM image showing CP-GFP fluorescence in chloroplasts, small bodies resembling mitochondria, and round structures (arrows) in epidermal MNSV(CP-

GFP) infected cells.

(d) Single scan of a mitochondrial-derived round structure showing uneven fluorescence distribution inside.

(e,f) Single scans of the adjacent region between two mesophyll (e) or epidermal (f) MNSV(CP-GFP) infected cells showing the peripheral localization of

mitochondrial-derived round structures.

(g) Stack projection of 11-time series scans (frame time 0.78 sec) showing the displacement of a mitochondrial-derived round structure from positions 1–11.
(h,i) Colocalization of CP-GFP with the mitochondrial marker coxP-ChFP (h) and dual marker glyrsP-ChFP (i) in MNSV(CP-GFP) infected cells.

(j–l) CLSM images showing MNSV(DCP-GFP) infected epidermal cells, either alone (in j) or together with the mitochondrial matrix marker coxP-ChFP (in k,l). Chl,

chlorophyll in magenta. TC, transmitted channel. CLSM images correspond to Z-stack projections unless indicated.
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the CP was replaced by the GFP, resulted in local move-

ment impairment as only single epidermal cells showing

nucleo-cytoplasmic fluorescence were observed (Fig-

ure 4j). Therefore, CP-GFP must retain some degree of

functionality allowing cell-to-cell movement of MNSV(CP-

GFP). Altered mitochondria were still observed in MNSV

(DCP-GFP) infected cells after transient expression of coxP-

ChFP (Figure 4k,l).

To determine whether proteolytic processing also occurs

during infection, MNSV CP was tagged at the C-terminus

with influenza hemagglutinin (HA) epitope into an MNSV

infectious construct, generating pMNSV(CP-HA). In addi-

tion, HA-tag was also inserted between the arm region and

the S domain in pMNSV(CHAP). In vitro transcripts of wild-

type and both HA-tagged MNSV constructs were inocu-

lated in N. benthamiana leaves. The amounts of viral RNAs

and HA-tagged CPs were analyzed at different dpi. Regard-

less of whether the CP was HA-tagged or not, MNSV geno-

mic and subgenomic RNAs were early detected at 2–3 dpi

and highly accumulated at 6 dpi (Figure 5a). At 7–8 dpi,

similar necrotic lesions were observed in all inoculated

leaves (Figure 5b). At 3–4 dpi, CP-HA and CHAP immunode-

tection resulted in two bands of approximately

35.04 � 0.24 and 32.07 � 0.33 kDa (Figure 5c,d, respec-

tively), identical to those observed when CP-HA was pro-

duced by agroinfiltration (Figure 5c), and resembling the

pattern of the cleaved products reported after immunode-

tection of CNV CP (Ghoshal et al., 2015). This observation

indicates that MNSV CP could be transported to mitochon-

dria and chloroplasts also during infection undergoing N-

terminal processing. At 8 dpi, a band of 44.09 � 0.33 kDa

corresponding either to the whole CP-HA or CHAP (theoreti-

cal size: 43.03 kDa) was detected. However, the intensities

of bands corresponding to the cleaved CP were always

higher than that of the complete ones. These results

contrast with what was found in CNV infection, where only

1–5% of the CP was reported to target chloroplasts and

mitochondria (Xiang et al., 2006).

Considering the estimated size of the bands and

the results previously published about CNV CP, three MNSV

CP-HA deletion proteins starting at position 65 (CPD2–64-HA),

81 (CPD2–80-HA), and 96 (CPD2–95-HA) were designed (Fig-

ure 5e). After agroinfiltration, the three proteins were ana-

lyzed by Western blot, and their migration was compared

with CP-HA (Figure 5f). The upper and lower cleavage prod-

ucts obtained from both MNSV(CP-HA) infection or CP-HA

agroinfiltration co-migrated with CPD2–80-HA and CPD2–95-

HA, indicating that CP processing in mitochondria and

chloroplasts may occur at two different but close points,

one of them within the arm region but near the arm/S

domain junction where most likely the second one occurs,

as previously described for CNV CP (Ghoshal et al., 2015).

To further evaluate whether R/arm-GFP expression dur-

ing infection also acts as a cytopathogenic elicitor, we

generated pMNSV(R/arm-GFP) by deleting both S and P

domains in pMNSV(CP-GFP). Although very small multicel-

lular foci were occasionally observed (Figure 6a), the infec-

tion was mainly restricted to single cells at 5 dpi

(Figure 6b). R/arm-GFP localization in multicellular foci was

similar to that described above for CP-GFP in MNSV(CP-

GFP), except that VRCs were more frequently detected.

Approximately 70% of mesophyll cells displayed numerous

VRCs ubiquitously distributed throughout the cell (Fig-

ure 6a, inset). VRC number per mesophyll cell was also

significantly higher than that observed in MNSV(CP-GFP)

foci (12.36 � 7.87, t = 4 and P = 0.0021), although no differ-

ence was observed between epidermal cells (12.83 � 4.07,

t = 0.086 and P = 0.9). In contrast, no fluorescence-labeled

VRCs were detected in unicellular foci. Instead, most

chloroplasts extended stromules to and contacted the

nucleus forming perinuclear clusters as occurred upon

transient R/arm-GFP expression (Figure 6b–d). Moreover,

colocalization with coxP-ChFP revealed that mitochondria

in these unicellular foci mainly showed an abnormal ring-

shaped morphology similar to spheroids and annular mito-

chondria observed in animal cells and Arabidopsis proto-

plasts, respectively, before stress-induced cell death

(Miyazono et al., 2018; Scott and Logan, 2008; Figure 6e,f).

To study the relevance of the R1 subdomain in CP import

during infection, an additional construct, pMNSV(CPDR1[6–

30]-GFP), containing a deletion of the aa positions 6–30,
was made. Due to overlapping between contiguous p7B

and CP open reading frames (ORF), the first five aa posi-

tions (MAMVR) of the R1 subdomain remained. After 4–
5 dpi, only small multicellular foci were detected, showing

CPDR1[6–30]-GFP fluorescence in the cytoplasm but not in

the nucleus of both mesophyll and epidermal cells (Fig-

ure 6g; Movie S4). Some cells also showed small bodies

that did not colocalize with dual marker glyrsP-ChFP (Fig-

ure 6h). Expression of coxP-ChFP also confirmed the pres-

ence of VRCs in infected mesophyll cells, but they were

found in groups or even forming a single large cluster con-

sisting of more than 15 units (Figure 6i). This situation con-

trasts with that observed in mesophyll cells infected with

MNSV(CP-GFP) or MNSV(R/arm-GFP), suggesting that

although CP is not necessary for VRC formation, it could

modulate their biogenesis and dynamic behavior.

MNSV p29 auxiliary replicase was localized at the

boundaries of swollen mitochondria that form ER-

associated small clusters and large juxtanuclear

aggregates

To further evaluate the contribution of p29 in mitochondrial

modification, VRC formation and its relationship with CP,

we ectopically expressed a fluorescent-tagged p29 either

alone or in combination with a mitochondrial matrix marker

or CP. When p29 was expressed alone, the most striking

observation, not described previously, was the appearance
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of a large round-shaped structure (11.95 � 2.22 µm in long

axis) near the nucleus, together with free and vesicle-

associated punctate bodies over the cytoplasm in epidermal

cells (Figure 7a,b) or peripherally located in mesophyll cells

(Figure 7c). Single scan analysis along the Z-axis revealed

that juxtanuclear structures consisted of a large cluster of

size-heterogeneous vesicles showing uneven p29-GFP accu-

mulation around them (Figure 7a, inset; Movie S5). Interest-

ingly, large clusters and cytoplasmic bodies/vesicles were

found in association with the ER (Figure 7d). To assess the

nature of these structures, the mitochondrial matrix marker

coxP-ChFP and p29-GFP were co-expressed. In a general

view, both proteins appeared to overlap partially (Figure 7e,

f), but magnification images revealed that coxP-ChFP was

actually in close association with the p29-labeled cytoplas-

mic bodies or inside vesicles (Figure 7g,h). Accordingly,

coxP-ChFP and p29-GFP aggregated together in

juxtanuclear structures as before (12.14 � 1.67 µm in long

axis, t = 0.33 and P = 0.73), but their distribution profiles

were opposite to each other, suggesting different localiza-

tion. p29 could be associated with membranes of altered

mitochondria, as reported previously, and coxP-ChFP in the

matrix (Figure 7i–k). On the other hand, upon co-expression

with p29-ChFP, CP-GFP fluorescence was observed inside

p29-GFP-labeled vesicles in smaller juxtanuclear structures

(9.87 � 2.34 µm in long axis, t = 3.4 and P = 0.0015; Fig-

ure 7l,m), indicating that CP-GFP behaved as a mitochon-

drial matrix protein.

MNSV CP import into mitochondria and chloroplasts

could prevent p29-induced necrosis, but compromises

RSS and encapsidation capacities

Mochizuki et al. (2009) showed that p29 expressed from a

CMV-based vector modifies mitochondrial membrane

Figure 5. Coat protein (CP)-hemagglutinin (HA) undergoes cleavage at two different points during both infection and agroinfiltration.

(a) Northern blot analysis of melon necrotic spot virus (MNSV) RNAs at the indicated days post-inoculation (dpi). The position of genomic and both subgenomic

RNAs is indicated. Ethidium staining of ribosomal RNA 25S is shown as loading control.

(b) Images of Nicotiana benthamiana leaves inoculated with the indicated viral RNAs taken at 8 dpi.

(c,d) Immunodetection of CP-HA and CHAP expressed from MNSV genome during local infection of N. benthamiana at the indicated dpi [MNSV(CP-HA)]. The last

track in (c) corresponds to CP-HA obtained 48 h after agroinfiltration of a binary plasmid in N. benthamiana. Leaves from three plants were analyzed at each

time point and mixed in one sample. The molecular weight of the resulting bands was estimated by linear regression and indicated.

(e) Schematic representation of the MNSV CP domains (R, arm, S, and P plus the HA tag) and the three CP-HA deletion proteins starting at position 65 (CPD2–64-

HA), 81 (CPD2–80-HA) and 96 (CPD2–95-HA).

(f) Size comparison of the two CP-HA cleavage products obtained either from MNSV infection or agroinfiltration with CPD2–64-HA, CPD2–80-HA and CPD2–95-HA by

Western blot. The size of CPD2–64-HA, CPD2–80-HA and CPD2–95-HA is indicated on the right. Coomassie blue stainings are shown as loading controls. The posi-

tions of the protein molecular weight markers with sizes in kDa are indicated.
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structures generating mitochondrial damage and necrosis

in N. benthamiana. Accordingly, we have shown that p29

transient expression induced mitochondrial swelling and

juxtanuclear aggregation, but also triggered necrosis in

localized areas at 5–6 dpi in single expression or together

with GFP, CPD(R/arm)-GFP and R/arm-GFP (Figure 8a).

Necrosis was most prominent and affected the whole leaf

when p29 was co-expressed either with the silencing sup-

pressor HCPro of tobacco etch virus or CPDR1-GFP.

Instead, p29-HA co-expression with CP-GFP either abol-

ished (left side of the panel) or considerably reduced (right

side of the panel) necrosis appearance. Western blot analy-

sis performed at 1, 2, 3 and 4 dpi, before necrosis

appearance, showed that the levels of p29-HA in the pres-

ence of GFP, CPD(R/arm)-GFP, R/arm-GFP or CP-GFP were

not significantly different from each other (F = 3.82,

P = 0.058), but all of them were significantly lower than

those found in HCPro and CPDR1-GFP co-expressions

(F = 75, P < 0.0001, calculated at 2 dpi, and adjusted P-

values for multiple comparisons with CP are shown in Fig-

ure 8b). Northern blot analysis at 2 dpi was consistent with

Western blot results as p29-HA mRNA accumulated more

in the presence of HCPro, which showed the highest levels,

or CPDR1-GFP, than CP and the rest of the proteins (Fig-

ure 8c). Therefore, the higher p29 levels the greater is

necrosis but, at equal amounts, only the complete CP

(a) (b) (c)

(d)

(e) (f)

(g)

(h) (i)

Figure 6. Subcellular localization of R/arm-green fluorescent protein (GFP) and CPDR1[6–30]-GFP during melon necrotic spot virus (MNSV) infection in leaves of

Nicotiana benthamiana at 5 days post-inoculation (dpi).

(a) Confocal laser-scanning microscopy (CLSM) image of a local MNSV(R/arm-GFP) infection foci. R/arm-GFP fluorescence was found in chloroplasts, normal

and swollen mitochondria (VSM). Inset shows an infected mesophyll cell.

(b) CLSM image of an isolated single cell infected by MNSV(R/arm-GFP). Single scan magnification of the dotted rectangle is shown in (c). A detailed view of a

juxtanuclear cluster of chloroplasts and cytoplasm with ring-shaped mitochondria are shown in (d) and (e), respectively.

(f) Single scan images showing colocalization of ring-shaped mitochondria with coxP-ChFP.

(g) CLSM image of a local MNSV(CPDR1[6–30]-GFP) infection foci. Inset shows CPDR1[6–30]-GFP fluorescence in the cytoplasm around the nucleus merged with the

transmitted channel.

(h) CLSM images of two adjacent mesophyll cells showing the different distribution of mitochondria (coxP-ChFP) between the MNSV(CPDR1[6–30]-GFP) infected

cell on the left, and the healthy one on the right.

(i) Single scan of an MNSV(CPDR1[6–30]-GFP) infected mesophyll cell showing a large and single cluster of mitochondrial-derived round structures labeled with

coxP-ChFP. Chl, chlorophyll in magenta. TC, transmitted channel. CLSM images correspond to Z-stack projections unless indicated.
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attenuated necrosis. In previous work, using 16c GFP-

transgenic plant system, we showed that siRNA binding

through the R2/arm region confers to CP and CPDR1, RSS

activity at systemic, but not local, level (Serra-Soriano

et al., 2017). The results presented here suggest that CPDR1

acts as a strong local suppressor favoring p29 expression

but, in contrast to HCPro, this effect was only noticeable

earlier after CPDR1 expression. This could be the reason

for negative results in the 16c system as samples were

analyzed at 5 dpi. To clarify this issue, we used a new

approach based on an alfalfa mosaic virus (AMV) RNA 3

expression vector and transgenic Nicotiana tabacum plants

that express the P1 and P2 subunits of the AMV replicase

(P12 plants; Mart�ınez-P�erez et al., 2019). This method is a

fast and reliable technique based on the correlation

between symptomatology on inoculated leaves and sup-

pressor activity. According to reported data, inoculation of

P12 leaves with AMV RNA 3 expressing CP or GFP did not

produce local symptoms. In contrast, AMV RNA 3 express-

ing CPDR1 generated extended necrotic lesions (Figure 8d).

These data together indicate that CPDR1 is more efficient

than CP as a suppressor at local level. Nevertheless, to

(a) (b)

(c)

(d) (e)

(f)

(g)

(h)

(l) (m)

(i)

(j)

(k)

Figure 7. Transient expression of p29 auxiliary replicase can induce mitochondrial swelling and aggregation in leaves of Nicotiana benthamiana.

(a) p29 subcellular localization in epidermal cells. A juxtanuclear structure single scan is shown on the bottom inset.

(b) Single scan magnification of the dotted rectangle in (a).

(c) Single scan showing p29-green fluorescent protein (GFP) bodies and vesicles peripherally located in mesophyll cells.

(d) p29-GFP localization in the nuclear envelope, endoplasmic reticulum (ER) and ER-associated bodies.

(e,f) Co-expression of p29-GFP and coxP-ChFP in epidermal (e) and mesophyll (f) cells.

(g,h) Single scans showing p29-labeled cytoplasmic vesicles containing coxP-ChFP.

(i) coxP-ChFP localization in a large oval-shape aggregate upon co-expression with p29-GFP.

(j) Single scan showing the differential distribution of coxP-ChFP and p29-GFP in large aggregates.

(k) Fluorescence intensity profile of indicated fluorophores plotted versus distance along the arrow in (j).

(l) Confocal laser-scanning microscopy (CLSM) image showing coat protein (CP)-GFP localization in a large aggregate near the nucleus upon co-expression with

p29-ChFP.

(m) Single scan showing an aggregate of p29-ChFP-labeled vesicles showing CP-GFP fluorescence inside.
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further investigate this notion, we introduced CPDR1[6–30]-

HA into the construct pMNSV(CPDR1[6–30]-HA), and the cor-

responding transcripts were inoculated in N. benthamiana.

Viral RNA and CPDR1[6–30]-HA accumulation in infected

leaves were compared with those obtained with the wild-

type variant at 8 dpi (Figure 8e). Depending on the sample,

MNSV(CPDR1[6–30]-HA) RNA levels were lower than or simi-

lar to wild-type, but the levels of the single uncleaved

CPDR1[6–30]-HA band, which was detected, were consis-

tently higher than those of the two cleaved CP-HA products

obtained in wild-type infection. Therefore, the potential of

CP to suppress RNA silencing is compromised by its orga-

nelle targeting that implies its cytoplasmic depletion and

its R/arm domain processing, a region essential for its role

as RSS (Serra-Soriano et al., 2017).

Considering that the R2/arm domain is also required for

MNSV genome encapsidation (Serra-Soriano et al., 2017),

virus assembly could also be affected by CP processing

upon organelle import. To examine this view, virions were

isolated from photosynthetic (leaves and stems/petioles)

and non-photosynthetic (roots) infected tissues. The pro-

cess was repeated three times (two replicates are shown in

Figure 9a), and consistently showed that virions accumu-

lated in inverse proportion to the photosynthetic capacity

of the tissue, higher in roots (10–20 times) and stems/peti-

oles (5–10 times) than in leaves, where they were barely

detected. To analyze whether the differential accumulation

of virions could be related to different processing levels of

the CP, we express CP-HA in N. benthamiana plants using

a tobacco rattle virus (TRV)-based binary vector,

TRV2promPEBV[CP-HA] (MacFarlane and Popovich, 2000).

This heterologous expression system ensures that transit

peptide is not precluded by virion assembly and only

uncoated CP is detected. A TRV vector expressing ChFP

was generated, TRV2promPEBV[ChFP], to visualize the virus

spreading through the plant. One week after inoculation of

N. benthamiana, TRV2promPEBV[ChFP] fluorescence was

observed in upper leaves, stems and roots (Figure 9b). At

this time, proteins from three TRV2promPEBV[CP-HA]

infected plants were extracted and analyzed by Western

blot. According to that observed above during MNSV infec-

tion (Figure 4b), two CP-HA cleavage products of approxi-

mately the same size as before were detected (protein

sizes calculated by regression analysis of electrophoretic

mobility are shown in Figure 9c). Consistent with the

tissue-specific accumulation of virions, full-length CP-HA

(theoretical size 43.03 kDa) was detected in all root sam-

ples and, at least, in stem replicate two.

In contrast, no full-length CP was observed in leaves. In

any case, a high proportion of processed CP was still

observed in all tissues. To explain this, we analyzed CP

subcellular localization in stems and roots with an addi-

tional TRV vector expressing R/arm-GFP, TRV2promPEBV[R/

arm-GFP]. One week after inoculation, TRV2promPEBV[R/

arm-GFP] fluorescence was observed in mitochondria and

chloroplasts of upper leaves and stems (Figure 9d). In

roots, R/arm-GFP-labeled non-photosynthetic plastids, as

chlorophyll fluorescence was not detected, mainly clus-

tered around the nucleus and showing long stromules.

This targeting of the R/arm-GFP to non-photosynthetic

plastids could explain the high degree of CP-HA processing

still observed in this tissue. Moreover, fluorescent mito-

chondria were also detected in roots but, compared with

green tissues, considerably fewer of them were observed.

Effect of R/arm CP mutations on MNSV infectivity and HR-

related gene expression

To explore how CP mutations affected MNSV infection in

N. benthamiana, 2-week-old seedlings were inoculated

with in vitro transcripts of MNSV and all N-terminal dele-

tion mutants used in this study as well as R81A point

mutant. Five days later, leaves inoculated with MNSV-

CPDR1 or MNSV-CP(R81A) showed necrotic or chlorotic

symptoms, respectively, whereas the rest of the mutants

caused no local symptoms. MNSV-CPD(R/arm) was taken

as representative of symptomless variants for further anal-

ysis (Figure S8). Necrotic lesions generated by MNSV-

CPDR1 were significantly smaller than those observed in

wild-type MNSV infections (0.78 � 0.47 versus 2.17 � 1.07

mm2, t = 5.8, P < 0.0001). At 15 dpi, necrosis nearly or fully

covered MNSV inoculated leaves whereas, in MNSV-

CPDR1, local symptoms still consisted of well-defined

necrotic lesions (3.73 � 1.35 mm2; Figure S8). Only 2 out

of 30 (6.7%) plants inoculated with MNSV-CPDR1, versus

27 out of 30 (90%) of those inoculated with MNSV, showed

systemic symptoms (Figure S8). Those consisted of necro-

sis associated with local lesions, chlorotic in the beginning,

stems and interveinal tissue of upper leaves, leaf malfor-

mation, dwarfing and occasionally plant death (Figure S8).

All plants inoculated with MNSV-CP(R81A) and the rest of

the mutants remained symptomless at the systemic level.

MNSV systemic infection was confirmed by dot-blot

hybridization analysis (Figure S8).

Samples from inoculated leaves were collected at 5 dpi

and total RNA extracted. Although CPDR1 could enhance

early viral replication compared with CP(R81A), the Northern

blot analysis revealed that MNSV-CPDR1 and MNSV-CP

(R81A) RNAs accumulated similar to each other (q = 1.9,

P = 0.58), although significantly lower than wild-type viral

RNAs (q = 7.6, P = 0.003; q = 9.5, P = 0.0007, respectively).

In contrast, RNAs from MNSV-CPD(R/arm), which was

selected as representative of symptomless mutants, were

barely detected compared with wild-type viral RNAs

(q = 17.5, P < 0.0001; Figure 10a). All events described here,

including mitochondrial swelling and aggregation, stro-

mules induction, as well as necrosis and systemic resis-

tance, are consistent with a HR (Mur et al., 2007; Scott and

Logan, 2008). To impede pathogen spreading, HR causes

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), doi: 10.1111/tpj.15435

12 Jose A. Navarro et al.



the rapid death of cells at the initial point of infection con-

current with the production of ROS and defense gene

upregulation (Heath, 2000). Therefore, we examined the

RNA expression of ZAT10, a regulatory transcription factor

for oxidative stress signaling (Fujita et al., 2009), APX2, an

antioxidant cytosolic ascorbate peroxidase (Caverzan et al.,

2012), HR markers HIN1 (Gopalan et al., 1996) and HSR203J

(Pontier et al., 1998), and pathogenesis-related PR1 (van

Loon, 1997) genes by quantitative real-time reverse tran-

scription polymerase chain reaction (qRT-PCR) shown in

Figure 8. Coat protein (CP)-green fluorescent protein (GFP) inhibition of p29-hemagglutinin (HA) induced necrosis in transient expression assays and analysis

of RNA silencing suppressor (RSS) capacity of melon necrotic spot virus (MNSV) CPDR1.

(a) Effect of GFP, CPD(R/arm)-GFP, R/arm-GFP, CPDR1, CP or TEV HCPro on p29-HA induced necrosis upon co-expression in leaves of Nicotiana benthamiana.

Images were taken at 6 days post-inoculation (dpi).

(b) Representative Western blot analysis to detect p29-HA in protein extracts from N. benthamiana leaves co-expressing the indicated proteins at 1, 2, 3 and

4 dpi. Boxplot represents the chemiluminescence intensity of p29-HA band from three independent replicates at 2 dpi. The lower and upper limits of the boxes

are plotting the min and max values, respectively, whereas the lines dividing them represent the median values. Points inside boxes represent the mean from

the three replicates. P < 0.05 indicates statistical significance. Coomassie blue staining of RuBisCO is shown as loading control.

(c) Northern blot analysis from two independent replicates to detect p29-HA mRNA. RNAs were extracted from leaves co-expressing the indicated proteins at 2

and 3 dpi. Ethidium bromide staining of 25S ribosomal RNA is shown as loading control.

(d) Comparison of the silencing suppressor activity of CP and CPDR1, using AMV RNA 3 expression vector and transgenic P12 plants of Nicotiana tabacum.

AMV RNA 3 transcripts expressing GFP, CP or CPDR1 were inoculated on different leaf halves as indicated.

(e) Analysis of the accumulation of viral RNAs and CP in MNSV(CPDR1[6–30]-HA) and MNSV(CP-HA) by Northern blot (left) and Western blot (right), respectively.

Three replicates were performed consisting of a tissue mix from three plants. Two of them are shown.
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Figure 10(b). PCR results indicated that, except for APX2, all

markers were induced in MNSV and MNSV-CPDR1 infec-

tions in the same order of magnitude (Figure 10b). HIN1

and PR1 were strongly upregulated to levels similar to

those seen in homologous HIN1 (Li et al., 2012) and other

members of the PR family (Fister et al., 2016) under biotic

stress. In comparison to HIN1, a lower induction was

observed for the second HR marker HSR203J (four–five-
fold). Nevertheless, it has been described that HSR203J and

HIN1 are induced approximately at the same order of mag-

nitude early upon pathogen attack but, when necrosis

appeared, HIN1 upregulation further increased while

HSR203J induction fell to 1/10th of HIN1 (Li et al., 2012).

Considering that MNSV-infected samples were taken at

5 dpi when necrosis was macroscopically visible, HSR203J

mRNA levels might be within the expected values. Concern-

ing ZAT10, it was 14- and 11-fold induced in MNSV and

MNSV-CPDR1 infections, respectively. These values are sim-

ilar to those reported for abiotic (Rossel et al., 2007) and bio-

tic stresses, such as those induced by the necrotrophic

fungus Botrytis cinerea in Arabidopsis (AbuQamar et al.,

2006). Compared with previous data, PR1 was barely

induced (sixfold) in non-necrotic MNSV-CP(R81A) and

MNSV-CPD(R/arm) infection, whereas the rest of the

Figure 9. Melon necrotic spot virus (MNSV) virion accumulation, coat protein (CP)-hemagglutinin (HA) processing, and R/arm-green fluorescent protein (GFP)

subcellular localization in leaves, stems and roots.

(a) Northern blot analysis of MNSV virions isolated from roots, stems, and petioles and leaves of MNSV-infected Nicotiana benthamiana plants in two indepen-

dent replicates. Equal extract volumes (5, 10 and 15) from the same fresh weight of each tissue were loaded.

(b) Images of leaves, stems and roots of N. benthamiana plants infected with TRVpromPEBV[ChFP] or TRVpromPEBV[CP-HA] taken under white or ultraviolet/rho-

damine filter light 1 week after inoculation.

(c) Western blot analysis to detect CP-HA expressed from a tobravirus-based vector in roots (R), stems and petioles (S/P), and leaves (L) of N. benthamiana.

Results from three different plants are shown. Coomassie blue staining is shown as loading control. Protein sizes calculated by regression analysis of elec-

trophoretic mobility are shown on the right. The positions of the protein molecular weight markers with sizes in kDa are indicated on the left.

(d) Confocal images of cells from leaves, stems and roots of N. benthamiana plants infected with TRV1 plus TRV2promPEBV[R/arm-GFP] 1 week after inoculation.
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markers were not significantly induced. APX2 was not sig-

nificantly upregulated in any case (F = 2.17, P = 0.15).

DISCUSSION

Dual targeting is emerging as an evolutionary solution for

some plant pathogens, constrained by small genomes, to

expand and diversify protein function. However, only a few

examples of dual targeting to mitochondria and chloroplas-

ts, mainly including some fungus effectors and CNV CP,

have been described (Hui et al., 2010; Liu et al., 2018; Petre

et al., 2015). Here we show that MNSV CP is also dually tar-

geted to these organelles during ectopic expression, as well

as to mitochondrial-derived VRCs in infected cells, and

unravel the implications that this ambiguous targeting has

on the viral infection cycle. Prediction analysis revealed that

mitochondrial and/or chloroplast targeting could be

extended among tombusvirus CPs, indicating that MNSV

CP similarity is beyond structural features. Sequences in

the R/arm domain were required in MNSV and CNV CP

import, but we found some differences in dTP structural

organization. Mitochondrial and chloroplast targeting infor-

mation rely on distinct regions in CNV dTP (Hui et al., 2010),

whereas MNSV dTP seems to contain a unique ambiguous

signal. It is known that sorting information is mainly local-

ized within the 19 N-terminal amino acids of transit pep-

tides. Accordingly, the R1 subdomain showed similar mTP

and cTP traits except for the presence of polar asparagine

instead of serine (Berglund et al., 2009; Ge et al., 2014). This

bias towards nitrogenous asparagine was observed in the

apicoplast transit peptide of the malaria parasite Plasmod-

ium falciparum, which was hypothesized to be caused by

differences in codon usage and nitrogen disposal (Ralph

et al., 2004). R1 subdomain was shown to be essential but

not sufficient for CP organelle import as, regardless of their

primary structure, either R2 subdomain or arm regions were

also required. As previously described for some Arabidop-

sis proteins, a 60-aa minimum length could be necessary as

it was proposed that a longer than 20-aa spacer between

cTP and mature protein relieves steric hindrance, enabling

the binding of essential translocators (Berglund et al., 2009;

Shen et al., 2017). Therefore, R2/arm regions, which are rel-

evant RNA binding domains (Serra-Soriano et al., 2017), are

acting here as a mere spacer between R1 and the folded S

domain.

Developmental and physiological states of mitochondria

and chloroplasts play a role in sensing environmental condi-

tions and eliciting adaptive plant responses. In this process,

coordinated organelle-to-nucleus retrograde signaling,

which results in nuclear expression changes and, occasion-

ally, cell death, is essential (Reape et al., 2015; Wang et al.,

2020). Also, mitochondria and chloroplasts have been

revealed as critical organelles in regulating plant–virus inter-
actions (Li et al., 2016; Zhao et al., 2016). Mitochondria and

chloroplasts can coordinate plant defense response and cell

death through shared retrograde signaling pathway compo-

nents, some of them targeting both organelles (Wang et al.,

2020; Yang et al., 2021). Moreover, several key antioxidative

enzymes in the ascorbate-glutathione cycle and mitochon-

drial anti-apoptotic proteins from animals are also dually

targeted to mitochondria and chloroplasts in plants. ACD2,

which protects against cell death caused by Pseudomonas

syringae, was localized in both organelles in Arabidopsis

young seedlings but only in chloroplasts in mature leaves.

Interestingly, MNSV CP was rarely immunolocalized in

chloroplasts of melon cotyledons, suggesting that dual

localization could be host- or tissue-dependent (Gomez-Aix

et al., 2015; Miras et al., 2020). In any case, the same authors

reported that the expression of many chloroplast and

photosynthesis-related genes was inhibited during MNSV

infection of melon cotyledons (G�omez-Aix et al., 2016).

Mitochondria and chloroplasts are thus valuable targets for

plant pathogenic effectors to efficiently interfere with retro-

grade signaling and control immune response (Liu et al.,

2018; Petre et al., 2015).

Two MNSV components produced HR-compatible cyto-

pathic effects on mitochondria and/or chloroplasts, uncov-

ering their role in plant perception of the pathogen. On the

one hand, the R/arm domain induced chloroplast cluster-

ing around the nucleus and communication among them

through stromule extension (see a summary of the func-

tions of the different domains of MNSV CP in Table S1).

Degradation of signal peptides generated in mitochondria

and chloroplasts is essential for proper plant development

(Kmiec et al., 2014). Therefore, after viral CP processing

inside the organelles, peptide accumulation derived from

the R/arm domain could exceed the capacities of the

organellar oligopeptidases to degrade them. This situation

could be perceived by chloroplasts and mitochondria as a

stress signal triggering their movement to and communi-

cation with the nucleus. It has been reported that this is a

general response to pathogen challenge during pattern-

triggered immunity and ETI, allowing pro-defense signals,

such as ROS and NRIP1, to travel into the nucleus trigger-

ing cell death. This was evidenced by enhanced HR-like cell

death response to P. syringae in Arabidopsis knockouts

constitutively expressing stromules (Caplan et al., 2015;

Ding et al., 2019).

On the other hand, the interaction of p29 with the mito-

chondrial membrane induced mitochondrial swelling,

aggregation and subsequent signaling events leading to

necrosis. Similar findings have previously revealed that

chemical induction of ROS production in Arabidopsis pro-

toplasts caused a rapid and consistent change in mito-

chondrial morphology that preceded cell death (Scott and

Logan, 2008). Moreover, we showed that N. benthamiana

necrotic response to MNSV was associated with upregula-

tion of SA-, HR- and oxidative stress-related genes.

Although we cannot rule out the possibility that other APX
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isoforms are induced, downregulation of APX activity

through transcriptional and translation repression and

posttranslational modifications has been described to pro-

mote oxidative burst needed for programmed cell death

(de Pinto et al., 2012). All these cellular and molecular

events together suggest that MNSV-host compatible inter-

action may result from an inefficient HR that usually does

not stop disease progression but reinitiates in newly

infected cells. This assumption fits closely with the

observed trailing necrosis associated with vascular tissues,

including stems, petioles and interveinal regions, occasion-

ally killing the plant (Balint-Kurti, 2019).

Previous studies have suggested that CP mitochondrial

and chloroplast targeting may assist, early in infection,

CNV uncoating process as both organelles are often found

closely associated with peroxisomes, where CNV repli-

cates (Hui et al., 2010). Even if that was true for MNSV, we

found experimental evidence suggesting that CP organelle

targeting affects later infection stages. MNSV infection ini-

tiated by uncoated RNAs was negatively affected when

organelle targeting, but not the rest of known CP

functions, was impaired in MNSV-CPDR1. Moreover,

MNSV RNA encapsidation was prominent and associated

with unprocessed CP presence in non-photosynthetic tis-

sues like roots or stems, where chloroplasts are lacking or

fewer than in leaves (Kobayashi and Masuda, 2013; Maksy-

mowych et al., 1993), indicating that virion assembly rate

could also be regulated by this mean. To increase genome

encapsidation specificity, virion assembly should take

place near replication sites. MNSV CP targeting

mitochondrial-derived VRCs could provide the most effi-

cient way to bring together the main virion components,

CP and viral RNAs. However, we showed that CP behaves

like a mitochondrial matrix protein, most likely undergoing

R/arm processing and becoming useless for genome bind-

ing. One possibility is that the processing rate of mito-

chondrial cargo could be modulated at some infection

stages allowing or not encapsidation from CP mitochon-

drial pool. In this sense, mitochondrial processing pepti-

dase expression was reported to be down- or upregulated

in susceptible and resistant melon, respectively, espe-

cially 5 days after infection with the resistance-breaking

Figure 10. Analysis of ZAT10, HIN1, HSR203J and PR1 gene expression by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) in

Nicotiana benthamiana.

(a) Northern blot to detect melon necrotic spot virus (MNSV) RNAs in MNSV, MNSV-CPR1, MNSV-CPR81A and MNSV-CPD(R/arm) inoculated leaves. Ethidium

bromide staining of ribosomal RNAs is shown as loading control. RNAs from leaf pools of three independent assays are shown. Boxplot represents the genomic

plus subgenomic MNSV RNA band chemiluminescence intensities from three replicates. Points inside boxes represent the mean from three replicates. P < 0.05

indicates statistical significance.

(b) Relative expression of PR1, HIN1, HSR203J and ZAT10 genes analyzed by qRT-PCR in RNA samples from leaves inoculated with MNSV and the indicated

mutants at 5 days post-inoculation (dpi). Mock corresponds to RNAs from leaves rubbed with inoculation buffer. Boxplots represent the relative expression in

three biological replicates. The lower and upper limits of the boxes are plotting the min and max values, respectively, whereas the lines dividing them represent

the median values. Points inside boxes represent the mean from the three replicates. P < 0.05 indicates statistical significance. CP, coat protein.
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MNSV-Ma5/30264, an MNSV(Al/264)-like chimeric virus

(G�omez-Aix et al., 2016).

Apart from that mentioned above, we propose an addi-

tional role for MNSV CP, associated with its organelle tar-

geting, in managing the balance between plant defense and

virus counter-defense responses leading to a compatible

interaction (Table S1). Some plant viruses mitigate symp-

toms to persist in the host, decreasing the accumulation

and/or activity of key viral effectors by genome translation

repression, degradation through host pathways and post-

translational modification (Paudel and Sanfac�on, 2018). Our

results indicated that organelle targeting and processing

compromise viral counter-defense as MNSV CP was shown

to fulfil its RSS task in the cytoplasm by siRNA sequestration

through the R2/arm region and preventing the spread of sys-

temic silencing (Serra-Soriano et al., 2017). Similarly, TBSV

p19 cytoplasmic depletion upon translocation into the

nucleus by ALY proteins negatively affects its silencing sup-

pressor activity (Canto et al., 2006). We showed that necro-

sis induction was p29 dose-dependent, and thus it could be

closely linked to high infection levels mediated by antiviral

RSS. In this sense, the accumulation of MNSV-CPDR1 hold-

ing CPDR1, which still allows genome binding and encapsi-

dation (Serra-Soriano et al., 2017), has enhanced RSS

capacity but fails to localize in both organelles and was neg-

atively affected or impaired at local or systemic level.

Although MNSV-CPDR1 accumulation was significantly

lower thanMNSV, the induction of pathogen and HR-related

gene markers was in the same order of magnitude. The high

levels of CPDR1 in the cytoplasm likely enhance viral RSS

activity favoring early p29 overaccumulation. Far from

improving MNSV replication, this magnifies mitochondrial

alteration reinforcing antiviral defense or accelerating its

activation as occurs when co-expressing p29 and CPDR1.

Thus, CP organelle targeting and processing might be con-

sidered as a mechanism to avoid excessive RSS activity in

green parts where uncoated replicating genomes can

spread protected inside motile VRCs but, in turn, could facil-

itate horizontal transmission through the interaction of vec-

tor fungus zoospores with virions accumulated in roots.

Remarkably, MNSV accumulation was previously observed

to be significantly higher in infected melon roots than in

cotyledons or leaves (Gosalvez-Bernal et al., 2008). Melon

roots have also been reported as a tissue where RNA silenc-

ing occurs (Herranz et al., 2015). This remarkable tissue trop-

ism can now be explained by the lack of CP processing and

concomitant RSS activity and virion accumulation in roots

observed here.

Our results also indicate that S/P domains, which corre-

spond to organelle mature CP, could mitigate the appear-

ance of necrosis and cytopathic alterations, possibly

interfering with plant response. CP, but not R/arm-GFP,

expression inhibited p29-induced necrosis when co-

expressed at equivalent levels. Induction of stromules was

attenuated, and chloroplast-to-nucleus movement and

communication were not observed when the whole CP was

used. MNSV-CP(R81A), holding CP(R81A), which had

reduced suppressor activity but still targets both organelles,

accumulated at similar MNSV-CPD1 levels but did not

induce necrotic lesions nor modify gene marker expression.

In contrast, when S/P domains were replaced by GFP in

MNSV(R/arm-GFP), the infection was mainly restricted to

initially infected cells showing exacerbated cytopathic

effects that affected mitochondria and chloroplasts. Some

MNSV(R/arm-GFP) foci were observed, suggesting the exis-

tence of a rather unstable balance between defense and

counter-defense mechanisms that occasionally inclines in

favor of progression. Moreover, the number of VRCs signifi-

cantly increases in MNSV(R/arm-GFP) foci, as happened in

MNSV(CPDR1-GFP). This situation raises the question of

whether mitochondrial morphology changes leading to

VRC building are due to a direct effect of p29 on membrane

curvature upon recruiting host membrane-deforming pro-

teins, as described for tombusvirus p33 on peroxisome

membranes (Nagy, 2016), or indirectly result from mem-

brane potential disruption that makes mitochondria grow

into larger structures. These last options could be empha-

sized in MNSV(R/arm-GFP) by S/P absence and in MNSV

(CPDR1-GFP) by cytoplasmic location and enhanced RSS

activity. Yet still the possibility that host and MNSV work in

concert to build VRCs cannot be ruled out.

At the time of writing this manuscript, Alam et al. (2021)

published an article about CNV CP targeting addressing

part of the objectives described in this work. Similar to

MNSV CP, these authors reported that CNV CP targeting the

chloroplast stroma inhibits necrosis induced by CNV p33

and TBSV p19, and interferes with host defense response

modulating SA signaling pathway. However, previous work

by the same group suggested that only 1–5% of the CNV CP

is targeted to chloroplast during infection (Xiang et al.,

2006). This result contrasts with our observation where both

CP and virions were barely detected in leaves during MNSV

infection, suggesting a much higher percentage of orga-

nelle targeting for MNSV CP than for CNV CP. Therefore,

mechanisms controlling the equilibrium to generate a com-

patible interaction in both pathosystems could not be

exactly similar, and most likely rely on the presence in CNV

of a TBSV p19-like silencing suppressor, p20, that is absent

in gammacarmoviruses (Hao et al., 2011). Whether MNSV

CP organelle targeting function is beyond a self-attenuation

mechanism to not prematurely harm the plant host or has a

more direct implication interfering with antiviral plant sig-

naling starting in mitochondria and chloroplasts needs fur-

ther investigation.

In summary, cytoplasmic and organellar CP could be simi-

lar to echoproteins, a term that refers to identical or nearly

identical proteins, having different functions in different sub-

cellular compartments (Yogev et al., 2011). On the one hand,

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), doi: 10.1111/tpj.15435

Multitasking roles of a viral CP in organelles 17



proteolytic processing of CP after targeting mitochondria

and chloroplasts could result in two CP-derived peptides,

both of them unsuitable for RSS and genome encapsidation.

The overaccumulation of the split R/arm region could be per-

ceived as a signal molecule for danger acting then as an elic-

itor, whereas the rest of the CP (S/P domains) could be

considered as an effector interfering with plant defence sig-

naling starting in these organelles. On the other hand, after

reaching a certain threshold of viral replication, the organel-

lar targeting of the CP could be prevented, for example, by

masking dTP through interactions with other CP molecules

or different viral and host proteins, giving rise to a subpopu-

lation of non-processed cytoplasmic CP suitable to function

in RSS and genome encapsidation.

EXPERIMENTAL PROCEDURES

Molecular cloning

For subcellular localization studies using an agro-mediated transient
expression, MNSV CP, CP mutant (Figure S2) and p29 ORFs were
PCR-amplified from available clones (Serra-Soriano et al., 2017),
digested and fused in-frame to the 50 or 30 ends of GFP by cloning
them into a modified pBluescript including the CaMV 35Sx2 pro-
moter and PoPit terminator. p29 ORF was also fused in-frame to the
50 or 30 ends of ChFP. Next, CP, all CP mutant and p29 expression
cassettes were liberated by SacI or HindIII digestion, respectively, to
be cloned into pMOG800 (Knoester et al., 1998). For subcellular
localization studies during MNSV infection, pMNSV(Al) (Genoves
et al., 2006) was modified by replacing its 30-UTR from that of
MNSV-264 isolate (D�ıaz et al., 2004) generating pMNSV(Al/264).
pMNSV(CP-GFP) and pMNSV(CP-HA) were obtained by linearizing
pMNSV(Al/264) by inverse PCR and cloning either GFP or HA after
CP using type IIs BveI restriction enzyme. pMNSV(CPDR1[6–30]-GFP),
pMNSV(CPDR1[6–30]-HA) and pMNSV(R/arm-GFP) were generated by
deletion of positions 6–30 of R1 subdomain or S/P domains in
pMNSV(CP-GFP) or pMNSV(CP-HA), as appropriate, by inverse PCR
and self-ligation through cohesive BveI ends. For MNSV infection
studies in N. benthamiana, pMNSV(Al/264) was the basis to intro-
duce R/arm, R, arm, R1, R2 and R2/arm deletions by inverse PCR and
self-ligation through cohesive BveI ends. To obtain the R1/arm dele-
tion mutant, the arm region was deleted from pMNSV(CPDR1) fol-
lowing the same procedure as before. R81A point-mutation was
introduced in pMNSV(Al/264) by inverse PCR using complementary
primers. A TRV expression systemwas used for CP-HA/ChFP expres-
sion in leaves, stems and roots (MacFarlane and Popovich, 2000).
For this purpose, C-terminal HA-tagged CP and ChFP ORFs were
combined with pea early-browning virus (PEBV) CP subgenomic
promoter by overlapping PCR and cloned into pTRV2 using Gateway
technology (Liu et al., 2002). Vectors were named TRV2promPEBV[CP-
HA] and TRV2promPEBV[ChFP], respectively. Additionally, the AMV
RNA 3 expression system (Mart�ınez-P�erez et al., 2019) was used to
compare the silencing suppressor capacity between CP and CPDR1.
Both proteins were cloned under the control of a duplicated RNA4
subgenomic promoter into a modified RNA3 vector using appropri-
ate restriction enzymes (Sanchez-Navarro et al., 2001). The oligonu-
cleotides used are listed in Table S3.

Subcellular fluorescent markers

Transit peptides of yeast cytochrome oxidase subunit IV (coxP,
matrix; K€ohler et al., 1997) and Arabidopsis glycyl-tRNA

synthetase (glyrsP, stroma and matrix; Duchêne et al., 2001), as
well as the chloroplastic N. benthamiana proteins, magnesium-
protoporphyrin IX chelatase H subunit (CHLH/ABAR, outer envel-
ope; Shang et al., 2010), N receptor-interacting protein 1 (NRIP1,
stroma; Caplan et al., 2008) and chloroplast unusual positioning1
(CHUP1, outer envelope; Oikawa et al., 2008) were RT-PCR ampli-
fied from corresponding total RNAs and fused to fluorescent pro-
tein N-terminus following the same procedure described above.
Markers obtained were designed as coxP-ChFP, glyrsP-ChFP/GFP,
ABAR-ChFP, NRIP1-ChFP and CHUP1-ChFP, respectively. Besides,
the HIV-1 Rev NES was fused to NRIP1ChFP N-terminus
(NESNRIP1-ChFP), including the corresponding sequence in the for-
ward primer. The oligonucleotides used are listed in Table S3.

Protein expression and Western blot analysis

Transient expression of proteins from binary vectors was per-
formed using the Agrobacterium tumefaciens (C58C1) infiltration
method in N. benthamiana. Overnight transformed bacteria cul-
tures were collected and adjusted to an OD600 of 0.2 with 10 mM

MgCl2, 10 mM 2-(N-morpholino)ethanesulfonic acid pH 5.6 and
150 µM acetosyringone. These suspensions were introduced in 4-
week-old leaves by infiltration into the abaxial side. For experi-
ments requiring co-expression of two proteins, bacterial cultures
were mixed before infiltration. Fluorescence was visualized at 48 hpi
using confocal microscopy. For TRV-mediated expression, pTRV1 in
combination with TRV2promPEBV[CP-HA] or TRV2promPEBV[ChFP]
bacterial cultures were adjusted to an OD600 of 1 and mixed before
infiltration. Plants were kept in growth chambers at 16 h light,
25°C, and 8 h dark, 22°C. Two weeks after infiltration, ChFP fluo-
rescence was visualized under UV light using a rhodamine filter in
a Leica MZ16 fluorescence stereomicroscope. For Western blot
analysis, proteins were extracted from 100 mg of fresh tissue
using 500 µl of Laemmli buffer, and crude extracts clarified by
centrifugation. After heat denaturing, 10 µl of each extract was
analyzed by polyacrylamide gel electrophoresis and wet-
transferred to polyvinylidene difluoride membranes. Immunode-
tection was performed using a monoclonal antibody against GFP
C-terminus or HA epitope. Blots were developed by chemilumi-
nescence and examined using a Fujifilm LAS-3000 Imager. Densit-
ometry was performed using Fujifilm Image Gauge V4.0.

CLSM, image processing and statistical analysis

Subcellular localization analysis was conducted with an inverted
Zeiss LSM 780 confocal microscope. eGFP and ChFP fluorescence
were imagined by 488 and 561 nm laser excitation, respectively.
The corresponding emission detection windows were 492–532
and 590–630, respectively. The chlorophyll excitation wavelength
was 488 nm, and fluorescence was detected above 700 nm. Image
processing and analysis, including overlays, Z-stack projections,
movies, and estimation of p29 cluster sizes and areas, was per-
formed using FIJI (Schindelin et al., 2012) or ZEN 2011. Quantifica-
tion of the stromule induction was done in epidermal cells marked
with NRIP1-ChFP. Maximum intensity two-dimensional projec-
tions of 30 Z-stack slices were taken by confocal microscopy, each
one including 5–6 cells (n = 10, three replicates). Stromules and
chloroplasts were counted using the MiToBo Cell Counter plugin
of FIJI. Stromule induction was calculated as the number of
chloroplasts with stromules per total chloroplast number. Statisti-
cal significances at the 95% confidence level (a = 0.05) were deter-
mined using Graphpad Prism (P < 0.05) through unpaired
parametric t-test with Welch’s correction as well as one-way anal-
ysis of variance and Tukey’s post-hoc test for multiple compar-
isons.
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Virus inoculation

The GFP-recombinant, wild-type and mutated MNSV transcripts
were synthesized in vitro using PstI-linearized vectors. Transcripts
were quantified and used to infect 2-week-old N. benthamiana
plants by rubbing them on leaves (4–5 µg per leaf) with phosphate
buffer (30 mM, pH 7.0) and carborundum. For subcellular studies,
each RNA variant was inoculated in three leaves from three differ-
ent plants. For infectivity studies, 10 plants per RNA variant were
inoculated. Three independent replicates were made, leaving
some time between them. Plants were grown under long-day pho-
toperiods as described above.

Total RNA extraction and Northern blot analysis

For Northern blot, total RNA was isolated with RiboZol RNA
Extraction Reagent Samples, electrophoresed on a denaturing gel
(1 9 3-(N-morpholino)propanesulfonic acid, 5% formaldehyde,
1.3% agarose) and capillary-transferred to nylon membranes in
10 9 SSC (1.5 M NaCl, 0.15 M sodium citrate). For dot blot, nucleic
acids were isolated using the Dellaporta method (Dellaporta et al.,
1983) and spotted (300 ng) onto nylon membranes. Hybridization
was performed using a digoxigenin-labeled riboprobe against
MNSV CP or p29. Viral RNA detection was conducted using CSPD
chemiluminescent substrate and Fujifilm LAS-3000 Imager. Densit-
ometry was performed using Fujifilm Image Gauge V4.0.

Virion purification

Two weeks after MNSV(Al/264) RNA inoculation, 10 g of stems/
petioles, systemic leaves or roots was collected and homogenized
in liquid nitrogen. The frozen powder was dissolved in 0.2 M

sodium acetate, pH 5.0 and centrifuged at 7700 g. After super-
natant filtering, virions were pelleted by centrifugation at
146 000 g for 2 h through a 20% sucrose cushion and resus-
pended in 50 µl of 10 mM Tris-HCl, pH 7.3. For virions analysis,
samples were electrophoresed (40 mM Tris-acetate, 1 mM EDTA,
pH 8.0, agarose 1%), transferred to nylon membranes, and ana-
lyzed as described before. Three independent replicates were per-
formed.

qRT-PCR

DNase I treatment was performed to remove genomic DNA from
RNA samples. First-strand cDNA was synthesized from 0.5 µg of
total RNA using RevertAid H Minus Reverse Transcriptase and
specific oligonucleotides (Table S3). qRT-PCR was carried out with
the ABI 7500 Fast Real-Time PCR detection system using PyroTaq
EvaGreen qPCR Supermix, specific oligonucleotides and recom-
mended qPCR cycles. Specific oligonucleotides were designed
using Primer3Web 4.1.0. Oligonucleotide efficiencies were tested
by qRT-PCR using 10-fold serial dilutions of the corresponding
cDNA. MNSV-inoculated leaf samples from 10 plants per each
analyzed construct were pooled per assay generating three biolog-
ical replicates. Each biological replicate was run in triplicate. Three
reference genes encoding the elongation factor 1-a (EF1a,
TC19582), F-BOX family protein (F-BOX, Niben.v0.3. Ctg24993647)
and Protein phosphatase 2A (PP2A, TC21939) were used to nor-
malize the expression levels (Liu et al., 2012). The samples from
Mock inoculated plants were used as control.
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Figure S2. Multiple amino acid sequence alignment of the CP N-
terminal regions of MNSV and 16 members of genus Tombusvirus
and helical wheel presentation of some amphipathic a-helices in
the N-terminal regions of MNSV and Tombusvirus CPs.

Figure S3. Schematic representation of the MNSV CP domains (R,
arm, S and P) and mutants used in this study.

Figure S4. Co-expression of NESNRIP1-ChFP with GFP, CPD(R/arm)-
GFP, glyrsP-GFP and R/arm-GFP.

Figure S5. Amino acid composition of the MNSV CP R1, R2 and
arm regions.

Figure S6. Subcellular localization of the MNSV CP deletion
mutants fused to the GFP C terminus in leaves of N. benthamiana
at 48 hpi.

Figure S7. Western blot analysis of the GFP-tagged MNSV CP and
deletion mutants transiently expressed in leaves of N. benthami-
ana.

Figure S8. Effect of CP mutations on MNSV infectivity in N. ben-
thamiana.

Table S1. Functions of the different domains of MNSV CP

Table S2. Prediction of the subcellular localization of MNSV CP
and 18 tombusvirus CPs

Table S3. List of oligonucleotides used in this study

Movie S1. Time-lapse series showing the movement of CP-GFP-la-
beled mitochondria at 48 hpi in an epidermal cell of N. benthami-
ana.

Movie S2. 360° 3D reconstruction of Figure 5(a) showing an MNSV
(CP-GFP) infection focus at 5 dpi in N. benthamiana.

Movie S3. Time-lapse series showing the movement of CP-GFP-la-
beled round structures at 48 hpi in epidermal cells of N. benthami-
ana.

Movie S4. Z-stack movie showing that juxtanuclear structures con-
sisted of a large cluster of size-heterogeneous p29-GFP labeled
vesicles.
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Movie S5. 360° 3D reconstruction of Figure 6(g) showing an
MNSV(CPDR1-GFP) infection focus at 5 dpi in N. benthamiana.
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